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a b s t r a c t   

Atherosclerosis (AS) and type 2 diabetes (T2DM) are metabolically associated disorders characterized by 
dyslipidemia or hyperglycemia. Apolipoprotein (Apo)A-I or ApoA-I-derived reconstituted high-density li-
poprotein (rHDL)-raising therapies have been proposed beneficial in both pathologies. Currently, high-cost 
of ApoA-I and complexity in producing rHDL have set financial and manufacturing barriers to HDL-focused 
therapies. Here, we construct a peptide-based HDL (pHDL) by microfluidics, simply employing dimeric form 
of ApoA-I mimetic peptide 4F and phospholipids. Morphologically, pHDL adopts nano-discoidal model of 
HDL. More intriguingly in function, pHDL predominantly triggers activation of adipose tissue browning in 
both AS and T2DM experimental models, contributing to a potent management of dyslipidemia and hy-
perglycemia. Activation of fat browning and benefits in both AS and T2DM provide new insights into pHDL 
as a potential therapeutic candidate to complement current pharmacological arsenals for metabolic defects, 
and engineering of pHDL will further facilitate clinical translation of synthetic HDL therapies. 

© 2020 Published by Elsevier Ltd.    

Introduction 

Dyslipidemia is a well-established risk factor for atherosclerotic 
cardiovascular diseases (ACVD), which attributes to more deaths 
than all forms of cancer [1]. One main obstacle in preventing ACVD is 
the accelerating prevalence of obesity-induced type 2 diabetes 
mellitus (T2DM) [2], which confers a two-fold excess risk of vascular 
events [3]. T2DM is a cluster of pathologies characterized by hy-
perglycemia, insulin resistance and eventually pancreatic beta-cell 
failure [4]. In patients with T2DM, development of atherosclerosis 
(AS) in turn remains the most prevalent cause of morbidity and 
mortality [5]. One goal of health professionals, therefore, is to 
identify common strategies interfering gluco-lipid metabolic defects, 

which have currently been unsatisfactorily addressed. High-density 
lipoprotein (HDL) cholesterol (HDL-C) has been proposed as a 
pharmacological target to improve dyslipidemia and eventually 
cardiovascular outcomes due to an existing inverse relationship 
between HDL concentration and risks of cardiovascular events in 
large epidemiological trials [6–8]. Accumulating clinical evidence 
also demonstrates that low levels of HDL-C precede the develop-
ment of T2DM; hence HDL may possess anti-diabetic properties [9]. 
These observed benefits of HDL have led to the concept that HDL- 
raising is an approach to restrain ACVD and T2DM [9,10]. Although 
holding a promise, controversial clinical results have been reported 
arguing protective nature of HDL [11,12]. Based on advances in HDL 
biology, it is now growingly recognized that merely raising HDL-C 
value is far from enough for successful management of ACVD, be-
cause HDL particles are dynamic and heterogeneous in function  
[13,14]. Structural and compositional analyses additionally suggest 
that HDL-targeted interventions require focusing on augmentation 
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of smaller HDL particles (or nascent HDL), which are proposed to be 
more capable of fulfilling HDL bioactivities, typically promoting re-
verse cholesterol transport (RCT) [15,16]. Currently, promising at-
tempts to enrich nascent HDL or enhance HDL-associated functions 
involve direct infusion of either nascent reconstituted HDL (rHDL) 
particles or bioactive HDL mimetic agents [17–19]. 

Though subtle variance in HDL sub-populations may have dra-
matic impacts on their functions, the majority of HDL particles 
contain and execute bioactivities via apolipoprotein (apo)A-I [18]. 
Being the primary protein constituent, ApoA-I is participating in 
virtually all known biological properties of HDL, from prevention of 
AS progression to beneficial effects on glycemic control [9,13,20]. 
Therefore, ApoA-I has garnered intense interest as the most 
straightforward route to promote HDL function. Indeed, investiga-
tions of infusing full-length ApoA-I protein [21,22], or synthetic rHDL 
composed of ApoA-I [15,23–28] have been attempted in both ex-
perimental models and clinical trials. Although these efforts have 
not valued ApoA-I as a clinical drug, the fact that the large size of 
ApoA-I molecule and complicated mixtures of ingredients in most 
clinically applied rHDL formulations have set financial and manu-
facturing barriers to HDL-focused therapies [29,30]. Accordingly, 
development of smaller ApoA-I mimetic peptides and establishment 
of feasible constructing procedures are encouragingly desired [31]. 
Short peptides that mimic ApoA-I were basically designed to contain 
primary amphipathic α-helix motif of this protein in order to better 
imitate its bioactivity [32–34]. Among various ApoA-I mimetic oli-
gopeptides, the designated “4F” has been extensively investigated as 
the most favorable sequence on the basis of physico-chemical 
properties and biological activities [34]. In animal models, 4F has 
been shown to improve both atherosclerotic and diabetic abnorm-
alities [35–40]. Subsequent clinical studies further suggested po-
tentials of 4F as a novel candidate towards realizing ApoA-I-derived 
therapies in preventing AS [35,36,41,42]. Since unformulated pep-
tides generally have low bioactivity, current efforts made on ApoA-I 
mimetic peptides additionally pointed out that cooperativity be-
tween two helical domains displayed superior pharmacokinetic 
profiles leading to a more stable and efficient RCT [43–45], high-
lighting pragmatic merits of the dimeric form over its monomeric 
counterpart. In the respect of peptide formulation into a lipoprotein- 
like complex, more feasible techniques that ensure enhanced 
quantities and batch-to-batch reproducibility are highly demanded 
to put forward synthetic HDL particles from bench to bedside. En-
couragingly, the emergence of microfluidics enables a continuous 
synthesis of micro-particles with nano-scale characteristics. Com-
pared to conventional methods, manipulation of reagents within 
nano-dimension is advantageous in reducing reagent consumption 
and physico-chemical variations of products [46]. In a recent study, 
microfluidics has proved valuable in facilitating efficient and large- 
scale production of rHDL [47], which is inspiring for further 
optimization of methodologies in ApoA-I mimetics-based drug de-
velopment. 

Despite renewing the prospect in HDL-based therapies, studies 
investigating target-site and mechanisms of action of 4F in fact 
yielded mixed results [35–37,40,42,48–51]. Same discrepancies also 
exist between approaches using peptides and full-length protein. 
Potential targets of ApoA-I or rHDL in glycemic control was sug-
gested to be increasing glucose uptake into skeletal muscle or sti-
mulating insulin exocytosis from pancreatic beta-cells [30,52–55], 
while in the setting of peptides, anti-inflammation and anti-oxida-
tive stress were pinpointed as common mechanisms that may con-
nect athero-protection with control of glucose metabolism [49–51]. 
Because cell-based assays may inevitably lead to pitfalls that over-
estimate the role of one specific type of tissue when compared to in 
vivo conditions, it is therefore of prime necessity to re-explore how 
peptide-based HDL mimetics operate to induce their biological ef-
fects at a whole-body level. One approach that has greatly improved 

the precisive determination of glucose metabolism is 18F-fluor-
odeoxyglucose micro-positron emission tomography/computed to-
mography (18F-FDG micro-PET/CT) imaging system [52,53]. By using 
diet-induced obesity model and genetically modified diabetic mice, 
skeletal muscle has been echoed as one of main ApoA-I-targeting 
tissues [52,53]. Nevertheless, relevant proof is still lacking in the 
setting of peptide-associated nanoparticles. 

Here, we report characterization of a peptide-based HDL mi-
metic, which was synthesized by microfluidics simply using a 
dimeric form of 4F and phospholipids as building blocks. This pep-
tide-based HDL (pHDL) adopts discoidal nanoparticle model of HDL 
or rHDL. More intriguingly, pHDL predominantly triggers activation 
of adipose tissue browning in both AS and T2DM experimental 
models, though a broad distribution of pHDL exists in these sce-
narios. Functionally, pHDL inherits a lipid-lowering bioactivity of 
HDL and presented a potent capacity in glycemic control. An ex-
tended management of dyslipidemia or hyperglycemia by pHDL 
consequently contributes to protections against chronic pathological 
alterations induced by lipid or glucose toxicity. Activation of adipose 
tissue browning and benefits in both AS and T2DM provide new 
insights into pHDL as a potential therapeutic candidate for further 
preclinical evaluations. 

Materials and methods 

Materials 

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) was pur-
chased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). The 
C-terminal amidated L-4F dimer peptide was synthesized by 
GenScript Inc. (Nan Jing, Jiang Su, China), which contains 37 amino 
acids, with one proline provided in between two 4F sequences, 
shown as following DWFKAFYDKVAEKFKEAFPDWFKAFYDKVAEKF-
KEAF. In order to visualize the distribution and localization of 4F 
dimer-derived molecules in vivo, modification by fluorescein iso-
thiocyanate (FITC)-Ahx was further supplemented at the N-terminal 
of dimeric 4F, where indicated. The purities of peptides were de-
termined to be over 95% by reversed phase HPLC. Oxidized low- 
density lipoprotein (ox-LDL), human HDL and human ApoA-I protein 
were purchased from Xiesheng Biotech Company (Beijing, China). 

Synthesis of pHDL nanoparticles 

To formulate pHDL nanoparticles, we used the microfluidic 
technology that was reported previously [47]. Briefly, the micro-
fluidic chips are constituted of four channels, including three inlets 
and one outlet. By injecting peptides through two outer inlets and 
DMPC from the central inlet, dual tunable micro-vortices would be 
generated in the mixing zone of the chip, which could be subse-
quently collected from the outlet. Microfluidic chips were made of 
polydimethylsiloxane (PDMS) using standard soft-lithography tech-
nologies (Wenhao Co. Ltd, Su Zhou, Jiang Su, China). During synth-
esis, solutions of peptide (0.2 mg/ml in double distilled water/ 
ddH2O) were injected in the outer channels at a rate of 5 ml/min, 
while a solution containing DMPC (5 mg/ml in ethanol) were pre-
pared and injected in the middle channel of the microfluidic chip at 
a rate of 1 ml/min. The collected product was then washed with 
ddH2O and concentrated with Amicon® ultra centrifugal filters (10K 
MWCO, Millipore, Billerica, Ma, USA) to remove ethanol and lipid- 
free peptides. The peptide concentration of pHDL was determined by 
the absorbance measurement at 280 nm of UV–Vis spectro-
photometer and its molar extinction coefficient. Evaluation of DMPC 
incorporated into pHDL was determined with LabAssay Phospho-
lipid (Wako, Osaka, Japan). 
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Structural characterization by transmission electron microscopy (TEM) 
and atomic force microscopy (AFM) 

The morphology and size distribution of pHDL nanoparticles 
were visualized by transmission electron microscopy (TEM). The 
sample solution was diluted and negatively stained with 2% sodium 
phosphotungstate (Sigma-Aldrich, St. Louis, MO, USA), then placed 
onto cooper grids coated with carbon film (Electron Microscopy 
Sciences, Hatfield, PA, USA) and air-dried at room temperature. After 
drying, micrographs of pHDL were taken using a JEM 1230 TEM 
microscope at different magnifications operated at 80 kV (JEOL, 
Tokyo, Japan). The particle structure in liquid was then characterized 
by AFM using a Multimode VIII (Bruker, Santa Barbara, CA). The AFM 
was operated in tapping mode using OMCL-TR400PSA (Olympus, 
Tokyo, Japan) silicon nitride probes with a nominal tip radius of 
15 nm. pHDL particles were diluted and deposited on a freshly 
cleaved mica surface and imaged in liquid. Obtained AFM images 
were flattened using standard SPM flattening routines and particle 
size determined using the particle filter in SPIP (Image Metrology, 
Lyngby Denmark). 

Stability of pHDL 

Stability of pHDL was evaluated both ex vivo and in vivo. For ex 
vivo evaluations, FITC-pHDL was incubated at 37 °C in dark for 1, 2, 4, 
8, 12, 24, 48 and 72 h with 100% fetal bovine serum (FBS, Gibco, 
Carlsbad, CA, USA), which is regarded as an excellent ex vivo surro-
gate for simulating the in vivo biological aqueous milieu that pHDL 
would encounter when reach bloodstream. First, to analyze the 
presence and integrity of pHDL, absorption spectral scan from 
200 nm to 800 nm was conducted using TECAN Spark multimode 
microplate reader (Tecan, Männedorf, Switzerland). PBS (Gibco), 
DMPC, FBS, 4F dimer in the presence of PBS (PBS + 4F dimer), pHDL 
in the presence of PBS (PBS + pHDL), FITC-4F dimer in the presence 
of PBS (PBS + FITC-4F dimer), FITC-pHDL in the presence PBS 
(PBS + FITC-pHDL) and FITC-pHDL in the presence of FBS on ice 
(FBS + FITC-pHDL (0 h)) were used as controls as indicated. Then, 
integrity of pHDL in serum was visualized with TEM, and DMPC 
quantifications were determined using LabAssay Phospholipid kit. 
Proteolytic stability of pHDL incubated with FBS was further as-
sessed by 4–20% denaturing electrophoresis (GenScript) using 0.25% 
trypsin-treated FITC-pHDL (37 °C, 1 h in dark) as a positive control of 
proteolysis, since trypsin predominantly cleaves peptides at the 
carboxyl side of amino acid residue lysine (K) and arginine (R), the 
former constitutes 4F-dimer peptide. For in vivo tests, sera obtained 
from wild-type mice at T = 0, 1, 2, 4, 8, 12, 24, 48 and 72 h post 
intraperitoneal injection (i.p.) of FITC-pHDL (as described in the 
section of in vivo assessment of FITC-pHDL) were subjected to elec-
trophoresis. 

Cell culture 

Raw264.7 cells (mouse leukemia cells of monocyte), HepG2 cells 
(human hepatocellular carcinoma cell) and HUVEC (human umbi-
lical vein endothelial cells) were obtained from American Type 
Culture Center (ATCC, Rockville, MA, USA). THP-1 cells (human 
monocytes, acute monocytic leukemia) and A549 cells (human lung 
adenocarcinoma cells) were purchased from Cell Resource Centre of 
Peking Union Medical College (Beijing, China). INS-1E cell line (rat 
insulinoma cells) was kindly provided by Prof. Pierre Maechler, 
University of Geneva, Switzerland [56]. Culture associated medium 
(DMEM, RPMI 1640 and F-12/Ham) were purchased from Gibco/Life 
Technologies (Carlsbad, CA, USA). All culture medium was supple-
mented 5% or 10% FBS as individually recommended, 100 U/ml pe-
nicillin and 100 μg/ml streptomycin. Cells were maintained at 
standard 37 °C with 5% CO2. 

Cell viability assays 

Cytotoxicity of pHDL was examined with cultured cells seeded in 
96-well plates and determined by MTS assay (CellTiter 96 AQueous 
One Solution from Promega, Madison, WI, USA). Cytotoxicity of 
pHDL was determined at indicated time after pHDL exposure and 
concentrations below cytotoxic threshold were used for further 
evaluations. 

Cholesterol efflux assay 

THP-1 monocytes were differentiated to macrophages using 
100 nM phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, St. 
Louis, MO, USA) for 48 h. Both Raw264.7 mouse macrophages and 
THP-1 originated human macrophages were incubated with culture 
media in the absence (macrophages) or presence of 100 µg/ml ox- 
LDL (foam cells) for 6 h, followed by evaluation of cholesterol efflux, 
according to manufacturer’s instructions (Sigma-Aldrich). Briefly, 
ox-LDL treated foam cells and non-treated macrophages were la-
beled with labeling reagent containing fluorescence-labeled cho-
lesterol for 16 h before being exposed to 10 µg/ml pHDL for 6 h to 
induce efflux of intracellular cholesterol, using human HDL (hHDL), 
or human ApoA-I (hApoA-I), or 4F dimer peptide as controls. 
Cholesterol efflux rate of above conditions were determined by 
measuring labeled cholesterol in both culture media and cell lysates. 
To visualize the extent of foam cell formation and cholesterol efflux 
in macrophages, staining with Oil Red O solution (Sigma-Aldrich), a 
fat-soluble dye used for staining lipids and lipoproteins was ad-
ditionally performed. In brief, cells were washed with PBS and fixed 
directly with 4% paraformaldehyde (PFA, Sigma-Aldrich) for 15 min, 
then further washed with ddH2O, followed by Oil Red O staining for 
30 min. After removal of residual Oil Red O by washes, images were 
captured using an optical microscope (Leica, Solms, Germany). 

Adhesion assay 

For adhesion assay, HUVEC seeded in 96-well plate were chal-
lenged with 100 µg/ml ox-LDL in DMEM containing 1% FBS for 6 h, 
followed by incubation with 10 µg/ml pHDL for another 2 h, using 
hHDL, or hApoA-I, or 4F dimer as controls. In parallel, THP-1 cells 
were labeled with 1 µM Calcein-AM cell tracer (Invitrogen, Carlsbad, 
CA, USA) at 37 °C for 30 min. After washes with PBS twice, the la-
beled THP-1 cells were suspended with DMEM without FBS before 
applied to HUVEC. Cells were co-incubated 37 °C for 15 min to allow 
THP-1 attach to HUVEC. After removal of non-adhered THP-1 cells 
and PBS washes, fluorescence of THP-1 cells attached to HUVEC were 
measured with plate reader (Thermo Scientific Varioskan, Waltham, 
MA, USA) with excitation and emission wavelength at 506 nm and 
531 nm, respectively. 

Animals and experimental design 

All animal studies were conducted following the National 
Guidelines for Care of Laboratory animals and performed in ac-
cordance with institutional regulations with approval of experi-
mental protocols by the Institutional Animal Care and Use 
Committee of the Institute of Basic Theory for Chinese Medicine, 
China Academy of Chinese Medical Sciences. Experimental mice 
were housed under controlled temperature (23  ±  3 °C) and hu-
midity (55  ±  15%) in a 12:12 h light-dark cycle and were allowed 
access to food and water ad libitum throughout the experimental 
period, otherwise indicated. Body weight, blood glucose and amount 
of food intake were regularly assessed as indicated. 
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ApoE deficient mice 

Five-week-old male ApoE deficient (ApoE-/-, B6.129P2- 
ApoEtm1Unc/j) and C57Bl/6J control mice were purchased from Peking 
University Laboratory Animal Center (Beijing, China). After 7-day 
adaptation, control mice were fed with standard chow diet (CD), 
while ApoE-/- received a high cholesterol atherogenic diet (Beijing 
Keao Xieli Feed Co. Ltd, Beijing, China), containing 21% (wt/wt) fat 
and 0.15% cholesterol throughout the duration of the experiment 
(totally 20 weeks). After 8-week feeding, 30 mg/kg pHDL was in-
traperitoneally administered, twice per week (Tuesday and Friday 
morning) for continuously 12 weeks. Saline was used as control and 
simvastatin (Sigma-Aldrich) was applied as a comparative treat-
ment. For another set of experiments evaluating prophylactic effects 
of pHDL, the 8-week pre-feeding of atherogenic diet was removed. 
ApoE-/- mice were administered with pHDL at the same time when 
atherogenic diet was provided after 7-day adaptation. Body weight 
of mice was monitored each week. At the end of experiments, blood 
and tissues were collected for further analyses. 

High fat diet (HFD)-fed C57Bl/6J mice 

Five-week-old male C57Bl/6J mice were fed with either standard 
CD or HFD (Research Diets Inc.), containing (Kcal%) 60.0% fat, 20.0% 
protein and 20.0% carbohydrate till the end of experiments (totally 
26 weeks). After 14-week feeding, 30 mg/kg pHDL was administered 
by i.p., twice per week for continuously 12 weeks. At the end of 
experiments, blood and tissues were collected for further analyses. 

Diabetic db/db mice 

Seven-week-old male C57BLKS/J db/db (BKS-Cg-Dock7m+/+ 

Leprdb/J) and matched control mice were purchased from Jun Ke 
Biological Co. Ltd (Jiang Su, China). After 7-day adaptation, mice 
were administered with 30 mg/kg pHDL by i.p., twice per week for 
continuously 6 weeks in comparison with saline. Body weight, blood 
glucose and food intake were regularly monitored each week. At the 
end of 6-week experiments, blood and tissues were collected for 
further analyses. 

In vivo assessment of FITC-pHDL 

Assessment of FITC-pHDL in plasma was conducted with male 
C57Bl/6J and ApoE-/- mice of 6 months on CD. After 1, 2, 4, 8, 12, 24, 
48 and 72 h of FITC-pHDL i.p. administration, plasma was collected 
from animal tail and fluorescence of FITC-pHDL was determined 
with excitation at 495 nm and emission at 525 nm, respectively. 
Tissue bio-distribution analysis was performed in control, ApoE-/- 

and db/db mice by collecting tissues 8 h after FITC-pHDL in-
traperitoneal exposure, followed by immunohistochemistry as-
sessment. 

Intraperitoneal glucose tolerance test (ipGTT) 

The ipGTT was performed at the end of the treatment period for 
C57BLKS/J db/db diabetic mice and corresponding controls. 
Experimental animals were injected intraperitoneally with glucose 
(1 g/kg) after 6 h starvation and blood samples were obtained from 
tail veins at 0, 15, 30, 60, 120 and 180 min for the measurement of 
blood glucose using the Accu-Chek Advantage glucose monitor and 
strips (Roche Diagnostic Corporation, Indianapolis, IN, USA). 

Single-dose administration of pHDL in db/db mice 

To examine a single-dose pHDL on glucose homeostasis, pHDL 
was intraperitoneally injected to non-starved db/db and control mice 

at 08:00 a.m. A group of db/db mice being deprived of food from 
08:00 a.m. for the whole 24 h of experiment was included. Body 
weight, food intake and blood glucose were monitored at 0, 1, 2, 4, 8 
and 24 h, and continued for another 7 days. Serum insulin levels 
were determined at 0, 1, 2, 4 and 8 h using mouse insulin ultra-
sensitive ELISA kit (Mercodia, Uppsala, Sweden). 

Assays for biochemical parameters 

At the end of experiments, all the mice were fasted overnight 
before collection of blood samples and euthanasia. At the end of 
pHDL treatment, serum total cholesterol (TC), triglyceride (TG), LDL- 
C, alanine aminotransferase (ALT), creatinine, hemoglobin A1c 

(HbA1c) were measured with quantification kits for metabolic assays 
(BioVision, Inc., CA, USA). HDL-C was profiled with the Lipoprint HDL 
gel system (Quantimetrix Corporation, Redondo Beach, CA, USA), 
according to manufacturer’s protocols. 

Homeostatic model assessment (HOMA) index [56] 

The degrees of insulin resistance (IR) were evaluated by HOMA- 
IR. HOMA-IR was calculated from fasting glucose and insulin levels 
using formulas HOMA-IR = fasting insulin (μIU/L) × fasting glucose 
(mmol/L) / 22.5 [57]. A higher HOMA-IR value indicates greater IR. 

HDL sub-fractions on gel 

HDL sub-fractions were tested electrophoretically by Lipoprint 
HDL System (Quantimetrix Corp., CA, USA). This analysis is based on 
the electrophoresis of a liquid loading gel with lipophilic dye in the 
precast linear polyacrylamide gel, including both stacking and se-
parating gels. The various stained bands stand for different HDL sub- 
fractions, and the lower the band migrates on the gel, the smaller the 
size of HDL sub-population [58]. Images were captured using Che-
midoc MP system (Bio-Rad Laboratories, Hercules, CA, USA). 

Measurement of urinary parameters in db/db mice 

Mice were kept individually in metabolic cages (Fengshi Inc., Su 
Zhou, Jiang Su, China) and 24 h urine samples were collected at the 
end of the experiments. Urine specimens were collected every 12 h 
and kept at 4 °C until the 24 h collection period was completed. To 
prevent protein degradation, a total of 10 µl of protease inhibitor 
(Sigma-Aldrich) was added to the collection tubes during the 24- 
hour collection period. Urine samples were centrifuged at 10,000g 
for 5 min at 4 °C to remove debris and supernatants were aliquoted 
and stored at −80 °C for later use. Urine albumin and creatinine were 
measured using albumin-to-creatinine ratio (ARC) assay kit and 
glucose was tested with Glucose colorimetric/fluorometric assay kit 
(BioVision), according to the manufacturer's instructions. 

EchoMRI 

Total body composition in live, un-anaesthetized mice was as-
sessed via an EchoMRI-700TM quantitative NMR analyzer (Echo 
Medical Systems, Houston, TX, USA). This instrument uses the dif-
ferences in the nuclear magnetic resonance properties of hydrogen 
atoms in organic and non-organic environments to fractionate sig-
nals originating from fat, and lean tissue. 

Histochemistry 

At the end of experiments, relevant tissues of experimental mice 
were fixed in 10% phosphate buffered formalin solution, embedded 
in paraffin, and then sectioned into 3–6 µm thick slices (10 µm for 
white adipose tissue) using a microtome (Leica, Germany) on slides. 
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For hematoxylin eosin (H&E) staining, tissues from paraffin sections 
were deparaffinized in Histo-Clear (National Diagnostics Co., Atlanta, 
GA, USA) three times at 37 °C and then re-hydrated. The re-hydrated 
tissues were stained in Cole’s hematoxylin solution (Solarbio, 
Beijing, China), according to manufacturer’s protocol. For Masson 
trichrome staining, tissues from paraffin sections were depar-
affinized and rehydrated as described above. Then, the rehydrated 
tissues were stained with Masson trichrome staining kit (Solarbio), 
based on manufacturer’s guide. For Oil Red O staining, fixed tissues 
were dehydrated in PBS (0.02 M phosphate, 0.5 M NaCl, pH = 7.4) 
with 30% sucrose at 4 °C for more than 72 h. The dehydrated tissues 
were frozen sections at 6–8 µm thickness using a cryostat micro-
tome (SHANDON, Thermo Electron Corporation, USA). Tissues were 
then stained in pre-warmed Oil Red O. For en face Oil Red O staining 
of whole aorta, the aorta is dissected out from the heart until 
3–5 mm after the iliac bifurcation under stereological microscope 
using mini-Vanna scissors and forceps. After removal of outside 
connecting tissue and fat, the aorta was opened longitudinally from 
the heart to the iliac arteries and stained with Oil Red O for 15 min, 
then Oil Red O was drained, and the vessels were destained using 
70% ethanol. Afterwards, the stained aorta was rinsed under running 
water to remove all ethanol. Images of the stained aorta were ob-
tained, and the total morphometric plaque area was evaluated by 
using NIH ImageJ software (National Institutes of Health, Bethesda, 
Maryland). Briefly, the outer border line of the aorta was manually 
encircled and measured as area of the total aorta. Then, each Oil Red 
O stained plaque surfaces (intense red spots) within the aortic sur-
face was encircled and determined as plaque lesion. Carefully ex-
clude any Oil Red O stained adipose tissues that are usually located 
below the aorta adventitia and less red compare to plaque. The 
percentage of plaque lesion across total aorta area was calculated. 

Immunohistochemistry (IHC) 

Tissue slides from FITC-pHDL-treated and non-treated mice for 
immunochemistry staining were prepared as described above. 
Instead of a direct imaging of FITC fluorescence on tissue slides, we 
determined the presence of FITC-pHDL by using anti-FITC antibody 
followed by DAB reagent to avoid non-specific signals due to auto-
fluorescence of tissues and to amplify positive signals. For FITC IHC 
staining, sections were pre-treated using heat-mediated antigen 
retrieval with SignalStain Citrate Unmasking Solution (Cell signaling 
Technology, USA), followed by washing with Dulbecco’s Phosphate 
Buffered Saline (DPBS, Solarbio). Blocking endogenous peroxidases 
was carried out with treatment in a solution of 30% methanol, 3% 
H2O2 in PBS for 30 min, and blocking nonspecific binding was per-
formed by incubation in PBS supplemented with 5% goat serum, 1% 
BSA and 0.3% Triton 100X (Sigma-Aldrich). Sections were then in-
cubated with rabbit anti-FITC antibody (ThermoFisher Scientific, NY, 
USA) at 4 °C overnight. The enhanced goat anti-rabbit biotinylated 
secondary antibody (ZSGB-BIO, Beijing, China) was used to detect 
the primary antibody, and visualized using an HRP conjugated ABC 
system (ZSGB-BIO). DAB was used as the chromogen. Sections were 
then counterstained with hematoxylin, dehydrated through ethanol, 
cleaned in Histo-Clear, and mounted with neutral balsam. For un-
coupling protein 1 (UCP1) IHC staining of adipocytes, slides from 
supraspinal, infrascapular, and classical brown adipose tissue (BAT) 
and suprascapular white adipose tissue (WAT) were prepared as 
above. Sections were subjected to UCP1 antibody (Abcam, 
Cambridge, UK) at 4 °C overnight followed by DAB staining proce-
dures. Quantitative analysis of DAB staining for UCP1 was performed 
using ImageJ IHC profiler plugin, which provides intensity values and 
then reports the relative presence of values across four categories 
(negative, low positive, positive and high positive). The pixel in-
tensity of UCP1 in BAT of saline and pHDL-treated animals were 
compared and the value of high positive category was presented. For 

insulin and glucagon IHC staining, heat mediated antigen retrieval 
and blocking were conducted as above. Pancreatic sections were 
then incubated with Guinea pig anti-Insulin antibody (Abcam) and 
anti-Glucagon antibody (Cell Signaling Technology) at 4 °C over-
night. Goat anti-guinea pig IgG (Alexa Fluor 555, Abcam) and goat 
anti-Rabbit IgG (H + L), Alexa Fluor 488 conjugate (ThermoFisher 
Scientific) were used as secondary antibodies. DAPI (Sigma-Aldrich) 
was used to stain the cell nuclei. All images were taken using Aperio 
CS2 scanner (Leica Microsystems, Wetzler, Germany) and Leica 
AF7000 microscope. Imaging analyses were performed by Aperio 
ImageScope (Leica). 

Western blot 

Total protein was extracted from different tissues using RIPA lysis 
buffer (Solarbio) containing protease inhibitor cocktail. Tissue lysate 
was separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE, SurePAGE, GenScript) and transferred to a 
polyvinylidene fluoride (PVDF) membrane (Millipore). The trans-
ferred blots were blocked in 3% BSA in TBST (Solarbio), and im-
munoblotting was performed using primary antibodies from Abcam: 
rabbit antibody against ABCG1, SR-B1, UCP1 and Pan-actin; mouse 
antibody against ABCA1 and beta-actin in 3% BSA in TBST. Goat anti- 
rabbit or anti-mouse IgG horseradish peroxidase conjugate (BioDee, 
Beijing, China) in 3% BSA in TBST was used as the secondary anti-
bodies. The immune complexes were developed by SuperSignal 
West Dura extended duration substrate (ThermoFisher Scientific) 
and visualized using Chemidoc MP system and analyzed with Image 
Lab (6.0.0 Build 25, Bio-Rad Laboratories). 

18F-FDG micro-PET/CT imaging 

A micro-PET/CT scanner (Super Nova® PET/CT, PINGSENG 
Healthcare Inc., Shanghai, China) was applied to measure 18F-FDG 
uptakes in both ApoE-/- and db/db mice. For db/db diabetic animals, to 
avoid interference of existing high blood glucose, mice were either 
starved overnight or kept free access to drink and diet before scan-
ning. PET/CT scans were acquired 2 h post-injection of pHDL. Mice 
were anesthetized by inhalation of 2% isoflurane/oxygen at a flow 
rate of 0.7 L/min, and then approximately 11.84 MBq (320 μci) 18F- 
FDG was administered by lateral tail vein injection. Forty minutes 
after injection, 20 min scan was acquired. Mice were maintained 
under anesthesia with 1.3% isoflurane during scan acquisition. PET 
images were reconstructed with the Ordered Subsets Expectation 
Maximization (OSEM) algorithm and three-dimensional regions of 
interest (ROIs) were drawn according to the pixel value of PET 
images with reference of AT images. Region of interest was drawn on 
the PET images using Avatar 1.5 software (PINGSENG, Shanghai, 
China). The mean radioactivity in the ROIs were converted into 
percent of the injected dose per gram of tissue (%ID/g) by a cali-
brated cylinder factor and after division with the injected dose 
(corrected for residual and decay). Standardized uptake values (SUV) 
were obtained by multiplying the %ID/g of the ROI area by the 
weight of the animal. 

Statistical analysis 

Data is represented as group mean  ±  standard error of the mean 
(SEM) and was analyzed with one-way analysis of variance (ANOVA) 
with Bonferroni pairwise corrections and the Student’s t-test. The 
level of statistical significance was set for p ≤ 0.05. Statistical analysis 
was performed using SPSS version 11.0 software (SPSS, Inc, Chicago, 
IL, USA). 
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Results 

Physico-chemical characterization of pHDL 

The pHDL nanoparticles were synthesized from DMPC lipids and 
dimeric 4F peptide using a single-step microfluidic approach. 
According to the amphipathic features of the dimeric 4F peptide and 
bilayer structure of DMPC, a disc-shaped nanoparticle structure was 
proposed (side- and top-view shown in Fig. 1A). Using AFM, which 
captures samples in their original aqueous state (Fig. 1B–E), we ob-
served a discoidal morphology of pHDL (Fig. 1B). Detailed analysis of 
pHDL showed that pHDL was not exclusively unified in size (Fig. 1B 
and C), with the majority of pHDL particles fitting a size range of 
3.9  ±  1.0 nm in height (Fig. 1D) and 16.5  ±  6.2 nm in diameter 
(Fig. 1E). The particle height matches well with the DMPC bilayer 
thickness, while the difference in height could be explained by dif-
ference in fluid and gel phase of the bilayer [59]. To compare our 
result with previous studies, we additionally used TEM to char-
acterize the samples after negative staining. Under TEM, pHDL ap-
peared to be nanoparticles of 20 nm shown both as side-view (blue 
dashed circles) and top-view (red dashed circles) (Fig. 1F). Consistent 
with previous studies characterizing rHDL derived from full-length 
ApoA-I protein, nano-discoidal shape and rouleaux features of native 
non-spherical HDL particles could be captured when pHDL con-
centration was increased without sonication (top right corner in  
Fig. 1F). The piling-up of individual particles in different size pre-
served original structural details of pHDL but being more likely in a 
discus-like shape instead of a flat disc, with the particle height of 
approximately 4.9 nm (Fig. 1G). Microfluidic incorporation of DMPC 
and dimeric 4F was fulfilled at a lipid-to-peptide molar ratio around 
20:1 (Fig. 1H). 

Both chemical and structural stability of pHDL were evaluated. By 
incubating FITC-pHDL with FBS, wavelength scan of the absorbance 
at indicated time points distinguished a typical FITC-pHDL peak at 
500 nm, when compared with other control conditions, and stably 
maintained till 72 h (Fig. S1A). Structurally, compared to non-serum 
treated condition (PBS+FITC-pHDL), FITC-pHDL that was im-
mediately transferred to FBS (FBS+FITC-pHDL (0 h)) became sig-
nificantly plump, with some FITC-pHDL located between the thicker 
particles maintaining original discus shape. With increasing in-
cubation time, FITC-pHDL increasingly swelled, suggesting that 
pHDL functions as a sponge absorbing certain materials from serum 
(Fig. S1A, TEM images). Moreover, the disc-shape of pHDL main-
tained constant when pHDL solution was highly diluted in ddH2O 
(Fig. S1B), confirming structural stability of nanolipoprotein against 
dilution. Similarly, the abundance of DMPC remained steady 
throughout the experimental period (Fig. S1C). To further reveal the 
proteolytic stability of FITC-pHDL, samples were subjected to elec-
trophoresis, which briefly separates molecules according to size. 
Cleavage of bands was not observed in FITC-pHDL exposed to FBS, 
which otherwise occurred in FITC-pHDL challenged with trypsin due 
to digestion of lysine (K) in 4F dimer peptide (Fig. S1D). This set of 
data suggests that pHDL maintains its chemical and structural con-
stancies in physiological conditions. 

Metabolically activated and targeting tissues of pHDL  
in ApoE-/- AS model 

To gain insight into potentially activated tissues by pHDL in vivo, 
imaging of 18F-labeled glucose and PET-CT analyses were employed. 
While PET scan is to visualize and quantify uptake of radioactive 
glucose tracer, CT is needed for anatomical information. As shown in  
Fig. 2A, compared to saline-treated ApoE-/- mice, administration of 
pHDL typically activated regions corresponding to brown adipose 
tissue (BAT) and BAT-like white adipose tissue (WAT), or beige. Ac-
cording to PET-CT assessment (Fig. 2A), signals of 18F-labeled glucose 

could be clearly identified in classical, anterior cervical, supraclavi-
cular, intrascapular, axillar and perirenal BAT, as well as su-
prascapular WAT [60]. Moreover, direct evidence that the tissue was 
indeed BAT came from dissected materials obtained from the region 
of classical BAT in these mice, which presents numerous small cy-
toplasmic uniform fat vacuoles and positive expression of UCP1, 
morphological and molecular features of BAT, respectively. Using 
ImageJ IHC profiler, which quantitatively categories UCP1 signals 
into negative, low positive, positive and high positive, we confirmed 
that pHDL activated BAT showing an enhanced percentage of high 
positive staining of UCP1 in pHDL-challenged (29.21  ±  1.36) com-
pare to saline-treated (16.10  ±  5.04) ApoE-/- mice (Fig. 2B). Since 
increased UCP1 is the bona fide bio-indicator of BAT activation, this 
information together with PET-CT analyses proved the promotion of 
BAT in response to pHDL treatment in ApoE-/- mice of AS phenotype. 

Metabolic activation of BAT leads to a possibility that pHDL may 
directly target BAT or beige. To answer this question, we first eval-
uated the presence of three known HDL-responsive receptors that 
mediate HDL-functionalities, including scavenger receptor class B 
type 1 (SR-B1), ATP-binding cassette subfamily A 1 (ABCA1) and 
ABCG1 in different tissues of mice with or without AS occurrence  
[61]. As shown in Fig. 2C, all three associated receptors could be 
detected, to a different extend, in a variety of organs in both WT and 
ApoE-deficient mice. Within the tissues examined, some organs have 
shown preferential expression of one typical receptor, such as SR-B1 
in liver and ABCA1 in aorta. The presence or absence of apoe gene 
has, in general, few effects on protein levels of different receptors. 
Since rHDL has been proposed as a targeted therapy for AS due to 
existence of HDL receptors in plaque-associated cells [62], we then 
asked whether pHDL had its preferred types of receptor, which may 
subsequently lead to targeted recruitment of pHDL. Using FITC-la-
beled pHDL (FITC-pHDL), when we compared pHDL distribution in 
relevant organs by immunostaining 8 h after i.p., a time point when 
FITC-pHDL presented in its plateau of circulation (Fig. S3A), signals 
of FITC-pHDL were typically recruited to plaque regions of ApoE-/- 

mice whereas absent in both WT controls and saline-treated ApoE-/- 

animals (Fig. 2D). This evidence intimates that pHDL is able to pre-
ferentially gather to regions where plaques develop. More im-
portantly, FITC-pHDL was not exclusively trackable in aorta, a 
detectable FITC-pHDL signal was shown also in liver (Fig. 2E), kidney 
(Fig. 2F), pancreas (Fig. 2G), white adipose tissue (WAT, Fig. 2H), 
skeletal muscle (Fig. 2I) and brain (Fig. 2J) of both WT and ApoE-/- 

mice. Collectively, the wide distribution of HDL receptors and pHDL 
itself indicates that types and levels of HDL receptors are not pri-
marily associated with BAT promotion by pHDL. 

pHDL preserves bioactivities of HDL in vitro 

Since types and levels of HDL receptors do not seem to be directly 
relevant to fat-browning induced by pHDL, we asked whether pHDL 
preserved basic HDL functions. The major biological activity of HDL 
is RCT, which is mediated via SR-B1, ABCA1 or ABCG1 [61]. By in-
teracting with above receptors, HDL transports excessive cholesterol 
from peripheral tissues, typically macrophages, and consequently 
prevents AS development. We thus tested cholesterol efflux cap-
ability of pHDL in vitro using mouse macrophage Raw264.7 cells 
(Fig. 3A) and human THP-1 monocyte-derived macrophages 
(Fig. 3B). A dose of 10 μg/ml was used in in vitro studies, which was 
determined non-cytotoxic by analyzing cytotoxic effects of pHDL in 
different relevant cell lines, including HUVEC, Raw264.7, HepG2, 
INS-1E and A549 cells (Fig. S2). Here, among different cells ex-
amined, Raw264.7 appeared to be more prone to death in response 
to pHDL 48 h after treatment. The reason behind could be its higher 
expression of HDL-responsive receptors, indicating the possibility 
that cells with stronger HDL receptor expression are more sensitive 
to pHDL-induced cytotoxicity. Compared to non-treated control 
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Fig. 1. Physico-chemical characterization of pHDL nanoparticles. (A) Proposed discus-shaped assembly features of pHDL derived from 4F dimer peptide and DMPC showing side 
view and top view, with peptide sequence presented below. Dimeric 4F was shown as two monomers (one in blue and the other in red) linked by proline (P in black). (B–E), AFM 
imaging (B) and analyses (C–E) of pHDL. (B), representative AFM imaging of pHDL with a selected region (dashed square) being enlarged (top right corner) for further analyses of 
three individual particles of different size (aa’, bb’ and cc’). Scale bar stands for 200 nm and intensity scale is 0–6 nm. (C), height of three individual particles marked in (B) was 
analyzed, with their proposed model on the right. Histograms of the distribution and averaged particle height (D) and width (E). (F and G), TEM imaging (F) and analyses (G) of 
pHDL. (F), representative TEM imaging of pHDL marked with both side-view (blue dashed circle) and top-view (red dashed circle). Scale bar = 50 nm. Rouleaux structure was 
highlighted in top right corner for further analyses indicated as 11′, scale bar = 25 nm in insert. (G), height of particles within 11′ in (F) was determined by analyzing intensity of 
individual particles. Average of height was calculated from 3 particles. Proposed model of stacking pHDL is shown on the right. (H), quantification of DMPC and 4F dimer of pHDL 
as mg/ml. Data was mean  ±  SEM from three independent preparations. 
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cells, both pHDL and different inducers were able to induce in-
tracellular cholesterol release from macrophages of both mouse 
(Raw264.7 cells, Fig. 3C) and human origin (THP-1 monocyte-de-
rived macrophages, Fig. 3E). Same effects were observed in AS 
characteristic foam cells, which were established by treating 
Raw264.7 and THP-1 monocyte-derived macrophages with ox-LDL 
(Fig. 3A right, 3B right, 3D and 3F). In both cases, 10 μg/ml pHDL 
behaved as a potent inducer of cholesterol release. Besides RCT, the 
anti-atherosclerotic effects of HDL have also been attributed to re-
ducing adhesion of monocyte to vascular endothelial cells, because 
monocytes adhesion to micro-injuries on arterial walls is an im-
portant early step in the occurrence and development of athero-
sclerotic lesions. As shown in Fig. 3G, ox-LDL triggered attachment 
and accumulation of fluorescence-labeled THP-1 monocytes to 
HUVEC, which was markedly alleviated by pHDL (Fig. 3G and H). 
These assays demonstrate that pHDL preserves major bioactivities of 
HDL in vitro. 

In vivo lipid-scavenging and anti-AS efficacy of pHDL 

To further investigate in vivo efficacies of pHDL on lipid-low-
ering and subsequent plaque-limiting, we applied both dyslipi-
demia-driven atherosclerotic ApoE-/- mouse model and HFD- 
induced hyperlipidemic wild type (WT) animals. We determined 
frequency of pHDL administration in vivo according to the dynamic 
profile of circulating FITC-pHDL in both WT and ApoE-/- model 
throughout 72 h after i.p. injection (Fig. S3A). In both models, about 
2% FITC-pHDL signals maintained in circulation 72 h post-injection, 
following a peak shown around 8 h after i.p. exposure. Meanwhile, 
the molecular size of FITC-pHDL collected from serum of WT ani-
mals at indicated time points was not significantly altered and 
maintained at the same level of non-injected FITC-pHDL (Fig. S3A, 
image in middle). When compared with the molecular weight of 
FITC-4F dimer which shows in lower bands on gel, bands from 
mouse serum suggest that pHDL is able to keep in its co-assembled 
state in vivo. Moreover, the band intensity of FITC-pHDL kept con-
stant up to 8 h post i.p. injection, which was followed by a gradual 
decline till the end of 72 h (Fig. S3A, image in middle). This ob-
servation is consistent with the dynamic profile of circulating FITC- 
pHDL fluorescence intensity in both C57Bl/6J control mice and 
ApoE-/- AS mouse model (Fig. S3A). This set of data indicates that 
the diminished FITC signal in serum from 12 h is a sign of FITC- 
pHDL clearance from body and confirms that pHDL is stable in vivo. 
Based on circulation profile of FITC-pHDL, ApoE-/- mice, which had 
been on an atherosclerotic diet for 8 weeks to establish AS for-
mation, were subjected biweekly to i.p. of pHDL, placebo (saline), 
orally dosed simvastatin (15 mg/kg, daily) for another consecutive 
12 weeks while kept on atherosclerotic diet (Fig. S3B, top). The 
dosage applied for pHDL was verified according to a pilot pre-test 
(Fig. S3C), showing pHDL at a dose of 30 mg/kg (pHDL-high) was 
broadly sufficient in main associated metabolic parameters. At the 
end of 12-week treatment, ApoE-/- mice treated with pHDL had 
healthier hair compared to scant oily appearance of ApoE-/- mice 
treated with either saline or statin (Fig. 4A). Little difference was 
observed in body weight changes between saline and pHDL-treated 

groups, and 12-week statin gavage reduced slightly the gain of 
body weight compared to saline-treated controls (Fig. S3D). In line 
with enhanced RCT in vitro, pHDL supplementation substantially 
improved lipid metabolism (Fig. 4B and C), as shown by increased 
transparency and clarity of collected plasma (Fig. 4B) and reduced 
levels of total serum cholesterol (−40.07%), triglyceride (−45.20%) 
and LDL-C (−24.53%, Fig. 4C), key biochemical markers positively 
associated with AS progress. Favorable responses of pHDL in risk 
factors for hyperlipidemia could be successfully translated to 
athero-protection in ApoE-/- mice, as overall plaque lesion across 
whole aorta trunk (thoracic and abdominal aorta) area was les-
sened when treated with pHDL (1.01  ±  0.12%, Fig. 4Dd) compared 
to saline (3.0  ±  0.27%, Fig. 4Db) or statin (2.55  ±  0.21%, Fig. 4Dc). 
Detailed quantifications of plaque area judged by histological H&E 
(Fig. 4E), Masson trichrome (Fig. 4F) or Oil Red O staining (Fig. 4G) 
of aortic root confirmed anti-AS effects of pHDL. According to H&E 
staining (Fig. 4E), the total plaque area after pHDL treatment 
(Fig. 4Ed) was significantly decreased by 13.13% compared to saline 
control (Fig. 4Eb), and 5.91% compared to statin (Fig. 4Ec). Likewise, 
exposure to pHDL had −29.42% deposition of collagen fiber 
(Fig. 4Fd) compared to saline (Fig. 4Fb) and −20.41% compared to 
statin (Fig. 4Fc). Similarly, lipid content was 31.93% less due to 
pHDL provision (Fig. 4Gd) compared to saline (Fig. 4Gb), and 13.56% 
less compared to statin (Fig. 4Gc). This set of data provides evi-
dence that athero-protective actions of pHDL are non-inferior to 
statin, a first-line therapy clinically used to modulate cholesterol 
metabolism. Apart from cardiovascular benefits, parameters asso-
ciated with hepatic and renal functions supported a valid man-
agement of hyperlipidemia by pHDL. In the presence of pHDL, fatty 
degeneration in both liver and kidney was ameliorated (Fig. 4H and  
S3E), which was functionally reflected by attenuated plasma ALT 
(−39.56%, Fig. 4I) and creatinine (−80.67%, Fig. 4J), respectively. 
Since the pre-8-week atherosclerotic diet feeding had already es-
tablished a rapid progress of dyslipidemia and subsequent AS in 
this model, we then proposed that early pHDL interference with 
hyperlipidemia might be more effective to restrain AS progress. To 
test this hypothesis, we provided biweekly pHDL to ApoE-/- mice in 
the absence of a preceding atherosclerotic diet (Fig. S3B, middle). In 
this context, serum cholesterol, triglyceride and LDL-C increased 
less in saline-treated ApoE-/- mice compared to those subjected to 
pre-8-week atherosclerotic diet feeding (Fig. 4K and C). Then, a 12- 
week pHDL interference effectively reduced serum cholesterol 
(−26.46%, Fig. 4K) and triglyceride (−24.14%, Fig. 4K), while more 
significant efficacy was observed in LDL-C (−35.73%, Fig. 4K), plaque 
size (−41.10%, Fig. 4L and M) and liver derangement, including fatty 
degeneration (Fig. 4N and S3F) and ALT levels (−47.28%, Fig. 4O). 
Overall, these observations confirm pHDL as a lipid-lowering and 
athero-protective therapy in AS mouse models. To additionally 
corroborate that lipid-scavenging is a generalizable feature of 
pHDL, we subsequently extended experimental models to non-ge-
netic modified animals, which were hyperlipidemic merely due to a 
long-term HFD feeding (Fig. S3B, bottom). Consistent with geneti-
cally engineered mice, pHDL curtailed HFD-induced alterations, 
including decreased cholesterol (−26.42%, Fig. 4P), triglyceride 
(−21.28%, Fig. 4P) and LDL-C (−25.60%, Fig. 4P), as well as 

Fig. 2. Metabolically activated and targeting tissues of pHDL in ApoE-/- AS model. (A), micro-PET/CT analyzing 18F-FDG uptakes in ApoE-/- mice treated without (saline) or with 
pHDL 2 h before 18F-FDG PET-CT scan. Representative lateral images (left panels) and frontal images (right panels) are presented. Name of activated tissues are demonstrated with 
white indicators. SUV was calculated as tissue tracer activity [(mCi/g)/(injected dose 9 mCi)/body weight (kg)]. Intensity scale stands for 0–1.63 SUV. (B), representative IHC image 
(left) and comparison of high positive signals by ImageJ IHC profiler (right) of mitochondrial UCP1 expression in BAT of ApoE-/- mice 2 h after pHDL treatment compared with 
saline. Scale bar: 50 µm. *, p  <  0.05 vs saline. (C), representative western blots for ABCA1, ABCG1 and SR-B1 in organs obtained from C57Bl/6J control and ApoE-/- AS model. WAT, 
white adipose tissue; BAT, brown adipose tissue; S muscle: skeletal muscle. Pan-actin antibody was used to determine loading control. (D-J), in vivo tissue distribution of pHDL 8 h 
after FITC-pHDL injection (FITC-pHDL) in C57Bl/6J control and ApoE-/- AS mice relative to non-FITC-pHDL challenged group (saline), was detected using FITC antibody and DAB 
reagents. (D), representative images of FITC-pHDL localization from heart valve areas. Lower panels are magnification of inlets from corresponding upper panels. Scale bar: 200 µm 
in upper panels and 100 µm for lower panels. Arrows indicate plaques and arrowheads show FITC-pHDL positive regions. (E-J), representative images of FITC-pHDL localization in 
liver (E), kidney (F), pancreas (G), WAT (H), skeletal muscle (I) and brain (J), including cortex, hippocampus, hypothalamus and thalamus. Scale bar: 100 µm. Images were obtained 
from tissues of at least 3 animals in each experimental condition. 
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Fig. 3. In vitro anti-AS properties of pHDL. Microscope images of mouse macrophage Raw264.7 cells (A) and human THP-1 monocyte-derived macrophages (B) without (A and B left 
panels, 0 μg/ml ox-LDL) or with ox-LDL induction (A and B right panels, 100 μg/ml ox-LDL) to form foam cells, in the absence (A and B upper panels, Control) or presence (A and B 
lower panels) of 10 μg/ml pHDL. Magnification of 40x for all images. Cholesterol efflux capacity of pHDL, hHDL, hApoA-I and 4F dimer was evaluated in mouse macrophage Raw264.7 
cells (C), their corresponding foam cells (D), human THP-1 monocyte-derived macrophages (E) and their corresponding foam cells (F). *, p  <  0.05 and **, p  <  0.01 vs Control. 
Microscope images of fluorescence-labeled THP-1 monocytes attached to HUVECs without (Blank) or with ox-LDL exposure, being treated with either pHDL, or hHDL, or hApoA-I or 
4F dimer (G). Magnification of 20× for all images. (H), quantification of (G) from 3 independent experiments. *, p  <  0.05 vs Blank. ###, p  <  0.005 vs Control. Data is mean  ±  SEM. 
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significantly rescued fatty liver (Fig. 4Q and S3G) and ALT levels 
(−72.79%, Fig. 4R). In agreement with promotion of fat browning 
(Fig. 2A and B), which promotes triglyceride clearance, potent 
corrections of hypertriglyceridemia were found in both ApoE-/- and 
diet-induced obese models (Fig. 4C, K and P). Thus, our data clearly 
shows in vivo evidence that pHDL counteracts dyslipidemia and 
consequently as an anti-AS intervention. 

Activation of BAT and rapid control of hyperglycemia by pHDL in db/db 
diabetic mice 

In virtue of glucose being the most important substrates of BAT in 
extracellular compartment, we next investigated the consequence of 
pHDL provision in hyperglycemic db/db model. In PET-CT tests, to 
avoid interference of existing high blood glucose, db/db mice were 
either starved overnight or kept fed before scanning. Interestingly in 
fasted mice, signals of 18F-labeled glucose were highly recruited to 
regions corresponding to suprascapular WAT, supraspinal BAT 
(arrow), anterior cervical BAT (dashed arrow) and liver (arrow head) 
2 h after pHDL exposure; consistently in fed state, glucose mainly 
gathered in areas of suprascapular WAT and supraspinal BAT (arrow), 
as well as anterior cervical BAT (dashed arrow, Fig. 5A) [60]. To 
confirm involvement of BAT and beige in response to pHDL, acces-
sibility of pHDL to adipocytes (Fig. 5B) and pHDL activation of UCP1 
(Fig. 5C) were examined using immunohistochemistry. Concordant 
with observations in C57Bl/6J and ApoE-/- models, BAT and WAT are 
one of targeted organs of pHDL, as shown as positive signals of FITC- 
pHDL in BAT and WAT (Fig. 5B), as well as in other tissues of db/db 
animals (Fig. S4A–G). Confirming PET/CT scans, exposing diabetic 
mice to pHDL resulted in increased UCP1 levels in supraspinal BAT 
(Fig. 5C and S4H) and suprascapular WAT (Fig. 5C) of starved or non- 
starved conditions. Altogether, this group of information from dia-
betic models verifies activation of BAT and beige in response to pHDL 
challenges. 

In the following examinations of glucose homeostasis, we treated 
db/db mice with pHDL at 08:00 a.m. without starvation. Then, blood 
glucose and insulin were quantified before and after pHDL injection. 
Since overeating is the most significant mediator of diabetic obese in 
db/db model, we included a group of db/db mice deprived of food as 
control and monitored changes of blood glucose within the first day 
post-pHDL exposure. In line with BAT activation, during the initial 
2 h pHDL challenge when browning process was greatly triggered 
(Fig. 5A–C), plasma glucose level in pHDL-treated mice declined 
significantly, falling from 25.97  ±  1.06 down to 18.50  ±  1.61 mmol/L 
(−28.76%), compared with mice treated with saline (from 
26.33  ±  1.10 to 26.15  ±  1.24 mmol/L) and mice being starved (from 
25.84  ±  1.13 to 25.68  ±  0.65 mmol/L, Fig. 5D, green background). In 
the next 2 h (from 2 to 4 h, blue background), blood glucose of fasted 
mice started to decrease down to 16.25  ±  2.25 mmol/L (−13.70%), 
and glycemia in mice treated with pHDL additionally dropped 

12.16%, a degree similar to that of starved mice. From 4–8 h, blood 
glucose level of fasted mice further decreased 3.3% to 
21.58  ±  2.12 mmol/L, whereas glycaemia of mice receiving pHDL 
dropped 3.2% down to 15.73  ±  2.04 mmol/, presenting again a si-
milar percentage of decrease compared to fasted mice (blue back-
ground). Therefore, data from 0 to 8 h suggested that the most 
distinctive glucose-lowering effects between pHDL treatment and 
starvation happened in the first 2 h (green background), a time 
period corresponding to activation of fat browning. At 16 h time 
point, glycemia in pHDL-treated mice continued to decrease to 
11.18  ±  1.59 mmol/L, compared to 24.78  ±  1.39 mmol/L in saline 
group and 20.03  ±  2.26 mmol/L in fasting mice. After 24 h pHDL 
treatment, diabetic animals with free access to food reached a gly-
cemia of 7.77  ±  0.64 mmol/L, a level equaled to that of 1-day fasted 
db/db mice. This glucose-reducing effect of pHDL was independent of 
pancreatic β-cell producing hormone insulin, the most important 
factor that helps to stabilize glycemia by signaling muscle, liver and 
fat cells, because fluctuation of plasma insulin in response to pHDL 
injection altered non-significantly (Fig. 5E). Collectively, our data 
clearly demonstrates that pHDL is acutely efficient in insulin-in-
dependent glycemic control. 

After explorations of acute effects, we continued monitoring 
glycemia, food consumption and body weight till the end of 8th day, 
trying to figure out any potential lasting impacts promoted by single 
transient pHDL administration. Unexpectedly, pHDL dramatically 
interrupted the overeating behavior of db/db mice (Fig. 5F and G), 
which was more striking within the beginning 24 h (−90.13%), and 
then gradually rebounded and stabilized till 8th day (−16.18%), sug-
gesting that rapid control of hyperglycemia within the first day was 
in fact partially due to pHDL-induced satiety. Because the rapid drop 
of glycemia in response to pHDL occurred within the initial 2 h 
(Fig. 5D), and then the change of blood glucose in pHDL-treated mice 
follows a similar speed as mice being fasted, it is hence evident that 
regulation of hyperglycemia by appetite suppression occurred later 
than BAT activation. Moreover, plasma glucose level in pHDL-treated 
mice started to climb back (17.52  ±  1.76 mmol/L at the end of 2nd 

day) and kept relatively lower and constant till the end of 8th day 
(−21.19%, 19.90  ±  2.17 mmol/L in pHDL group vs 26.55  ±  0.93 mmol/ 
L in saline controls, Fig. 5H) after dropped down to its valley 
(7.77  ±  0.64 mmol/L) at the end of 24 h (Fig. 5D and H). As a con-
sequence, body weight curve of pHDL-treated subjects reduced 
slightly (Fig. S4I). No hypoglycemia was observed during the 8-day 
experimental period, and pHDL did not affect euglycemia in control 
lean and ApoE-/- AS mice (Fig. S4J and K, respectively), though a mild 
suppression of food intake occurred in control but not in ApoE-/- 

mice (Fig. S4L and M, respectively). Taken together, this group of 
information reveal that there is two-dimensional control of glycemia 
by one-dose pHDL, which is primarily associated with promotion of 
fat browning (Fig. 5D, green background), and subsequently sus-
tained by appetite control (Fig. 5D, blue background). 

Fig. 4. In vivo lipid-scavenging and anti-AS efficacy of pHDL. (A–O), data was obtained from atherogenic diet-fed ApoE-/- mice at the end of 12-week pHDL treatment, either with 
pre-8-week atherogenic diet priming (A–J) or not (K–O). (A), representative images of ApoE-/- mice challenged with saline (upper panel), or simvastatin (statin, middle panel), or 
pHDL (lower panel). (B), representative images of sera collected at the end experimental period from starved C57Bl/6J and ApoE-/- mice treated with saline, or pHDL, or statin (sera 
from 3 mice for each condition). (C), quantifications of blood total cholesterol (lower left), triglyceride (upper right), LDL-C (lower right) in C57Bl/6J and ApoE-/- mice with above 
treatments. (D), overall plaque formation in aorta trunk (thoracic and abdominal) was examined by Oil Red O staining in ApoE-/- mice after treatment with saline (b), simvastatin 
(c), or pHDL (d) in comparison with C57Bl/6J control mice (a). Blue arrowheads indicate examples of Oil Red O-positive plaques, and quantifications of plaque areas over the total 
aorta areas are shown below, ***, p  <  0.005 vs saline; #, p  <  0.05 vs statin. (E–G), histological analysis of plaque area in aorta root through H&E (E), Masson trichrome (F) and Oil 
Red O staining (G) in ApoE-/- mice after treatments as in (D). Quantification of total plaque area at aorta root in (E, F and G) was presented as % of lesion size in total area of aorta 
root (% of total area) as bar graphs for H&E staining (E), as % of collagen positive area for Masson trichrome (F), and as % of lipid content for Oil Red O (G), respectively. Scale bar 
stands for 500 µm. (H, I and J), assessment of hepatic histology (H) and function presented as serum ALT (I), and renal marker evaluated by serum creatinine (J). (C, E, F, G, I and J), *, 
p  <  0.05; **, p  <  0.01 and ***, p  <  0.005 vs C57Bl/6J. #, p  <  0.05; ##, p  <  0.01 and ### p  <  0.005 vs ApoE-/- saline. (K–O), evaluations of plasma lipids, including cholesterol (K, 
left), triglyceride (K, middle) and LDL-C (K, right), H&E histological staining (L) and quantification (M) for AS plaques, liver histology (N) and functional marker ALT (O) 12 weeks 
after pHDL exposure without pre-AS-diet feeding. Scale bar stands for 400 µm (L) or 100 µm (N), otherwise indicated. *** , p  <  0.005 vs corresponding group in C57Bl/6J. #, 
p  <  0.05; ##, p  <  0.01 and ###, p  <  0.005 vs corresponding saline of same genotype. (P–R), data from HFD-fed C57Bl/6J mice was analyzed, including plasma cholesterol (P, left), 
triglyceride (P, middle) and LDL-C (P, right), H&E staining of fatty liver (Q) and ALT (R). Scale bar stands for 100 µm. ***, p  <  0.005 vs corresponding group in CD (chow diet). ##, 
p  <  0.01 and ###, p  <  0.005 vs corresponding saline in HFD (high fat diet). Experiments were independently repeated, and data was shown as mean  ±  SEM. N = 6–11 mice for 
each condition. 
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Improvement of T2DM-associated disorders by multiple doses of pHDL 

Therapeutic potentials of pHDL in hyperglycemia associated 
T2DM was then evaluated in db/db mice treated by multiple doses of 
pHDL for a period of 6 weeks. By receiving pHDL twice per week, db/ 
db mice had significantly restored random blood glucose (Fig. 6A), 
which was 43.2% lower compared to that in paired saline group at 
the end of 6 weeks (14.91  ±  3.69 mmol/L vs 26.25  ±  2.00 mmol/L). 
Accordingly, HbA1c, an indicator of long-term glycemic control and 
prognostic marker for ACVD complications, decreased 11.67% 
(Fig. 6B), supporting a positive role of pHDL in glycemic manage-
ment. Though altered sub-fractions of HDL have been implicated in 
its functionality, HDL sub-populations between pHDL-treated and 
non-treated groups was almost indistinguishable (Fig. S5A). This 
phenomenon was similar to that occurred in ApoE-/- mice, where 
pHDL did not show significant impacts on HDL sub-fractions (Fig. 
S5B), suggesting that HDL maturation is unlikely to contribute to 
pHDL activities. To further verify that the stabilized glycemia by 
pHDL is a sign for improved capability of glucose metabolizing, we 
next applied a mild ipGTT examination (starved for 6 h during the 
light-cycle of the day) to dynamically monitor fluctuations of blood 
glucose in vivo. Within 180 min ipGTT test, the pHDL-treated diabetic 
mice behaved more glucose tolerant, clearing blood sugar more 
potently at 120 min in relative to non-treated diabetic pairs 
(−42.02%, Fig. 6C). In general, the presence of hyperglycemia and 
glucose intolerance is mainly due to chronic and/or relative insulin 
insufficiency, which precedes glucose intolerance in the develop-
ment of T2DM. Therefore, elevation of fasting insulin is triggered to 
compensatorily prevent glucose intolerance and diabetes. As shown 
in Fig. 6D, after a longer 16 h overnight starvation, db/db diabetic 
mice secreted around 10-fold more insulin of that measured in 
control lean mice, indicating existence of insulin resistance. By 
contrast, repeated pHDL exposure reduced fasting insulin by 
45.64% (3.45  ±  0.09 μg/L in saline-treated mice vs 1.87  ±  0.74 μg/L in 
pHDL-treated diabetic mice), suggesting restored insulin 
sensitivity. Consistent with fasting insulin results, glucose 
levels of mice in fasting state after receiving pHDL for 6 weeks 
were totally rescued in comparison with non-pHDL-treated diabetic 
mice (13.07  ±  4.60 mmol/L), displaying a similar glycaemia 
(6.63  ±  2.40 mmol/L) close to non-treated non-diabetic lean subjects 
(5.97  ±  0.77 mmol/L) or pHDL-treated non-diabetic controls 
(5.66  ±  0.77 mmol/L, Fig. 6E). Based on these results, the HOMA-IR, a 
clinical indicative parameter for insulin resistance calculated from 
both fasting blood glucose and fasting insulin levels was significantly 
improved in pHDL-treated diabetic mice (Fig. 6F). These results 
provide evidence that long-term pHDL exposure has the potential to 
regain insulin sensitivity, which is typically impaired in db/db mice 
and human T2DM. 

Presence of chronic hyperglycemia impose metabolic stress on a 
number of glucose-sensitive tissues, such as liver, pancreatic islets 
and kidney, leading to a variety of diabetes-related complications. As 
presented in Fig. 6G, a 6-week pHDL treatment reduced 13.6% de-
posit of epididymal fat in db/db mice, leading to partially restored 

fat/lean mass ratio (Fig. 6H) and body weight (Fig. S5C). Histologi-
cally, WAT in db/db mice harbors enlarged unhealthy hypertrophic 
adipocytes, which was partially recovered by pHDL (Fig. 6I). Besides, 
repetitive pHDL exposure resulted in augmentation of UCP1 in WAT 
(Fig. S5D), an effect in agreement with BAT activation by single dose 
pHDL injection. Along with adipocytes, both biochemical and his-
tological examinations supported pHDL prevention against fatty 
liver (Fig. 6J, K and S5E). Typically, serum ALT was confined to the 
level of control mice (Fig. 5K), an effect similar to that observed in 
pHDL-treated ApoE-/- mice (Fig. 4I and O) and HFD-treated WT ani-
mals (Fig. 4R). Moreover, long-term pHDL therapies additionally set 
a barrier towards renal failure. Although pathological alterations of 
db/db mice have not reached to the level representing late-stage 
kidney injuries (Fig. S5F and G), the increased albumin-to-creatinine 
ratio (ACR) and urine glucose levels suggested a development of 
renal impairment in these mice (Fig. 6L and M). In the presence of 
pHDL, both renal injury marker ACR and urine glucose concentration 
were restored more than 54% in pHDL-db/db mice. The other critical 
organ that is largely involved in the progress of T2DM and targeted 
by glucotoxicity is pancreas. Histologically, both infiltration of fat 
(Fig. 6N) and expanded islet volume with even fused huge islets 
(Fig. 6O and S5H) in the whole pancreatic sections could be found. 
The expanded structural alterations of islets are a sign of adaptation 
to compensate established insulin resistance. Consistent with WAT 
and liver, accumulated fat was cleared by pHDL (Fig. 6N) and the size 
of islets partially decreased from the average of diameter of 
451.94 µm in saline-treated db/db mice to 318.88 µm in pHDL-treated 
group (Fig. 6O and S5H). Altogether, this set of data offers a broad 
spectrum of proof that pHDL is a potent regulator of hyperglycemia 
contributing to preventions against hyperglycemia-induced diabetic 
complications. 

Discussions 

In the current study, we construct a peptide-based HDL mimetic 
using microfluidics and evaluate its function in the context of AS and 
T2DM. The key findings of our study are that pHDL (1) is less ex-
pensive and complex in terms of precursor expenses and synthetic 
techniques, (2) physiochemically resembles nano-discoidal model of 
HDL or rHDL, (3) activates adipose tissue browning, (4) possesses 
anti-dyslipidemia and anti-hyperglycemia properties and (5) con-
sequently protects against metabolic injuries associated with ACVD 
and T2DM. 

Identification and application of nano-discoidal rHDL as potential 
therapies counteracting AS and T2DM have attracted intensive in-
terest. A steadily increased amount of efforts was primarily con-
ducted to optimize its synthetic procedure. However, the high cost of 
ApoA-I protein and lengthy laborious operations have led to a sub-
stantial restriction of rHDL for laboratory development and clinical 
translation. In this respect, one objective of this study is to integrate 
recent advances achieved in rHDL fabrication to allow investigations 
and applications of rHDL more affordable and feasible. This includes 
cutting costs by replacing full-length protein with peptide mimetics 

Fig. 5. Activation of BAT and rapid control of hyperglycemia by pHDL in db/db diabetic mice. (A), micro-PET/CT analyzing 18F-FDG uptake in db/db mice of starved or non-starved 
state, treated with or without pHDL 2 h before 18F-FDG PET-CT scan. Representative frontal images (upper panels) and lateral images with individual scale bars (lower panels) are 
presented. Arrows indicate areas of suprascapular WAT and supraspinal BAT, dashed arrows refer to anterior cervical BAT, and arrowheads show liver. SUV was calculated as tissue 
tracer activity [(mCi/g)/ (injected dose 9 mCi)/body weight (kg)]. Intensity scale stands for 0–1.71 SUV. (B), FITC-pHDL localization in suprascapular WAT and supraspinal BAT. (C), 
mitochondrial UCP1 expression in suprascapular WAT and supraspinal BAT of db/db mice being starved and non-starved, 2 h after pHDL treatment compared with saline. Scale bar: 
100 µm. Images were representative of at least 3 animals in each experimental condition. (D-H), db/db diabetic mice in fed state were exposed to pHDL at 08:00 a.m., then changes 
of blood glucose, plasma insulin and food intake were monitored. (D), in the measurement of blood glucose from 0 to 24 h, a group of db/db mice deprived of food from 08:00 a.m. 
for 24 h was included, and glycemia was recorded at indicated time point. The area with green background indicates the period that distinguishes changes of glycemia in mice 
treated with pHDL from those being starved, whereas the area with blue background stands for the duration showing similar speed of drop in glycemia between mice treated with 
pHDL and those being starved. (E), quantification of insulin via ELISA was achieved by collecting blood before and 1, 2, 4 and 8 h after saline or pHDL injection. NS stands for 
statistically non-significant. (F), change of food intake of 0–24 h and 1–8 day was monitored. Dashed area represents enlarged graph of data from 0 to 24 h. (G), accumulated food 
intake for 0–24 h (left) and 1–8 day (right) was summed. (H), dynamic changes of blood glucose were continuously measured at indicated time points from 0 to 8 day. *, p  <  0.05; 
**, p  <  0.01 and *** , p  <  0.005 vs corresponding saline. #, p  <  0.05 db/db pHDL vs db/db saline starved. Experiments were independently repeated, and data was shown as 
mean  ±  SEM. N = 6–10 mice in each condition. 

R. Xu, S. Li, M. Shi et al. Nano Today 36 (2020) 101054 

14 



(caption on next page) 

R. Xu, S. Li, M. Shi et al. Nano Today 36 (2020) 101054 

15 



and improving manufactures by employing single-step microfluidic 
technologies. As opposed to proteins that are generally obtained 
with expression systems, the length of small peptides allows them to 
be easily synthesized by chemical process. Meanwhile, im-
plementation of microfluidics-based formulation further facilitates a 
continuous, convenient and reproducible synthesis of homogenous 
HDL mimetics in a single-step procedure [47]. Through technical 
fusion, we were able to obtain discoidal nanoparticles consistent 
with the stoichiometry of HDL and dimension of rHDL constituting 
ApoA-I analyzed through cryo-electron microscopy [63,64]. Long 
rouleau formation similar to rHDL was also found when detected by 
TEM, which however has been shown to be due to staining proce-
dures [65], and was not observed by AFM performed under native 
liquid conditions of pHDL. The majority of synthesized pHDL nano-
particles had a diameter of 16.5  ±  6.2 nm, which was larger than the 
size of rHDL shown to be less than 10 nm [47,65]. Since functional 
rHDL are not identical in size and has a broad preferred lipid/protein 
ratio ranging from 100 to 1 (mol/mol) [47,62,63], we obtained pHDL 
in a moderate size with observed lipid/peptide ratio around 20:1. 
The benefit of pHDL around 16.5 nm in diameter is to evade a fast 
clearance from circulation, as it is estimated that the threshold for 
first-pass elimination of nano-materials by kidneys is around 10 nm  
[66]. Since stability of nanolipoprotein has direct relevance to its in 
vivo applications, by incubating pHDL with biologically relevant 
serum, we found that pHDL maintained its discus-like structure. 
More strikingly, when compared with non-serum milieu, swelled 
pHDL could be observed in serum, a circumstance that fits HDL 
bioactivity associated with cholesterol absorption. 

In the following functional evaluations of pHDL, our data con-
firmed that pHDL was endowed with RCT properties in vitro, as well 
as lipid- and glucose-lowering capacity in vivo, which is in ac-
cordance with proposed HDL bioactivities. In ApoE-/- animals, both 
prophylactic and therapeutic pHDL interventions could dramatically 
slow down AS progression. Similarly, in db/db diabetic model, pHDL 
exposure rapidly normalizes hyperglycemia and prevents gluco-
toxicity-induced complications. Though there is sufficient evidence 
that RCT is a valid pathway to reduce the risk of cardiovascular 
diseases, the impact of HDL-receptors on metabolism of HDL and 
risks of metabolic diseases in human remains unclear. The existing 
mixed results, together with a broad presentation of HDL-receptors 
and non-specific biodistribution of pHDL shown in this study sug-
gest at least partial independency of HDL-receptors in pHDL-medi-
ated biological effects. 

The use of ApoA-I or rHDL for the management of hyperglycemia 
has been described in both mouse models and patients with T2DM  
[52–55]. Intravenous infusion of human ApoA-I-originated rHDL at a 
dose of 80 mg/kg for 4 h gave rise to decreased plasma glucose and 
increased insulin in comparison with placebo-controlled partici-
pants [55]. Their normalized glycemia is concluded as a result of 
prompt glucose disposal especially by skeletal muscles [52–55]. In 
agreement with rHDL in human T2DM, pHDL was detected in several 
glucose-responsive tissues of db/db diabetic mice, including skeletal 
muscle. Whereas unlike ApoA-I or rHDL, glucose-scavenging of 
pHDL appeared to be rather faster, showing dramatic attenuation of 
hyperglycemia earlier than 2 h post i.p. injection. In particular, both 

molecular imaging and histological analysis confirmed that meta-
bolic promotion of BAT and beige was major pHDL-responding ac-
tions in diabetic mice, which was distinctive from ApoA-I/rHDL- 
induced glucose uptake by skeletal muscle. Corroborating with db/db 
model, activation of BAT/beige was even more remarkable in ApoE-/- 

AS model in response to pHDL, verifying these tissues being a pre-
viously unidentified target of HDL mimetics. In general, BAT is highly 
plastic in terms of burning glucose and lipids. In contrast to fat- 
storing WAT which has few mitochondria, BAT and its inducible 
form, beige, contain smaller lipid droplets while high content of 
mitochondria, in which UCP1 working as batteries to dissipate en-
ergy via uncoupling oxidative phosphorylation. Once activated, these 
fat cells may consume more than half of energy substrates, thus 
systematically clearing glucose and lipids from circulation [67]. 
Currently, activation of BAT/beige is induced by either cold accli-
mation, which is impractical and unpleasant, or adrenergic agonizts, 
which has not been realized in human due to side effects. While 
detailed molecular explanations remain to be clarified as how pHDL 
initiates UCP1 activation and whether activation of BAT is due simply 
to 4F, the rapid glucose-lowering effect pinpoints pHDL being a 
suitable option for T2DM patients struggling to manage their post- 
meal spikes of blood sugar. In addition to energy combustion, a re-
duced calorie intake was shown a part of reason of prolonged im-
provement of glycaemia in db/db diabetic models over 8 days by a 
single shot of pHDL. The db/db mouse is a key experimental model of 
overnutrition, obesity and T2DM. Due to defects in the gene en-
coding the long form of leptin receptor, lepRb (Leprdb/db), these mice 
have uncontrolled appetite. However, human obesity due to leptin 
deficiency is rare [68], hence appetite suppressive signaling rather 
than leptin is especially worthy for exploration. The presence of 
reduced food intake in pHDL-treated db/db mice addresses more 
insightful explorations for pHDL in leptin signaling-independent 
reduction of overeating. 

Efficacies of ApoA-I/rHDL in associations with AS have been in-
tensively investigated in a variety of elegant studies. In addition to 
advantages in cost and feasibility, biological effects of pHDL are 
comparable to previous published efficacy of ApoA-I or ApoA-I-de-
rived rHDL [62]. For example, Shah et al. showed that in ApoE-/- mice, 
18 intravenous infusion of 40 mg/kg ApoA-I within 5 weeks had no 
effect on plaque size, except a 40% reduction in plaque lipid content  
[69]. Moreover, in the same model, 24 infusions of 10 mg/kg rHDL 
within 3 months also resulted in unchanged plaque size [62]. Be-
sides, some early findings additionally suggested that ApoA-I might 
exert its anti-AS benefits via mechanisms other than harnessing 
hyperlipidemia [69]. Our data clearly demonstrated that in both 
ApoE-/- mice and HFD-fed WT animals, substantial improvement in 
cholesterol, triglyceride, LDL-C, and dyslipidemia-associated fatty 
liver could be achieved by pHDL. One difference between some 
pioneering studies and our data falls on the route of pHDL admin-
istration. Though pharmacological responses of rHDL via intravenous 
injection (i.v.) were stronger compared to i.p. in acute or transient 
effects [70], efficacies of repetitive pHDL exposure by i.p. may indeed 
be even more effective if less pHDL is lost during absorption from 
tissue to vascular compartment. Previous investigations also sug-
gested a dissociation of plasma exposure of mimetic peptides by i.v. 

Fig. 6. Improvement of T2DM-associated disorders by multiple doses of pHDL. Data was obtained from C57 control and db/db diabetic mice at the end of 6-week pHDL treatment. 
(A), changes of blood glucose were followed and analyzed weekly. *, p  <  0.05, pHDL vs saline in db/db. (B), HbA1c was determined with blood samples obtained at the end of 
experimental period. ***, p  <  0.005 vs C57 saline. #, p  <  0.05 vs db/db saline. (C), ipGTT evaluated by injecting 1 g/kg glucose after 6 h fasting in both C57 control and db/db diabetic 
mice treated with either saline or pHDL for 6 weeks. *, p  <  0.05, pHDL vs saline in db/db. (D, E and F), after a 16 h starvation, plasma insulin (D) and plasma glucose (E) were 
determined using blood collected from C57 and db/db mice without (saline) or with pHDL treatment. (F), HOMA-IR index was accordingly calculated based on values from (D) and 
(E). (G, H and I), WAT was examined by either weighting extracted epididymal fat deposits (G), which was further analyzed using histological H&E staining (I), or assessing the 
whole-body fat/lean mass ratio via echoMRI (H). Assessment of liver alterations (J and K) by H&E staining (J) and serum ALT level (K) was presented for each indicated ex-
perimental condition. (L and M), biochemical markers indicating renal abnormalities, including urine ACR (L) and urine glucose (M) were determined. (N and O), H&E staining 
showing lipid deposition (N), and size, shape, insulin (red) and glucagon (green) contents of pancreatic islets (O) were presented for each indicated group, respectively. 
**, p  <  0.01; ***, p  <  0.005 vs C57 saline. #, p  <  0.05; ##, p  <  0.01; ###, p  <  0.005 vs db/db saline. Scale bar equals to 100 µm. Experiments were independently repeated, and 
data was shown as mean  ±  SEM. N = 8–10 for each condition. 
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from their ability to remediate AS, which was explained by pro-
moted RCT via intestinal lumen [48]. This result provided evidence 
that the route of administration may not be a key factor that influ-
ences anti-AS properties of mimetics. Apart from different ways of 
drug supply, the replacement of ApoA-I with dimeric 4F may in fact 
constitute the root cause of discrepancy. Peptide 4F is an optimized 
sequence of amino acid that mimics functional motifs of ApoA-I; 
therefore, with the same number of polypeptides incorporated into 
single particles, the one containing dimeric 4F would have more 
effective motifs and consequently activities compared to ApoA-I. 
Regarding the configuration of mimetic peptides, undistinguishable 
efficacy has been proposed with 4F synthesized from either L-amino 
acids (L-4F) or D-amino acids (D-4F) in both in vitro and in vivo 
biological investigations [71,72]. Though we did not compare pHDL 
engineered from D-4F with that of L-4F in current work, it is defi-
nitely exciting to explore D-4F-based pHDL as an orally administered 
agent, since it may additionally work through a gut-mediated me-
chanism of action [42]. In addition, in a variety of experimental 
models in pioneer studies, anti-inflammation and anti-oxidative 
stress have been suggested as leading activities of 4F peptide  
[36,40,41,49–51]. Here, we reported a promotion of adipose tissue 
browning as a mediator of 4F-based HDL mimetics. In fact, the po-
tential of BAT activation to alleviate hypertriglyceridemia and sub-
sequent AS has been previously addressed [73,74]. Beside glucose, 
BAT also takes up triglyceride-derived fatty acids from blood before 
they are used for oxidation in the mitochondria. The uptake of tri-
glyceride-derived fatty acids by BAT may also lead to formation of 
cholesterol-enriched lipoprotein, which was subsequently cleared 
via activity of pHDL. Although parameters linked to inflammation 
and oxidation are not examined in current study, data addressing 
metabolic promotion of BAT/beige in response to pHDL does not 
exclude any effects involved in other key pathways contributing to 
AS and T2DM. 

Apart from strength by one single-dose, our findings also under-
score a long-term repeated pHDL supplementation in preventing 
diabetic or atherosclerotic complications, such as fatty liver, renal 
dysfunction and pancreatic β-cell destruction. Even though main-
taining optimal glycemia or lipidemia by current available therapies 
remains elusive, it is clear that intensified management of over-
nutrition is associated with decreased risks of complications [75]. 
These observed benefits of pHDL are, in fact, in contrary to a recent 
study using db/db mice overexpressing human ApoA-I [76]. By in-
trinsically up-regulating ApoA-I, an exacerbating weight gain and 
fatty liver was observed as a result of an elevated caloric intake [76]. 
Existing controversies may be explained by endogenous augmenta-
tion of proteins, which has been suggested to be an inappropriate way 
in functional analyses [77]. Taken together, our study emphasizes a 
prominent role of pHDL modulating dyslipidemia or hyperglycemia in 
individuals with AS or T2DM, which opens a new range of therapies 
by promoting adipose tissue browning. Since impacts of pHDL on 
both BAT/beige stimulation and appetite suppression are not regularly 
known, circumstantial evidence is definitely required to reveal whe-
ther this is a specific effect of pHDL or could be generalized to other 
types of HDL mimetics or nascent HDL itself. 

Encouraged by laboratory investigations, several ongoing ther-
apeutics associated with ApoA-I and rHDL have been intensively 
evaluated in human clinical trials. These investigations have con-
firmed that HDL mimetics are safe and can be well-tolerated in 
human [25,27,55,78–80]. Although these formulations have been 
shown favorable in counteracting AS and T2DM, the lack of long- 
range evaluations urges long-term clinical assessment of therapeutic 
HDL particles. In this scenario, a fast, easy and reliable manu-
facturing procedures as well as production cost must be weighted in 
addition to its efficacy. Our study establishes an essential integration 
of recent advances in HDL manufacture to make such nanoparticles 
more affordable and feasible. More importantly, pHDL exhibits its 

potency as a common strategy in the control of both dyslipidemia 
and hyperglycemia, therefore as a promising therapeutic candidate 
for metabolism relevant disorders. We believe that data from the 
current study adds to the perspective that such peptide-derived HDL 
mimetics can be developed with the ultimate goal of developing a 
new approach to restrain AS and T2DM. Further exploration towards 
molecular mechanisms, particularly adipose tissue browning, clin-
ical translation and more fascinatingly a realization of pHDL as a 
weapon for drug delivery system appears warranted. 
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Fig. S1. pHDL stability. FITC-pHDL was incubated with FBS at 37 °C for 1, 2, 4, 8, 12, 24, 48 and 72 h to mimic 
in vivo conditions. (A), FITC-pHDL in FBS at different time points were distinguished by absorption spectral scan 
from 200 nm to 800 nm. PBS, DMPC, FBS, 4F dimer in the presence of of PBS (PBS+4F dimer), pHDL in the 
presence of PBS (PBS+pHDL), FITC-4F dimer in the presence of PBS (PBS+FITC-4F dimer), FITC-pHDL in the 
presence PBS (PBS+FITC-pHDL) and FITC-pHDL in the presence of FBS on ice (FBS+FITC-pHDL (0h)) were used 
as controls as indicated. Green arrow heads indicate peaks at 280 nm, presenting samples containing protein or peptide. 
Blue arrow heads indicate absorption peaks only found in FBS, and red arrows are absorbance characteristics of FITC-
pHDL. Integrity of pHDL collected at different time points was visulized with TEM, scale bar=100 nm. (B), TEM 
imaging of pHDL diluted more than 1000 times (scale bar=200 nm), with two selected regions (white square) being 
enlarged with top view (top right corner) and side view (bottom right corner, scale bar=50 nm). (C), DMPC was 
further quantified, and (D) proteolysis of FITC-pHDL was determined by denaturing electrophoresis using trypsin-
treated pHDL (trypsin+FITC-pHDL) as a positive control of proteolysis, as arrows indicate. 
 

Fig.S2. 

 

 
Fig. S2. Cell viabilities in response to pHDL. Cell viability was measured in HUVEC (A), Raw264.7 (B), 
HepG2 (C), INS-1E (D) and A549 (E) cell lines after 24 h and 48 h exposure to pHDL at indicated concentrations. 
Data was shown as mean±SEM from at least 3 independent experiments and calculated as % of corresponding 
non-treated control cells.  
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Fig. S3. In vivo circulating profile of FITC-pHDL and anti-AS efficacy of pHDL. (A), dynamic profile of 
circulating FITC-pHDL fluorescence intensity measured at T=0, 1, 2, 4, 8, 12, 24, 48 and 72 h post i.p. injection 
in C57Bl/6J control mice (left) and ApoE-/- AS mouse model (right). In middle, in vivo evaluations of FITC-
pHDL via electrophoresis using sera obtained from C57Bl/6J mice at T=0, 1, 2, 4, 8, 12, 24, 48 and 72 h post 
i.p. injection with non-injected FITC-pHDL and FITC-4F dimer as controls. (B), three experimental schemes 
for the study performed with ApoE-/- AS mouse (top and middle) and HFD-treated C57Bl/6J mice (bottom). Top, 
used for Figure 4A-4J; middle, used for Figure 4K-4O; bottom, used for Figure 4P-4R. (C), to determine the i.p. 
dosage of pHDL, a pilot study using low dose (7.5 mg/kg), medium dose (15 mg/kg) and high dose (30 mg/kg) 
of pHDL was performed according to the scheme (B, top). Plasma LDL-C, triglyceride, ALT and creatinine 
were evaluated to indicate the efficacy of pHDL. *, p<0.05 and **, p<0.01 vs C57Bl/6J. #, p<0.05 and ### 
p<0.005 vs ApoE-/- saline. (D), body weight changes of ApoE-/- mice before and during 12-week administration 
of saline, or simvastatin (statin) or pHDL after pre-8-week atherogenic diet feeding. *, p<0.05, ApoE-/- statin vs 
ApoE-/- saline. Experiments were independently repeated, and data was shown as mean±SEM. (E), assessment 
of renal pathology presented by histological H&E staining in C57Bl/6J control and ApoE-/- mice treated with 
saline or pHDL at the end of 12-week treatment after 8-week atherogenic diet feeding. (F and G), hepatic Oil 
Red O staining in C57Bl/6J control and ApoE-/- mice treated with saline or pHDL at the end of 12-week treatment 
without 8-week atherogenic diet feeding (F) and in C57Bl/6J WT mice fed with HFD (HFD) or chow diet (CD) 
for 26 weeks, in the absence (saline) or presence of pHDL (pHDL) in the final 12 weeks (G). Scale bar: 100 μm. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Fig. S4. 

 



Fig. S4. In vivo targets of pHDL in db/db diabetic animals and effects of pHDL on blood glucose and food 
intake in C57Bl/6J and ApoE-/- AS models. (A-G), in vivo tissue distribution of pHDL 8 h after FITC-pHDL 
injection (FITC-pHDL) in db/db diabetic mice relative to non-FITC-pHDL challenged group (saline) was 
visualized using FITC antibody and DAB reagents. (A), representative images of FITC-pHDL localization from 
heart valve areas. Lower panels are magnification of inlets from corresponding upper panels. Scale bar: 200 μm 
in upper panels and 100 μm for lower panels. (B-G), representative images of FITC-pHDL localization in liver 
(B), kidney (C), pancreas (D), WAT (E), skeletal muscle (F) and brain (G), including cortex, hippocampus, 
hypothalamus and thalamus. Scale bar: 100 μm. Images were obtained from tissues of at least 3 animals in each 
experimental condition. (H), representative western blots for mitochondrial UCP1 in supraspinal BAT of db/db 
mice treated without (saline) or with pHDL 2 h before protein extraction. (I), diabetic db/db mice in fed state 
were exposed to pHDL at 08:00 a.m., then change of body weight of 0-8 day was monitored. (J-M), both blood 
glucose levels (J and K) and accumulated food intake (L and M) in C57Bl/6J WT (J and L) and ApoE-/- AS 
mice (K and M) were assessed for 72 h, following the same protocol as performed for db/db animals. *, p<0.05 
vs corresponding saline. Experiments were independently repeated, and data was shown as mean±SEM. N=6-
10 in each condition.  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Fig. S5. 

 



Fig. S5. In vivo glucose-scavenging and anti-diabetic effects of pHDL. (A and B), HDL sub-fraction 
distribution in response to pHDL was determined via electrophoresis. The stained bands represent different sub-
populations of HDL particles. (A), gel images indicate HDL sub-populations in db/db mice, treated without 
(saline) or with pHDL, compared with C57 control mice. N=2 for each condition. (B), gel images indicate HDL 
sub-fraction distributions in ApoE-/- mice treated without (saline) or with pHDL, compared with C57Bl//6J 
control mice after 12-week treatment following experimental protocol of Fig. S3B top. N=4 for each condition. 
Area embraced by two dotted lines shows populations of smaller-size HDL. (C), changes of body weight before 
and during 6-week pHDL treatment were recorded weekly in both C57 and db/db mice without (saline) or with 
pHDL. *, p<0.05 pHDL vs saline in db/db. (D), representative western blots for mitochondrial UCP1 in WAT 
of C57 control and db/db diabetic mice after treatment without (saline) or with pHDL for 6 months. (E, F and 
G), representative Oil Red O staining to assess hepatic steatosis (E), histological H&E images (F) and serum 
creatinine indicating renal functions (G) at the end of 6-week experimental period. Scale bar equals to 100 μm. 
(H), diameter of pancreatic islet size was determined and analyzed through images of insulin and glucagon 
immuno-staining. ***, p<0.005 vs C57 saline. #, p<0.05 vs db/db saline. Experiments were independently 
repeated, and data was shown as mean±SEM. N=8-10 for each condition.  
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