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Scavenging dicarbonyls with 50-O-pentyl-
pyridoxamine increases HDL net cholesterol
efflux capacity and attenuates atherosclerosis
and insulin resistance
Jiansheng Huang 1,5, Huan Tao 1,5, Patricia G. Yancey 1, Zoe Leuthner 1, Linda S. May-Zhang 2, Ju-Yang Jung 1,
Youmin Zhang 1, Lei Ding 1, Venkataraman Amarnath 3, Dianxin Liu 1, Sheila Collins 1,4, Sean S. Davies 2,
MacRae F. Linton 1,2,*
ABSTRACT

Objective: Oxidative stress contributes to the development of insulin resistance (IR) and atherosclerosis. Peroxidation of lipids produces reactive
dicarbonyls such as Isolevuglandins (IsoLG) and malondialdehyde (MDA) that covalently bind plasma/cellular proteins, phospholipids, and DNA
leading to altered function and toxicity. We examined whether scavenging reactive dicarbonyls with 50-O-pentyl-pyridoxamine (PPM) protects
against the development of IR and atherosclerosis in Ldlr�/� mice.
Methods: Male or female Ldlr�/� mice were fed a western diet (WD) for 16 weeks and treated with PPM versus vehicle alone. Plaque extent,
dicarbonyl-lysyl adducts, efferocytosis, apoptosis, macrophage inflammation, and necrotic area were measured. Plasma MDA-LDL adducts and
the in vivo and in vitro effects of PPM on the ability of HDL to reduce macrophage cholesterol were measured. Blood Ly6Chi monocytes and ex vivo
5-ethynyl-20-deoxyuridine (EdU) incorporation into bone marrow CD11bþ monocytes and CD34þ hematopoietic stem and progenitor cells
(HSPC) were also examined. IR was examined by measuring fasting glucose/insulin levels and tolerance to insulin/glucose challenge.
Results: PPM reduced the proximal aortic atherosclerosis by 48% and by 46% in female and male Ldlr�/� mice, respectively. PPM also
decreased IR and hepatic fat and inflammation in male Ldlr�/� mice. Importantly, PPM decreased plasma MDA-LDL adducts and prevented the
accumulation of plaque MDA- and IsoLG-lysyl adducts in Ldlr�/� mice. In addition, PPM increased the net cholesterol efflux capacity of HDL from
Ldlr�/� mice and prevented both the in vitro impairment of HDL net cholesterol efflux capacity and apoAI crosslinking by MPO generated hy-
pochlorous acid. Moreover, PPM decreased features of plaque instability including decreased proinflammatory M1-like macrophages, IL-1b
expression, myeloperoxidase, apoptosis, and necrotic core. In contrast, PPM increased M2-like macrophages, Tregs, fibrous cap thickness, and
efferocytosis. Furthermore, PPM reduced inflammatory monocytosis as evidenced by decreased blood Ly6Chi monocytes and proliferation of bone
marrow monocytes and HSPC from Ldlr�/� mice.
Conclusions: PPM has pleotropic atheroprotective effects in a murine model of familial hypercholesterolemia, supporting the therapeutic po-
tential of reactive dicarbonyl scavenging in the treatment of IR and atherosclerotic cardiovascular disease.
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1. INTRODUCTION

Atherosclerosis is a systemic inflammatory disorder that initiates early
in life and develops in the arterial wall over decades. Clinical and
mechanistic studies have shown that many factors facilitate the
development of atherosclerosis, presenting potential targets for ther-
apeutic modification. Although clinical trials of lowering LDL-C have
consistently been demonstrated to reduce cardiovascular events, a
considerable residual risk of cardiovascular disease still exists, which
may be due in part to inflammation [1e3]. This residual inflammatory
risk highlights the need to find novel therapeutic approaches for tar-
geting atherosclerosis to achieve more effective reductions in car-
diovascular risk.
Pleotropic functions of HDL, including anti-inflammatory function and
mediation of reverse cholesterol transport (RCT), are central in pro-
tecting against cardiovascular disease [4]. Cholesterol efflux capacity,
a measure of HDL function in the first step of RCT, was reported to be
inversely associated with measures of cardiovascular events, inde-
pendent of HDL-C levels [5e7]. Recent observations support the
concept that qualitative changes in HDL composition promote its
atheroprotective functions [8,9]. HDL is also identified as an important
target for treatment of type 2 diabetes (T2D), which is associated with
increased risk for atherosclerotic cardiovascular events. HDL promotes
the uptake of glucose in skeletal muscle and increases the synthesis
and secretion of insulin from pancreatic b cells and thus may have
beneficial effects on glycemic control [10,11]. Clinical studies found
that reconstituted HDL increased plasma insulin and decreased plasma
glucose in patients with T2D by activating AMP-activated protein ki-
nase [11,12]. Thus, mounting evidence demonstrates that HDL func-
tion is crucial in chronic inflammatory disorders, such as T2D and
atherosclerosis.
Studies have shown that myeloperoxidase (MPO) promotes the for-
mation of dysfunctional HDL and there is abundant dysfunctional HDL
in human atherosclerotic lesions [13e15]. Several reactive dicarbonyls
including malondialdehyde (MDA), 4-oxo-nonenal (ONE), and iso-
levuglandins (IsoLG) are endogenously formed during lipid peroxida-
tion. Immunization with MDA epitopes leads to atheroprotection in
mouse and rabbit models [16,17], highlighting the importance of MDA
epitopes in atherosclerosis. Synthetic MDA-lysine can promote
monocyte activation and vascular complications via induction of in-
flammatory pathways [18]. Modifying apoAI or HDL by MDA or IsoLG
blocks cholesterol efflux from macrophages [19e21]. In addition to
lipid dicarbonyl modification, myeloperoxidase (MPO) mediated chlo-
rination of tyrosine and oxidation of tryptophan in apoAI impairs
cholesterol efflux [14,15]. Furthermore, dysfunctional apoAI is present
in human atherosclerotic lesions including MDA modified HDL and
chlorinated and oxidized apoAI residues [14,15,21]. Interestingly, our
recent studies showed that IsoLG, MDA, and ONE modification of HDL
reduces its anti-inflammatory function in macrophages treated with
lipopolysaccharide (LPS) [19,20,22]. Importantly, HDL from subjects
with familial hypercholesterolemia (FH) versus normocholesterolemic
controls has reduced cholesterol efflux capacity and anti-inflammatory
function and contains significantly more IsoLG, MDA, and ONE adducts,
which likely contribute to the dysfunction of FH-HDL [19,20,22]. In
addition, HDL from humans with coronary artery disease versus control
subjects have increased MDA adducts, which results in reduced
endothelial anti-inflammatory and repairing effects [23]. Taken
together, mounting evidence supports the concept that HDL athero-
protective function can be impaired and that reactive dicarbonyls such
as MDA, ONE and IsoLG and other oxidative modifications of apoAI
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contribute to HDL dysfunction, insulin resistance (IR), and the devel-
opment of atherosclerosis.
In the current studies, we utilized a potent reactive dicarbonyl scav-
enger, 50-O-pentyl-pyridoxamine (PPM), to dissect the role of reactive
carbonyl species in causing HDL dysfunction in promoting the devel-
opment of IR and atherosclerosis. Our earlier studies demonstrated
that, compared to lysine residues, PPM reacts nearly 2000 times faster
with the reactive dicarbonyl, IsoLG, thereby preventing lysine modifi-
cation [24]. We found that scavenging reactive dicarbonyls with PPM
prevents MPO-mediated impairment of HDL cholesterol efflux capacity
in vitro, and, importantly, in vivo administration of PPM to hypercho-
lesterolemic mice increased HDL cholesterol efflux capacity without
affecting plasma cholesterol levels. Consistent with the effects on HDL
function, administration of PPM to Ldlr�/� mice consuming a western
diet reduced IR, atherosclerotic lesion extent, lesion pro-inflammatory
macrophages, blood Ly6Chi monocytosis, and lesion necrotic area.
Furthermore, PPM treatment increased the plaque fibrous cap thick-
ness and efferocytosis, thereby promoting features of plaque stability.
Taken together, our results suggest that reactive dicarbonyl scav-
enging has high therapeutic potential in improving inflammation,
preventing HDL dysfunction, IR, and atherosclerosis development.

2. MATERIAL AND METHODS

2.1. Mice
Apoe�/� and Ldlr�/�mice were purchased from Jackson Laboratories
(Bar Harbor, ME). Mice were maintained in micro-isolator cages with
ad libitum access to a rodent chow diet containing 4.55% fat (PMI
5010, St. Louis, Mo) and water. The Institutional Animal Care and Use
Committee of Vanderbilt University Medical Center approved mouse
protocols. Experimental procedures and animal care were performed
according to the regulations of Vanderbilt University’s Institutional
Animal Care and Usage Committee.

2.2. Treatment of Ldlr�/� mice with PPM to examine the impact on
atherosclerosis
50-O-pentyl-pyridoxamine (PPM) was solubilized in water and prepared
as a 100 mM stock and stored as small aliquots at -80 �C until use.
Fresh working solutions were prepared before each assay and diluted
in water to the appropriate concentrations. As recommended by the
scientific statement on animal atherosclerosis studies from the
American Heart Association, studying the atherosclerosis in both male
and female mice is a standard procedure to evaluate potential gender
specific contributions to atherosclerosis. Therefore, for the athero-
sclerosis studies, female and male Ldlr�/� mice on a western diet
(WD) were treated with water alone or with 1 g/L of PPM in the drinking
water for 16 weeks after pretreatment of mice on chow diet with PPM
or 2 weeks. The % by weight composition of the WD (Harlan,
TD.88,137) used in the experiments was 19.5% Casein, 17.3% pro-
tein, 0.3% DL-methionine, 34% sucrose, 21% anhydrous milk fat,
0.2% cholesterol, 5% cellulose (fiber), 3.5% mineral mix (AIN-76,
170,915), 0.4% calcium carbonate, 1% vitamin mix (Teklad, 40,060),
15% corn starch, and 0.004% ethoxyquin.

2.3. Reagents
Fresh human HDL was isolated from normal subjects by sequential
density ultracentrifugation as previously described [20]. Maloncarbonyl
bis-(dimethylacetal) (cat#: 820,756) and H2O2 (cat#: 216,763) were
purchased from SigmaeAldrich (St. Louis, MO). The chemiluminescent
Western Lightning ultra-reagent was obtained from PerkinElmer Inc.
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(Waltham, MA). Primary antibody to apoAI (cat#: NB600-609) CCR2
(cat#: NBP2-67700) were purchased from Novus Biologicals. Primary
anti-MOMA2 (cat#: MCA519G) was purchased from BioRad. Secondary
antibody HRP conjugated-rabbit anti-goat IgG (cat#: AD106P) and pri-
mary anti-MPO antibody (cat#: AF3667) were purchased from Sigma
and R&D systems, respectively. Arg1 antibody (cat#: GTX109242) was
purchased from GeneTex. Secondary fluorescent antibodies (FITC goat-
anti-rabbit Secondary antibody, cat#: A11034; AF568 Donkey-anti-
rabbit Secondary antibody, cat#: A10042; AF488 Donkey-anti-rat
Secondary antibody, cat#: A21208) for immunofluorescence staining
were obtained from Invitrogen.

2.4. Effect of PPM on modification of HDL with MDA
HDL modification with MDA was done in 50 mM phosphate buffer (pH
7.0) containing 100 mM DTPA. For the PPM inhibition reaction, 1 mM
PPM or 5 mM PPM was incubated with 1 mg/mL HDL (cat#: J64903)
for 10 min and then 250 mM MDA was added to initiate the reaction.
The reactions were carried out at 37 �C for 24 h and stopped by
dialysis against PBS overnight.

2.5. Effect of PPM on modification of HDL with MPO
The MPO-mediated HDL modification reactions were done in phos-
phate buffer (50 mM, pH 7.0) containing 100 mM DTPA, 1 mg/mL of
HDL protein (cat#: J64903), 70 nM purified human MPO (Athens
Research, cat#: 16-14-130,000, A430/A280 ratio of 0.79), and
100 mM NaCl [25]. For the PPM inhibition reaction, 1 mM PPM was
incubated with 1 mg/mL HDL for 10 min and then 70 nM MPO,
160 mM H2O2, and 100 mM NaCl were added to initiate the reaction.
The reactions were incubated at 37 �C for 1 h. In all reactions, working
solutions of H2O2 were made fresh daily by diluting 30% H2O2 ac-
cording to the extinction coefficient for H2O2 at 240 nm,
39.4 M�1cm�1 [26].

2.6. Effect of PPM on crosslinking of lipid-free ApoAI with
hypochlorous acid
The hypochlorous acid (HOCl)-mediated ApoAI modification reactions
were performed in 50 mM phosphate buffer (pH 7.0) containing
100 mM diethylenetriaminepentaacetic acid. For the PPM inhibition
reaction, PPM was incubated with 0.2 mg/mL ApoAI for 10 min and
then 50 mM HOCl were added to initiate the reaction. The reactions
were carried out at 37 �C for 1 h. The samples were immediately used
for western blot to determine the effect of PPM on crosslinking of lipid-
free ApoAI.

2.7. Isolation of peritoneal macrophages
Peritoneal macrophages were isolated 4 days after intraperitoneal
injection of 5% of thioglycolate. Peritoneal cells were collected by
rinsing with Ca2þ and Mg2þ free PBS and then centrifuged and
resuspended in DMEM containing 10% heat-inactivated FBS (Sigma
Aldrich, cat#: B207151) and 100 units/ml penicillin/streptomycin. Cells
were plated onto 24-well culture plates (1*106 cells/well) and allowed
to adhere for 2 h. Nonadherent cells were removed by washing two
times with DPBS, and adherent macrophages were used for
experiments.

2.8. Serum lipid measurements, FPLC lipoprotein profile, and
ApoB-depleted serum preparation
Serum total cholesterol and triglyceride (TG) levels were measured by
the enzyme-based method (Fisher, cat#: 890,339 RC) after overnight
fasting. Lipid profiling of FPLC-separated lipoprotein fractions was
done using gel filtration analysis with a Superose 6 column on a Waters
MOLECULAR METABOLISM 67 (2023) 101651 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
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600 FPLC system. Mouse serum (100 ml) was injected onto the column
and separated with buffer containing 0.15 M NaCl, 0.01 M Na2HPO4,
and 0.1 mM EDTA (pH 7.5), at a flow rate of 0.5 mL/min. Cholesterol
content of the fractions was determined using an enzymatic assay
(Fisher, cat#: 891,069 RA) [27]. ApoB-depleted serum was prepared
by adding 200 mL of PEG 8,000 (20% in 200 mM glycine) to 500 mL
serum [28,29]. After incubation for 15 min at room temperature, and
then centrifugation at 1,900 g for 20 min, the supernatant containing
the apoB-depleted serum was collected and used for cholesterol efflux
experiments [30].

2.9. Measurement of HDL capacity to reduce macrophage
cholesterol
To measure the capacity of HDL to reduce macrophage cholesterol
content, an enzymatic cholesterol assay was used as described [31,32].
Briefly, Apoe�/� macrophages were incubated for 48 h with DMEM
containing acetylated LDL (Alfa aesar, cat#: J65029, 40 mg/ml). The
cells were then washed and incubated for 1 h in DMEM containing 0.1%
BSA. The cells were then washed and incubated for 24 h in DMEM
supplemented with HEPES in the presence of 50 mg/mL human HDL,
modified HDL, or 2.5% apoB-depleted serum from mice. Cellular
cholesterol was measured after incubation with DMEM alone or with
cholesterol acceptor using an enzymatic cholesterol assay [31,32].
Briefly, isopropanol/NP-40 (vol/vol:9/1) was added to the dried iso-
propanol lipid extracts and vortexed for 10 s. Then 40 ul of each sample
was added to 96-well plates and catalase solutions (Sigma,
cat#:C1345) in 50 mM potassium phosphate buffer were added to the
wells for both standards and samples to lower the background. Then,
100 ul of the enzyme and fluorescent probe mixture (ADHP, cat#:
AnaSpec # 85,500; cholesterol oxidase, Cat#: C8649e100U; choles-
terol esterase, Cat#:C9281e100UN; horseradish peroxidase, Cat#:
P8375-1kun) were prepared in reagent A buffer (sodium chloride, cholic
acid, Triton-100 in 100 mM potassium phosphate buffer) and added
into each well. The fluorescence intensity (excitation wavelength
530 nm, emission wavelength 580 nm) was measured immediately
after incubation at 37 �C for 25 min s. The cholesterol efflux capacity
was calculated as ((cellular cholesterol with DMEM alone - cellular
cholesterol with acceptor)/cellular cholesterol with DMEM alone * 100).

2.10. Western blotting
Samples were incubated with b-mercaptoethanol and loading buffer
for 10 min at 55 �C and then resolved by NuPAGE Bis-Tris electro-
phoresis using 4e12% gels for 1.5 h. The proteins were transferred
onto PVDF membranes (Amersham Bioscience) at 150 V for 1.5 h.
Membranes were blocked with 5% milk at room temperature for 2 h
and incubated with primary antibodies specific to human apoAI or MDA
overnight at 4 �C. The secondary antibodies conjugated with HRP were
incubated with the membranes for 2 h at room temperature. Protein
bands were visualized with ECL western blotting detection reagents
(GE Healthcare) and quantified using ImageJ software (NIH).

2.11. Glucose tolerance test (GTT) and insulin tolerance test (ITT)
Insulin levels were measured by ELISA (Mercodia, cat#: 10-1113-01).
For the GTT, mice were fasted for 4 h, and 10 mL blood was taken from
the tail vein for measurement of baseline levels. Mice were then
injected i.p. with 1 g/kg of glucose. Blood samples were then taken at
15, 30, 45, 60, 90, 120 min and analyzed for blood glucose with a
clinical meter [33]. For ITT, mice were fasted for 4h, and after taking a
baseline blood sample, the mice were injected intraperitoneally with
insulin (0.5 U/kg). Blood samples were then taken at 15, 30, 60, 90,
120 min and analyzed for blood glucose with a clinical meter [33]. The
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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homeostatic model assessment for insulin resistance (HOMA-IR) was
calculated using the equation fasting insulin (mU/ml) � fasting plasma
glucose (mmol/liter)/22.5.

2.12. Hematoxylin and eosin (H&E)
Staining of liver tissue and NAFLD severity score H&E staining of liver
tissue was performed as previously described [34]. Briefly, livers were
immediately embedded in paraffin, sectioned, and mounted on glass
microscope slides. The sections were stained with hematoxylin and
eosin and examined using light microscopy. Nonalcoholic fatty liver
disease severity score, which estimates the severity of fatty liver by the
summation of steatosis, lobular inflammation, and hepatocyte balloon
degeneration, was evaluated semi-quantitatively: based on the severity
of steatosis, lobular inflammation and hepatocellular ballooning.

2.13. Measurement of atherosclerotic lesions and
immunofluorescence analyses
We followed the guidelines for development and execution of experi-
mental design and interpretation of atherosclerosis in animal studies
[35]. The mean lesion area from 15 serial sections was used for the
aortic root atherosclerotic lesion size per mouse as described [36].
Immunofluorescence staining was performed using sections that were
40e60 mm distal of the aortic sinus. Briefly, aortas were flushed with
PBS through the left ventricle, and the entire aorta was dissected and
en face was stained for the neutral lipid using Sudan IV as described
[36]. The extent of atherosclerosis was examined by Oil-Red-O staining
of neutral lipids in cross-sections of the proximal aorta (15 alternate
10 mm cryosections for each mouse aorta). Images of the proximal and
distal aorta lesions were analyzed using the KS300 imaging system
(Kontron Electronik GmbH) [37,38]. MDA was detected by immuno-
fluorescence staining using anti-MDA primary antibody (FITC, Abcam#:
ab27615). Immunofluorescence staining was used to examine the
levels of MOMA2, MPO, arginase 1 (Arg1), and CeC chemokine re-
ceptor 2 (CCR2) in atherosclerotic lesions [37]. For each mouse, two
sections were stained, and quantitation was performed on the entire
cross section of all stained sections. Briefly, 5 mm cross-sections of the
proximal aorta were fixed in cold acetone (Sigma), blocked with 5%
goat serum dilution (GSD), and incubated overnight at 4 �C with pri-
mary antibody to MOMA2, MPO, Arg1, or CCR2. After incubation for 1h
at 37 �C with the fluorescent labeled secondary antibody, the nuclei
were stained with Vectashield Mounting medium with DAPI (Vector,
cat#: H1200). The images were captured using an Olympus IX81
fluorescence microscope with SlideBook 6 (Intelligent-Image) software
and quantified using ImageJ software (NIH). The apoptotic cells and
efferocytosis in atherosclerotic lesions were measured by TUNEL and
macrophage staining of cross-sections of the proximal aorta. Briefly,
5 mm sections were fixed in 2% paraformaldehyde, treated with 3%
citric acid, and then stained using the in situ TMR red cell death
detection kit (Roche Applied Science, cat#: 12156792910) [39].
Macrophages were stained with anti-MOMA2 antibody and nuclei were
counterstained using Hoechst. TUNEL-positive (TUNELþ) cells and
efferocytosis were then quantitated in proximal aortic sections as
previously described [39].

2.14. Masson’s trichrome staining
Masson’s Trichrome staining procedure (Sigma, cat#: HT15-1 KT) was
used for measurement of lesion necrotic core size and fibrous cap
thickness as previously described [36,39] Briefly, 5 mm sections of the
proximal aorta were fixed for 30 min with Bouin’s solution and stained
with hematoxylin for nuclei (black). Biebrich scarlet solution and
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phosphotungstic/phosphomolybdic acid were added to stain cytoplasm
(red), and Aniline blue solution was applied to stain collagen (blue).
Images were obtained and analyzed for fibrous cap thickness and %
necrotic area using ImageJ software (NIH).

2.15. Measurement of prostaglandin (PG) metabolites
Male Ldlr�/� mice were given vehicle (n¼ 8) or 1 mg/mL PPM (n¼ 8)
for 8 weeks. Urine was collected for 6 h in metabolic cages with 2 mice
per cage after 8 weeks of treatment with PPM and analyzed by LC/MS
for 2,3-dinor-6-ketoPGF1 (2,3DN) and 11-dehydro TxB2 (11dTxB2) by
the Eicosanoid Analysis Core at Vanderbilt University. The creatinine
levels are measured using a kit (Enzo Life Sciences; cat # ADI-907-
030A). The urinary metabolite levels in each sample were normal-
ized using the urinary creatinine level of the sample and expressed as
ng/mg creatinine.
2.16. Measurements of aortic ONE-lysyl adducts and IsoLG-lysyl-
lactam adducts
The aortic tissues were isolated, homogenized and then the ONE-Lysyl
and IsoLG-lysyl adducts were measured by LC/MS/MS using a Waters
Xevo-TQ-Smicro triple quadrupole mass spectrometer as previously
described [36].

2.17. RNA isolation and quantitative RT-PCR
Total tissue and cell RNA were extracted and purified using PureLink
RNA Mini kit (Invitrogen 12183018A) as described in the manufac-
turer’s protocol. Complementary DNA was synthesized with iScript
reverse transcriptase (Bio-Rad). Relative quantitation of the target
mRNA was performed using specific primers, SYBR probe (Bio-Rad)
and iTaqDNA polymerase (Bio-Rad) on IQ5 Thermocylcer (Bio-Rad).
The data were analyzed using the 2-DDCt method, and the results of are
presented as the fold change of target gene expression in a sample
relative to a reference sample, normalized to a reference gene (18S)
[36,40].
2.18. Flow analysis of white blood cells
To measure the numbers of blood neutrophils, Ly6Chi monocytes, and
Ly6Clow monocytes in Ldlr�/� mice, blood cells were collected and
stained with a cocktail of antibodies targeting these cells [37]. Briefly,
100 mL of blood was collected using Natelson Blood collection tubes,
and then incubated with Fc inhibitor CD16/32 for 10 min at RT. Lysis
buffer (3 mL) was pre-warmed at 37 �C, added to the blood samples,
and incubated at room temperature for 30 min to lyse red blood cells.
Samples were centrifuged at 1200 rpm for 10 min, and the cell pellets
were re-suspended with 300 ul of FACS buffer (2% FBS in PBS).
Antibodies Pacific blue Ly6G (1A8, Biolegend), PE-Cy7 CD11b (M1/70,
Biolegend), PE anti-mouse CD3 Antibody (17A2, Biolegend), FITC Anti-
mouse CD19 for B cells (6D5, Biolegend) and APC/Cy7 anti-mouse
Ly6C (HK1.4, Biolegend) were added, and then incubated with cells
on ice for 45 min. The blood T regulatory (Treg) and T helper 2 (Th2)
cells were detected using antibodies, where CD3þFoxP3þ positive
cells were determined as Treg cells and CD4þGATA-3þ positive
populations were Th2 cells. For all flow cytometry assays where
propidium iodide or 7-AAD dye were not used, we used gates based on
the forward and side scatter to remove dead cells and debris for cell
viability from the analysis. Cells were washed with FACS buffer twice
and analyzed using FACS DiVa v6.1 software (BD Biosciences) in the
Research Flow Cytometry Core Laboratory, Veterans Administration
Medical Center.
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Figure 1: PPM prevents MPO- and MDA-mediated HDL modification and preserves HDL cholesterol efflux capacity. A-B. PPM prevents the crosslinking of apoAI on HDL
caused by MDA modification. C. PPM prevents MDA mediated HDL cholesterol efflux dysfunction in Apoe�/� macrophages. Cholesterol-enriched Apoe�/� macrophages were
incubated for 24h with DMEM alone or containing 50 mg HDL protein/ml, and the % decrease in cellular cholesterol was then measured as described in the Methods. D. PPM
prevents the HOCl mediated crosslinking of lipid-free apoAI. E. PPM prevents MPO-mediated HDL modification and preserves HDL cholesterol efflux capacity in Apoe�/� mac-
rophages. Cholesterol-enriched Apoe�/� macrophages were incubated for 24h with DMEM alone or containing HDL (50 mg protein/ml) and the % decrease in cellular cholesterol
was measured. F. PPM treatment improves the cholesterol efflux capacity of HDL in Ldlr�/� mice. Cholesterol-enriched Apoe�/� macrophages were incubated for 24h with DMEM
alone or containing 2.5% (vol/vol) apoB-depleted serum, and the cellular cholesterol was then measured. G. PPM reduces the plasma levels of MDA-LDL in Ldlr�/� mice on WD for
16 weeks. Graph data are expressed as mean � SEM (n ¼ 3 in each group); The in vitro studies are 3 independent experiments, *P < 0.05, **P < 0.01 by t-test or one-way
ANOVA with Bonferroni’s post hoc test.
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2.19. Bone marrow cell analyses and proliferation of monocytes
and HSPC
The bone marrow cells were treated with 5 mm EdU for 24 h to detect
proliferation. The cells were then washed, blocked with Fc inhibitor
CD16/32, and stained with FITC anti-mouse CD11b (monocyte marker)
or CD34 (HSPC marker, eBioscience, Cat#: 2356471), and EdU positive
cells were detected using Click-iT EdU Flow Cytometry Assay Kit
(Invitrogen, C10646). Briefly, cells were fixed and permeabilized, and
stained with Alexa Fluor 594 picolyl azide in Click-iT EdU buffer
following the manufacturer’s protocol. For the fluorescence micro-
scopy assay, the stained cells were placed on glass slides, the images
captured, and dual CD11b/EdU positive cells were counted as prolif-
erating HSPC. For the flow cytometry assay, dual CD34/EdU positive
cells were considered as proliferating HSPC using FACS DiVa v6.1
software and equipment (BD Biosciences).

2.20. Statistics
The data are presented as mean � SEM visualized by either box plots
or bar charts. The normality of the sample populations was examined
by the KolmogoroveSmirnov test. Between-group differences were
assessed with two-sided unpaired t-test (2 groups) and one-way
ANOVA (>2 groups, Bonferroni’s correction for multiple compari-
sons). Their nonparametric counterparts, ManneWhitney test (2
groups) and nonparametric KruskaleWallis test (more than 2 groups,
Bunn’s correction for multiple comparison), were used when as-
sumptions for parametric methods were not satisfied. The statistical
analysis was performed using Graphpad Prism 7. Statistical tests were
determined to be statistically significant at two-sided significance level
of 0.05 after correction for multiple comparisons (*P < 0.05,
**P < 0.01, ***P < 0.001).

3. RESULTS

3.1. Effects of PPM on ApoAI crosslinking, HDL cholesterol efflux
capacity, and MDA-LDL adducts
As MDA-apoAI adducts have been localized to atherosclerotic lesions
[21], and oxidation of HDL lipids using a MPO/H2O2/Cl

� system pro-
motes formation of apoAI-MDA adducts [19], we examined the in vitro
effects of PPM on MDA-mediated apoAI crosslinking and impairment of
net cholesterol efflux capacity. Modification of HDL with 250 mM MDA
increased the degree of apoAI crosslinking (Figure 1A and B) and
decreased the capacity of the HDL to reduce Apoe�/� macrophage
cholesterol content by 64% (Figure 1C). Addition of PPM significantly
decreased the MDA-mediated crosslinking of apoAI (Figure 1A and B)
and improved the impairment of HDL net cholesterol efflux capacity
(Figure 1C). Besides lipid dicarbonyl modification of apoAI, the MPO
generated oxidant, hypochlorous acid (HOCl), can also directly modify
apoAI resulting in chlorinated tyrosine or oxidized tryptophan residues,
which promote crosslinking and impair cholesterol efflux [13e15]. As
PPM is an electron rich molecule that may readily react with HOCl [41],
we investigated whether PPM could also inhibit HOCl mediated
crosslinking of lipid-free apoAI (Figure 1D). Similar to other studies
[13e15], when lipid-free apoAI was incubated with HOCl, there was
extensive crosslinking, and consistent with PPM neutralization of HOCl
[41], PPM prevented HOCl mediated crosslinking of lipid-free apoAI
(Figure 1D). In addition, MPO-mediated HDL modification reduced the
net cholesterol efflux capacity by 54.5% and PPM prevented any
impairment in HDL cholesterol efflux capacity in Apoe�/� macro-
phages (Figure 1E). More importantly, administration of PPM to Ldlr�/�

mice on a western diet increased the net cholesterol efflux capacity of
HDL (Figure 1F) showing that PPM scavenging in vivo preserves HDL
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function. As apoB adducts increase foam cell formation and are
localized to plaques [42e44], we examined the effects of PPM on LDL
MDA content. Compared to treatment with water alone, PPM reduced
the MDA-LDL adducts by 40% in Ldlr�/� mice on a WD for 16 weeks
(Figure 1G) [9,19].

3.2. Effect of PPM on IR and hepatic fat in Ldlr�/� mice
As oxidative stress and HDL dysfunction impact IR, we next examined
whether PPM impacts insulin sensitivity in male Ldlr�/� mice, which
develop IR and increased fat deposition when consuming a WD versus
a chow diet [45,46]. After 16 weeks on a WD, male Ldlr�/� mice had
significantly increased fasting blood glucose and insulin levels versus
chow diet (CD) fed controls (Figure 2A and B). Administration of PPM to
Ldlr�/� mice consuming a WD reduced the fasting glucose and insulin
levels (Figure 2A and B). We also examined HOMA-IR levels as an
indicator of IR and found that treatment with PPM reduced the HOMA-
IR in Ldlr�/� mice on a WD to HOMA-IR values that were similar to
those observed in Ldlr�/� mice consuming a chow diet (Figure 2C). To
determine whether PPM improved insulin or glucose tolerance after
4 h s fasting, GTT and ITT were done after 12 weeks of male Ldlr�/�

mice consuming a WD and being treated with PPM (Figure 2DeG).
Treatment of Ldlr�/� mice consuming a WD with PPM nearly
normalized the dynamic change of glucose levels in response to
glucose challenge and significantly decreased the glucose tolerance
test area under the curve (AUC) (Figure 2D and E). Consistent with the
GTT results, PPM reduced the dynamic changes of glucose levels in
response to insulin challenge in male Ldlr�/� mice and significantly
reduced the insulin tolerance test AUC (Figure 2F and G). We next
examined the effects of PPM on hepatic fat accumulation in male
Ldlr�/� mice. Compared to male Ldlr�/� mice on a chow diet, the
hepatic fat levels were increased by 3.6-fold in Ldlr�/� mice
consuming a western diet (Figure 2H and I). Consistent with oxidative
stress impacting fat deposition, PPM prevented the hepatic fat accu-
mulation in Ldlr�/� mice on a western diet (Figure 2H and I). Similar to
other reports [46,47], administration of a western versus chow diet to
female Ldlr�/� mice did not affect fasting glucose levels or the
response to glucose challenge, and PPM had no impact on fasting
glucose levels and GTT (Figs. S1AeS1C). Taken together, these results
demonstrate that scavenging reactive dicarbonyls with PPM protects
against IR and hepatic fat accumulation in male Ldlr�/� mice.

3.3. Effects of PPM on atherosclerosis extent and plaque
dicarbonyl-lysyl adducts
To examine the effect of scavenging reactive dicarbonyls on athero-
sclerosis, male Ldlr�/� mice were fed a WD for 16 weeks and treated
with water alone or containing PPM. As shown in Figure 3A and B and
S2A-S2C, PPM did not change the plasma cholesterol, TG levels, body
weight, water intake, or ALT activities. Importantly, administration of
PPM versus water alone reduced the extent of proximal aortic
atherosclerosis by 46% (Figure 3CeD). In addition, PPM treatment
reduced the en face aortic lesion content by 52% in male Ldlr�/� mice
(Figure 3EeF). We next examined the effects of PPM on atheroscle-
rosis in female Ldlr�/� mice, which studies suggest are more sus-
ceptible to atherosclerosis than male Ldlr�/� mice [48]. Similar to
male Ldlr�/� mice, PPM treatment of female mice on a western diet
for 16 weeks reduced the extent of proximal aortic atherosclerosis by
48% without changing plasma cholesterol, triglyceride levels, or li-
poprotein FPLC profile (Figs. S3AeS3E). As with male Ldlr�/� mice,
PPM did not change body weight, water intake, and ALT activities in
female Ldlr�/� mice (Figs. S2DeS2F). Consistent with PPM being an
effective scavenger of reactive dicarbonyls, immunohistochemistry
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Figure 2: PPM reduces fasting glucose and insulin levels and improves insulin sensitivity in male LdlrL/L mice. A-B. PPM reduces fasting glucose and insulin levels in
male Ldlr�/� mice. C. PPM normalizes HOMA-IR values in male Ldlr�/� mice (n ¼ 9 in group on a chow diet, n ¼ 10 in group on a western diet, n ¼ 9 in group on a western diet
and treated with PPM). D-E. Effect of PPM on glucose levels in male Ldlr�/� mice in response to injection of glucose using IPGTT as described in Methods (n ¼ 9e10 in each
group). F-G. Effect of PPM on glucose levels in male Ldlr�/� mice in response to injection of insulin using IPITT as detailed in Methods. AUC, area under the curve. HeI. PPM
prevents hepatic fat deposition in Ldlr�/� mice (n ¼ 6), as determined by H&E staining (H) and measured using Image J (I). Scale bar ¼ 100 mm. A.U., arbitrary units. For each
experiment, graph data are expressed as mean � SEM; *P < 0.05 by one-way ANOVA with Bonferroni’s post hoc test.
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Figure 3: PPM reduces aortic root and en face atherosclerotic lesions in male LdlrL/L mice. A-B. PPM does not affect plasma cholesterol levels or triglyceride levels in male
Ldlr�/� mice. C-D. PPM reduces the aortic root atherosclerotic lesions in male Ldlr�/� mice. E&F. PPM reduces en face atherosclerotic lesion area in male Ldlr�/� mice. Male Ldlr�/�

mice were pretreated with 1 g/L of PPM for 2 weeks on chow diet. Then mice were treated with 1 g/L of PPM for 16 weeks on WD. Oil-Red-O staining of atherosclerosis lesion in male
Ldlr�/� mice with vehicle (n ¼ 8) or PPM (n ¼ 10) is shown. Scale bar ¼ 200 mm. Data are expressed as mean � SEM; *P < 0.05, **P < 0.01, ***P < 0.001 by two-sided
unpaired t-test. G&H. Immunohistochemistry staining of Arg1þ macrophages was performed as described in Methods. H. PPM increases the number of Arg1þ macrophages in
lesions of Ldlr�/� mice. I&J. Immunohistochemistry staining of CCR2þ macrophages was performed as described in Methods. J. PPM reduces the number of CCR2þ macrophages in
lesions of Ldlr�/� mice. K&L. Pro-inflammatory enzyme MPO staining of atherosclerotic lesions in Ldlr�/� mice is shown. L. PPM reduces MPO expression in atherosclerotic lesions of
Ldlr�/� mice. G, I, & K. Scale bar ¼ 40 mm n ¼ 6 in each group, for each experiment, graph data are expressed as mean � SEM; *P < 0.05 by two-sided unpaired t-test.
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analysis of MDA-lysyl adducts in plaques revealed that PPM signifi-
cantly reduced the MDA adduct-positive area in the proximal aortic
lesions of female Ldlr�/� mice (Figs. S4AeS4B). In addition,
compared to water alone, treatment with PPM significantly decreased
the levels of ONE-lysyl adduct in aortic lesions of male Ldlr�/� mice
(Fig. S4C). PPM also impacted the levels of IsoLG-lysyl adduct in the
aorta of male Ldlr�/� mice, with a trend towards reduced levels of
adducts (p ¼ 0.058, Fig. S4D). These results demonstrate that PPM
treatment effectively decreases atherosclerosis development in
experimental mouse models without changing plasma cholesterol and
suggests that improved HDL function as well as reduced apoB modi-
fication and decreased plaque cellular adducts contribute to the impact
on atherosclerosis.

3.4. In vivo and in vitro effects of PPM on macrophage
inflammation
As macrophage inflammation is modulated by HDL and oxidative
stress, we next examined the effects of scavenging reactive dicar-
bonyls on atherosclerotic lesion macrophage inflammatory markers.
Immunohistochemical staining of the proximal aortic sections from
male Ldlr�/� mice demonstrates that compared to water alone, PPM
increased the number of anti-inflammatory Arg1 positive M2 macro-
phages by 120% (Figure 3G and H) and decreased the numbers of pro-
inflammatory CCR2 positive macrophages by 58% (Figure 3I and J). In
addition, PPM treatment reduced the expression of MPO, which is a
marker of neutrophil extracellular traps (NETs) that promote the con-
version of anti-inflammatory macrophages to a proinflammatory
phenotype [49,50], in the proximal aortic lesions of male Ldlr�/� mice
(Figures 3K and 3L). In addition, similar effects of PPM on macrophage
Arg1 levels were seen in proximal aortas of female Ldlr�/� mice
(Figs. S3FeS3G). Examination of the serum proinflammatory cytokines
revealed that scavenging reactive dicarbonyls with PPM decreased the
levels of IL-1b and TNF-a by 34% and 62% in male Ldlr�/� mice
(Figures 5SA-5SB). We also examined the effects of PPM versus water
alone on hepatic inflammatory markers in male Ldlr�/� mice
consuming a western diet for 16 weeks. The mRNA levels of proin-
flammatory CCL2 and CCL4 were decreased by 20%, and 23% in PPM
compared to water alone treated Ldlr�/� mice (Fig. S5C and S5D). In
contrast, PPM increased the hepatic mRNA levels of anti-inflammatory
Arg1 by 2.2-fold (Fig. S5E). PPM did not significantly impact the he-
patic mRNA levels of CCL3 and CXCL2 in male Ldlr�/� mice (Data not
shown). Importantly, PPM treatment of male Ldlr�/� mice reduced the
aortic levels of IL-1b and IL-6 mRNA (Fig. S6A and S6B). Next, we
examined the ex vivo effects of PPM on macrophage inflammatory
markers. Thioglycolate elicited peritoneal macrophages were isolated
from PPM and water alone treated male Ldlr�/�mice consuming a WD
for 16 weeks and then stimulated with oxidized LDL or LPS. Macro-
phages from PPM versus vehicle treated Ldlr�/� mice had 28% and
33% reductions in mRNA levels of IL-1b and IL-6 in response to
oxidized LDL (Figure 4A and B). In addition, there was a significant
reduction in expression of IL-1b and IL-6 in LPS stimulated macro-
phages from PPM versus vehicle treated Ldlr�/� mice (Figure 4C and
D). In contrast, PPM versus water alone administration increased Arg1
expression by 3.6-fold in LPS stimulated macrophages (Figure 4E).
Importantly, in vitro incubation of macrophages with PPM and oxidized
LDL compared to oxidized LDL alone markedly reduced the mRNA
levels of IL-1b and TNF-a (Figure 4F and G) suggesting that PPM
minimizes inflammation by preventing cellular oxidative modifications.
Due to the striking impact on inflammatory cytokines and macrophage
phenotype in vivo, we also measured urinary prostaglandins to eval-
uate whether PPM might be inhibiting cyclooxygenase (COX). Urine
MOLECULAR METABOLISM 67 (2023) 101651 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
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samples were analyzed for 2,3-dinor-6-ketoPGF1 (2,3DN) and 11-
dehydro TxB2 (11dTxB2) by LC/MS/MS. We found that there were
no significant differences in levels of these major urinary prostaglandin
metabolites of Ldlr�/� mice treated with PPM compared to the vehicle
control (Fig. S7), indicating that PPM was not significantly inhibiting
COX in vivo in mice.

3.5. Effects of PPM on plaque cell death, efferocytosis, and
features of stability
As plaque inflammation and oxidative stress induces cellular death, we
next investigated the effects of PPM on lesion cell death. PPM versus
vehicle treatment decreased the number of dead macrophages as
evidenced by TUNEL staining in the proximal aortic lesions in both male
and female Ldlr�/� mice (Figure 5AeC and Fig. S8A and S8B). From
the costaining of TUNEL and live macrophages, the effect of PPM on
efferocytosis of apoptotic cells in male and female Ldlr�/� mouse
plaques was also examined (Figure 5A,B, and 5D and Fig. S8A and
S8C). The number of TUNEL-positive cells not associated with mac-
rophages was decreased by 40% in lesions of male mice treated with
PPM versus vehicle (Figure 5D). Similar results on the effects of PPM
on plaque efferocytosis were observed in female Ldlr�/� mice
(Fig. S8A and S8C). Consistent with the decreased inflammatory cell
death and enhanced efferocytosis, PPM versus vehicle treatment
decreased the necrotic area by 51.6% and increased the collagen
content and fibrous cap thickness by 107.3% and 41.9% in male
Ldlr�/� mice, respectively (Figure 5EeH).

3.6. Effects of PPM on plaque T and B cells
As macrophage inflammation and efferocytosis are impacted by T cell
populations, we next examined the effects of PPM on plaque T cells.
There were similar total numbers of T cells (CD3þ) in plaques of PPM
versus control treated female Ldlr�/� mice consuming a western diet
for 14 weeks (Figure 6A and B). Interestingly, the number of Th2 cells
(GATA-3þ) were increased by 2.2efold in plaques of Ldlr�/� mice
(Figure 6C and D). In addition, the number of Tregs (Fox3Pþ) which
promote efferocytosis and reduce inflammation were increased by
2.1efold in PPM versus control Ldlr�/� mice (Figure 6E and F). PPM
did not affect the number of B cells (B220þ) in plaques of Ldlr�/�mice
(Fig. S9A and S9B). Taken together, our data show that PPM sup-
presses the features of vulnerable plaques in a hypercholesterolemic
murine model.

3.7. Effects of PPM on white blood cell populations in Ldlr�/� mice
Studies have demonstrated that Ly6Chi monocytes preferentially infil-
trate the arterial wall and convert to inflammatory M1-like macro-
phages during inflammation thereby promoting progression of the
atheroma [37,51,52]. As inflammatory Ly6Chi monocytosis is reduced
by HDL cholesterol efflux and enhanced by oxidative stress, we next
examined the effects of reactive dicarbonyl scavenging on subsets of
white blood cells in female Ldlr�/� mice consuming a western diet for
14 weeks (Figure 7A and B). Interestingly, we found that compared to
water alone, PPM treatment of female Ldlr�/�mice decreased the total
number of blood monocytes and markedly reduced the number of
Ly6Chi monocytes (Figure 7AeD). In addition, PPM did not affect the
number of blood Ly6Clow cells but decreased the ratio of Ly6Chi to
Ly6Clow monocytes (Figure 7E and F) in female Ldlr�/� mice. A similar
impact of PPM treatment on total monocytes, Ly6Chi cells and Ly6Clow

cells was observed in male Ldlr�/� mice (Fig. S10AeS10D). In both
female and male Ldlr�/� mice, PPM treatment did not impact the
number of circulating neutrophils, T cells, and B cells (Fig. S11Ae
S11F). Similar to the atherosclerotic lesions, the number of anti-
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Figure 4: PPM reduces the macrophage inflammatory response to oxidized LDL and LPS. A-E. The ex vivo effect of PPM on the expression of inflammatory genes in
macrophages incubated with either oxidized LDL (AeB) or LPS (CeE). A-E. Macrophages were isolated from male Ldlr�/� mice that were fed a western diet for 16 weeks and
were treated with vehicle alone or with 1 g/L of PPM. The cells were then incubated for 24h with 40 mg/mL of oxidized LDL (AeB) or 4h with 100 ng/ml of LPS (CeE). A-B. In vivo
treatment with PPM reduces the mRNA levels of IL-1b and IL-6 in Ldlr�/� macrophages stimulated with oxidized LDL. C-E. PPM reduces the ex vivo expression of IL-1b and IL-6
and increases Arg1 mRNA levels in Ldlr�/� macrophages in response to LPS. A-E. The mRNA levels were measured by real-time PCR as described in Methods. n ¼ 7 in each
group, for each experiment, graph data are expressed as mean � SEM; *P < 0.05 by two-sided unpaired t-test. F-G. PPM reduces the mRNA expression levels of IL-1b and TNF-
a in Apoe�/� macrophages in response to 24h with 40 mg/mL ox-LDL. n ¼ 3 independent experiments. Data are expressed as mean � SEM; *P < 0.05, **P < 0.01, by two-
sided unpaired t-test.

Original Article
inflammatory Th2 (GATA-3þ) and Treg (Fox3Pþ) cells were increased
in blood from PPM versus water alone treated female Ldlr�/� mice
(Fig. S12AeS12C).

3.8. Effects of PPM on monocyte and HSPC proliferation in Ldlr�/�

mice
We next examined the impact of PPM on bone marrow Ly6Chi

monocytes. Compared to male and female Ldlr�/� mice on a chow
diet, the numbers of bone marrow Ly6Chi monocytes increased in
male and female Ldlr�/� mice fed a western diet for 16 weeks
(Figure 8A and B). Consistent with the decreased numbers of blood
Ly6Chi monocytes in PPM treated Ldlr�/� mice, the number of bone
marrow Ly6Chi monocytes trended higher in water alone versus PPM
10 MOLECULAR METABOLISM 67 (2023) 101651 � 2022 The Author(s). Published by Elsevier GmbH. T
treated male and female Ldlr�/� mice fed a western diet (Figure 8A
and B). When the Ly6Chi monocyte data for male and female Ldlr�/�

mice were grouped together, the number of bone marrow Ly6Chi

monocytes was significantly reduced in PPM versus water alone
treated Ldlr�/� mice (Figure 8C). Consistent with studies demon-
strating that oxidative stress enhances inflammatory monocytosis
[53], the number of Ly6Chi monocytes were markedly increased in
white blood cells incubated with H2O2 compared with medium alone
(Figure 8D). PPM prevented the H2O2 induced increase in Ly6Chi

monocytes (Figure 8D). Examination of the proliferation of monocytes,
by Edu incorporation and fluorescence microscopy, in bone marrow
cells isolated from male Ldlr�/� mice fed a western versus chow diet
revealed increased proliferation of CD11b þ monocytes after
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www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 5: PPM reduces the number of apoptotic cells, increases efferocytosis, and stabilizes the atherosclerotic plaque of male LdlrL/L mice. A-B. Images depict
TUNEL staining of nuclei (red) and merged images show TUNELþ, MOMA2þ (green) and Hoechstþ (blue) staining of atherosclerotic lesions in male Ldlr�/� mice. Scale
bar ¼ 50 mm. C. PPM reduces the apoptotic cells in atherosclerotic lesions of male Ldlr�/� mice (n ¼ 6). B&D. PPM enhances macrophage efferocytosis of apoptotic cells. Higher
magnification images of the TUNEL staining (B) were used to quantitate (D) efferocytosis of dead cells in aortic root sections (n ¼ 6 per group). Efferocytosis was quantitated as the
free (white arrows) vs macrophage-associated TUNEL-positive cells (yellow arrows) in the proximal aortic sections (D). E-H. The plaque stability was measured by using Trichrome
staining of atherosclerotic lesions of Ldlr�/� mice (n ¼ 6 in each group). The necrotic area (F), collagen content (G), and fibrous cap thickness (H) and necrotic area were
quantitated in atherosclerotic lesions of Ldlr�/� mice (n ¼ 6 in each group). Scale bar ¼ 40 mm. For each experiment, graph data are expressed as mean � SEM; *P < 0.05 by
two-sided unpaired t-test.
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Figure 6: PPM increases the number of Treg and Th2 lymphocytes in plaques of LdlrL/L mice. A-B. Immunohistochemistry staining and quantitation of CD3þ (green) T
lymphocytes in atherosclerotic lesions of female Ldlr�/� mice. Scale bar ¼ 50 mm. C-D. Immunohistochemistry staining and quantitation of GATA-3þ (green) Th2 lymphocytes in
atherosclerotic lesions of female Ldlr�/� mice. Scale bar ¼ 50 mm. E-F. Immunohistochemistry staining of FoxP3þ (green) Treg cells. F. PPM increases the number of Treg cells in
plaques of Ldlr�/� mice. Scale bar ¼ 50 mm. For each experiment (n ¼ 6 or 7 in each group), graph data are expressed as mean � SEM; *P < 0.05 by two-sided unpaired t-test.

Original Article
administration of a western diet (Figure 8E and F). Importantly, PPM
treatment of male Ldlr�/� mice decreased the western diet induced
increase in proliferation of bone marrow monocytes (Figure 8E and F).
Similar results were observed using fluorescence microscopy to
examine the effects of PPM on monocyte proliferation in bone marrow
cells isolated from female Ldlr�/� mice fed a western diet (Fig. S13A
and S13B). In addition, measurement of monocyte proliferation as
measured by Edu incorporation into CD11b þ cells and flow
cytometry revealed similar results with bone marrow isolated from
female Ldlr�/� mice (Fig. S13C and S13D). Next, we examined the
effects of PPM on proliferation of CD34þ hematopoietic stem and
progenitor cells. Compared to the proliferation of CD34þ HSPC in
bone marrow isolated from chow fed male Ldlr�/� mice, HSPC
proliferation was enhanced in bone marrow from mice consuming a
western diet (Figure 8G and H). Administration of PPM to the male
Ldlr�/� mice prevented the increase in proliferation of bone marrow
CD34þ HSPC (Figure 8G and H). Similar effects with PPM treatment
on the proliferation of CD34þ HSPC were seen in bone marrow
isolated from female Ldlr�/� mice (Fig. S13E and S13F). Collectively,
we demonstrate that scavenging reactive dicarbonyls improves HDL
function, modulates macrophage polarization, represses Ly6Chi

monocytosis, and decreases lesion macrophage inflammation and
death resulting in increased plaque stability.
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4. DISCUSSION

Oxidative stress plays critical roles in the pathogenesis and progres-
sion of atherosclerosis. While some studies administering antioxidants
to humans showed decreased atherosclerosis, the majority of clinical
trials demonstrated no beneficial effect on cardiovascular events,
which may be due to the doses used [54] or from impaired physiologic
signaling induced by reactive oxygen species (ROS) that could be
atheroprotective. Lipid peroxidation produces reactive dicarbonyls,
which covalently bind plasma/cellular proteins, phospholipids, and
DNA resulting in altered function and toxicity [55]. We demonstrate that
reactive dicarbonyl scavenging with PPM effectively increased HDL
cholesterol efflux capacity, (Figures 1 and 2), and reduced IR and
atherosclerosis in hypercholesterolemic Ldlr�/� mice (Figures 3 and
S3) without impacting plasma lipids. In addition, PPM decreased
monocytosis, systemic inflammation, and features of plaque instability
(Figures 3, 5, 7 and 8, S5, S6, S8, S10, and S13). Thus, reactive
dicarbonyl scavenging may have therapeutic potential to reduce risk of
atherosclerotic clinical events.
PPM reduced atherosclerosis without changing plasma cholesterol
(Figures 3 and S3) suggesting that PPM preserves normal molecular
functions by preventing oxidative modifications. Consistent with this
concept, PPM decreased MDA-, ONE-, and IsoLG-lysyl adducts in
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 7: PPM decreases the number of blood Ly6Chi monocytes and the ratio of Ly6Chi to Ly6cLow monocytes in female LdlrL/L mice. A-B. The representative flow
cytometry gating strategies for monocyte subsets, neutrophils, T cells, and B cells in peripheral blood of vehicle alone or PPM treated female Ldlr�/� mice fed a western diet for 14
weeks are shown. C. There was a reduction in total blood monocytes in PPM versus water treated Ldlr�/� mice. D. PPM reduced the number of Ly6Chi monocytes E. PPM did not
impact the number of Ly6C low monocytes. F. PPM decreased the ratio of Ly6Chi to Ly6C low monocytes. n ¼ 9 in each group. Graph data are expressed as mean � SEM;
*P < 0.05 by two-sided unpaired t-test.
plaques of Ldlr�/� mice (Fig. S4). MPO and dicarbonyl modified LDL
enhance foam cell formation and are present in human plaques [42e
44,56], and PPM reduced plasma MDA-LDL implicating that the
atheroprotection is in part due to decreased LDL modification
(Figure 1G). Indeed, antibodies against MDA-apoB protect against
atherosclerosis development in mice [44]. HDL protects against
atherosclerosis via a number of functions including promotion of
MOLECULAR METABOLISM 67 (2023) 101651 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
cholesterol efflux. As oxidative modifications of HDL enhance particle
internalization via scavenger receptors [57,58], we examined the
impact of PPM on the ability of HDL to reduce cholesterol mass in
cholesterol-enriched macrophages to control for differences in the
influx of cholesterol. The removal of cholesterol mass was reduced
with MDA and MPO modification of HDL (Figure 1C and E), and PPM
prevented these impairments in net cholesterol efflux (Figure 1A and
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Figure 8: PPM decreases bone marrow Ly6Chi monocytes, oxidative stress induced accumulation of blood Ly6Chi monocytes, and the proliferation of bone marrow
monocytes and HSPC. A-C. PPM decreases the number of bone marrow Ly6Chi monocytes. Male (A) or female (B) Ldlr�/� mice were fed a chow or a western diet for 16 weeks
and treated with vehicle alone or PPM. The bone marrow was isolated and the number of Ly6Chi monocytes was measured by flow cytometry as described in the Methods. C. The
data for male (n ¼ 4 or 5 per group) and female (n ¼ 9 per group) bone marrow Ly6Chi monocytes were grouped. Data are expressed as mean � SEM; *P < 0.05, **P < 0.01 by
one-way ANOVA with Bonferroni’s post hoc test. D. PPM decreases the accumulation of Ly6Chi monocytes in white blood cells subjected to oxidative stress. White blood cells
isolated from Ldlr�/� mice fed a chow diet were incubated for 24h in medium alone or with either H2O2 (100 mM) or H2O2 and PPM (100 mM). The number of Ly6Chi monocytes
was then measured by flow cytometry as described in the Methods. n ¼ 6 per group. Data are expressed as mean � SEM; *P < 0.05, **P < 0.01 by one-way ANOVA with
Bonferroni’s post hoc test. E-H. PPM decreases the proliferation of bone marrow monocytes (EeF) and HSPC (GeH). Bone marrow was isolated from male Ldlr�/� mice fed a chow
or western diet for 16 weeks and treated with water alone or with PPM. E-F. Bone marrow cells were incubated for 24h with 5 mM EdU, and then stained with FITC-labeled CD11b
antibody (green). EdU (red) was detected as described in the Methods. Dual EdU þ CD11b þ cells were detected by fluorescence microscopy (E) and quantitated (F). n ¼ 8 per
group. Bar ¼ 200 mM. Data are expressed as mean � SEM; ****P < 0.0001 by one-way ANOVA with Bonferroni’s post hoc test. G-H. Bone marrow cells were incubated for 24h
with 5 mM EdU. EdU was detected with Alexa Fluor 594 picolyl azide as described in the Methods. HSPC were stained with FITC-labeled CD34 antibody. Data are expressed as
mean � SEM, N ¼ 5 each group, ****P < 0.0001 by one-way ANOVA with Bonferroni’s post hoc test.
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D). Importantly, in vivo treatment of Ldlr�/� mice with PPM increased
the HDL net cholesterol efflux capacity (Figure 1F), which probably
results from decreased dicarbonyl-ApoAI adducts as we previously
showed that PPM treatment of Ldlr�/� mice decreases plasma MDA-
HDL [19]. In addition, IsoLG or MDA modification of HDL reduces
cholesterol efflux capacity in vitro, and HDL from subjects with FH has
impaired cholesterol efflux capacity and contains more IsoLG- and
MDA adducts compared to HDL from normocholesterolemic controls
[19,20,22,36]. HOCl modification of ApoAI (i.e. oxidized tryptophan,
chlorinated tyrosine) also reduces cholesterol efflux [13e15], and our
studies suggest that PPM decreases HOCl modification of apoAI in vivo
as PPM prevented the HOCl-mediated crosslinking of lipid-free apoAI
and impairment of cholesterol efflux (Figure 1DeE). In agreement, the
scavenger, pyridoxamine, neutralizes HOCl in vitro and prevents
oxidation and chlorination of collagen tryptophan in vivo [41]. It is
worth noting that MDA-apoAI and HOCl modified apoAI are present in
human plaques [13e15,21]. Furthermore, HDL cholesterol efflux
capacity is independently associated with atherosclerosis, and im-
pairments in HDL cholesterol efflux capacity increase the risk of
cardiovascular events [5e7]. Thus, the finding that PPM treatment of
Ldlr�/� mice enhances HDL net cholesterol efflux capacity highlights
the therapeutic potential of in vivo dicarbonyl/oxidant scavenging
against atherosclerosis.
Ly6Chi monocytes dominate hypercholesterolemia-associated mono-
cytosis in mice and give rise to inflammatory macrophages in the
atheroma [51,59]. In addition, humans with hypercholesterolemia and
coronary artery disease have increased proinflammatory
CD14þþCD16þ (intermediate) and CD14þþCD16- (classical) mono-
cytes, which promote plaque instability and are the human counter-
parts to mouse proinflammatory Ly6Chi monocytes) [60e64]. Our
results show that PPM reduced Ly6Chi monocytosis in response to
hypercholesterolemia, providing a novel mechanism whereby dicar-
bonyl and/or oxidant neutralization decreases atherosclerosis and
plaque destabilization (Figures 7 and S10). The effects of PPM on
monocytosis resulted from decreased proliferation of bone marrow
HSPC and monocytes (Figures 8 and S13), which is probably due in
part to the prevention of cellular oxidative modifications. In agreement,
PPM prevented in vitro the H2O2 induced increase in blood Ly6Chi

monocytes (Figure 8D). In addition, studies have shown that hyper-
cholesterolemia induces oxidative stress causing enhanced p38 and
Notch1 signaling and HSPC proliferation [53,65]. Furthermore, treat-
ment of hypercholesterolemic Apoe�/� and Scarb1�/� mice with
antioxidants decreases monocytosis [53,65]. The prevention of lipo-
protein modifications likely contributes to the PPM effects on mono-
cytosis. Oxidized LDL enhances HSPC monocyte potential [66]. In
addition, HDL reduces proliferation by decreasing ROS in HSPC [53],
and, in contrast, HDL dicarbonyl adducts enhance ROS production [67].
Importantly, HDL cholesterol efflux capacity limits HSPC/monocyte
proliferation, and PPM improved the ability of HDL from Ldlr�/�mice to
remove macrophage cholesterol (Figure 1F) [68].
Inflammation induces the conversion of infiltrating monocytes into
proinflammatory M1-like macrophages, which promote plaque pro-
gression and instability [69]. The CANTOS trial supports the impor-
tance of inflammation in atherosclerotic cardiovascular disease as
treatment of humans with an IL-1b monoclonal antibody lowered
recurrent cardiovascular events independent of cholesterol lowering
[70]. Our studies show that PPM limits inflammation without impacting
plasma cholesterol. Indeed, PPM reduced systemic inflammation as
evidenced by reduced serum IL-1b and TNF-a and decreased hepatic
inflammatory gene expression in Ldlr�/� mice (Figure 4). In addition,
PPM reduced plaque M1-like macrophages as substantiated by
MOLECULAR METABOLISM 67 (2023) 101651 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
decreased CCR2 [71] and IL-1b expression (Figure 3 and Figs. S3 and
S5). Importantly, PPM decreased the association of NETs MPO with
plaque macrophages, which propagates oxidative stress and con-
version to proinflammatory macrophages [49,50]. In addition, PPM
increased lesional Treg and Th2 cells (Figure 6), which promote
conversion to anti-inflammatory M2-like macrophages [72,73]. In
agreement with the increase in M2-like macrophages, the plaques of
PPM treated Ldlr�/� mice contained more Arg1þ macrophages
(Figures 3 and S3). In addition, some studies have shown that Tregs
enhance efferocytosis signaling via stimulation of macrophage IL-10
production, and Arg1 metabolizes apoptotic cell arginine to promote
continual efferocytosis [73,74]. Consistent with these studies and the
increased Tregs and Arg1þ cells, scavenging with PPM enhanced the
efferocytosis of lesion apoptotic cells and decreased necrosis
(Figures 5 and S8). These anti-inflammatory effects of PPM are in part
due to prevention of cellular oxidative modifications as PPM decreased
the ex vivo and in vitro inflammatory response to LPS and/or oxidized
LDL (Fig. S6). In addition, we previously showed that the scavenger, 2-
hydroxybenzylamine, decreases the inflammatory response to oxidized
LDL and H2O2 by forming adducts with macrophage dicarbonyls [36].
The prevention of LDL modifications also likely contributed to the PPM
effects on plaque macrophage inflammation [56,75]. Furthermore,
functional HDL promotes conversion to anti-inflammatory macro-
phages by increasing STAT6 mediated expression of Arg1 and Fizz-1
and by limiting inflammatory signaling via ERK1/2 and STAT3 [76,77].
In contrast, MDA, IsoLG, and HOCl mediated modifications convert HDL
into proinflammatory particles [13,14,19,20]. It is also worth noting
that HDL anti-inflammatory signaling is intimately linked to cholesterol
efflux capacity [78e80], which is enhanced by PPM scavenging in vivo
(Figure 1F).
Similar to other studies, administration of a western diet to male
Ldlr�/� mice caused IR, but had no effect in female Ldlr�/� mice
(Figures 2 and S1) [45e47]. We show that reactive dicarbonyl
scavenging decreased IR in male Ldlr�/� mice, and, consistent with
this observation, hepatic fat and inflammation were also reduced
(Figures 2 and 4). The effects of PPM occurred without changes in
plasma lipids, which substantiates the role of oxidative stress in IR
development [81], and is in agreement with studies showing that
cellular dicarbonyl adducts impair insulin signaling and glucose up-
take in adipocytes, hepatocytes, and muscle cells [82e84]. The
preservation of HDL function may also contribute to the decreased IR
as the cholesterol transporter, ABCA1, enhances insulin signaling and
glucose uptake in adipose and muscle [85,86]. In addition, glucose
metabolism is improved with injection of apoAI, apoAI peptides, or
HDL in diabetic mice and humans with T2DM [11,12,87]. A weakness
of our studies is that Ldlr�/� mice may not be the most stringent
model for testing the effects of PPM on IR. However, it is worth noting
that our results are substantiated by other studies demonstrating that
the parent molecule of PPM, pyridoxamine, improves insulin sensi-
tivity and glucose metabolism in more robust models including obese
db/db mice and diabetic rats [38,88].
In summary, dicarbonyl scavenging with PPM decreased atheroscle-
rosis and IR without changing plasma lipid levels. Importantly, PPM
reduced monocytosis and enhanced features of plaque stability. The
effects of PPM on atherosclerosis and insulin sensitivity are likely due
to prevention of oxidative damage to cellular and plasma constituents.
In particular, reduced modification of apoB containing lipoproteins and
improved HDL cholesterol efflux capacity are atheroprotective. Thus,
PPM offers therapeutic potential for addressing the residual cardio-
vascular risk that persists in patients treated with current LDL-C
lowering medications.
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