
PPARg Deacetylation Confers the Antiatherogenic Effect
and Improves Endothelial Function in Diabetes Treatment
Longhua Liu,1,2 Lihong Fan,1,2,3 Michelle Chan,4 Michael J. Kraakman,1,5 Jing Yang,1,2,6 Yong Fan,1,2

Nicole Aaron,1,7 Qianfen Wan,1,2 Maria Alicia Carrillo-Sepulveda,8 Alan R. Tall,5 Ira Tabas,5

Domenico Accili,1,5 and Li Qiang1,2

Diabetes 2020;69:1793–1803 | https://doi.org/10.2337/db20-0217

Cardiovascular disease (CVD) is the leading cause of death
in patients with diabetes, and tight glycemic control fails to
reduce the risk of developing CVD. Thiazolidinediones
(TZDs), a class of peroxisome proliferator–activated re-
ceptor g (PPARg) agonists, are potent insulin sensitizers
with antiatherogenic properties, but their clinical use is
limited by side effects. PPARg deacetylation on two lysine
residues (K268 and K293) induces brown remodeling of
white adipose tissue and uncouples the adverse effects of
TZDs from insulin sensitization. Here we show that PPARg
deacetylation confers antiatherogenic properties and
retains the insulin-sensitizing effects of TZD while circum-
venting its detriments. We generated mice homozygous
with mice with deacetylation-mimetic PPARg mutations
K268R/K293R (2KR) on anLDL-receptor knockout (Ldlr2/2)
background. 2KR:Ldlr2/2mice showed smaller atheroscle-
rotic lesion areas than Ldlr2/2 mice, particularly in aortic
arches. With rosiglitazone treatment, 2KR:Ldlr2/2 mice
demonstrated a residual antiatherogenic response and
substantial protection against bone loss andfluid retention.
The antiatherosclerotic effect of 2KR was attributed to
the protection of endothelium, indicated by improved
endothelium-dependent vasorelaxation and repressed
expression of proatherogenic factors including induc-
ible nitric oxide synthase, interleukin-6, and NADPH
oxidase 2. Therefore, manipulating PPARg acetylation
is a promising therapeutic strategy to control risk of
CVD in diabetes treatment.

Cardiovascular disease (CVD) is the leading cause of death
worldwide and accounts for;40% of deaths and;50% of
health care expenses among patients with type 2 diabetes
(T2D) (1,2). Atherosclerosis is associated with a two- to
fourfold increase inmorbidity andmortality among patients
with T2D (1). However, tight glycemic control is not effec-
tive in preventing and treating CVD in patients with T2D
(3). The only insulin-sensitizing antidiabetes drugs cur-
rently available are thiazolidinediones (TZDs), synthetic
ligands of peroxisome proliferator–activated receptor g
(PPARg). As a nuclear receptor, PPARg heterodimerizes
with retinoid X receptor in response to ligand binding and
binds to sequence-specific DNA motifs to regulate gene
expression (4). PPARg is primarily expressed in adipo-
cytes (5) and, to a lesser extent, in various tissues (6).
PPARg has both anti-inflammatory and antiatherogenic
effects, and activation of PPARg by TZDs inhibits ath-
erosclerosis in male Ldlr2/2mice (7). The antiatherogenic
effects of PPARg seem to be mediated by its actions in
macrophages, vascular endothelial cells, and smooth muscle
cells (7–9). In the Insulin Resistance Intervention after
Stroke (IRIS) trial, patients without diabetes but with
a recent history of ischemic stroke and insulin resistance
who were treated with pioglitazone showed a 24% lower
risk of stroke or myocardial infarction and a 52% lower
incidence of diabetes than those in the placebo group
(10). Nevertheless, these improvements in CVD were
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overridden by detrimental effects such as weight gain,
edema, and fragility fractures (11,12).

The safety profile of PPARg agonists is postulated to
be improved through the selective activation of subsets
of PPARg targets. Cues have emerged from studies of
PPARg posttranslational modifications, including acety-
lation, phosphorylation (13,14), SUMOylation (15), and
O-GlcNAcylation (16), all of which differentially modu-
late PPARg activity. Short-term treatment with the par-
tial agonist SR1664, inhibiting Ser273 phosphorylation
of PPARg, in ob/ob mice improves insulin sensitivity
without reducing hematocrit (17), whereas the PPARg
antagonist SR10171 inhibits Ser273 phosphorylation and
increases bone mass (18). We have shown that PPARg is
deacetylated by the NAD1-dependent deacetylase SirT1
and that TZDs promote PPARg deacetylation on two
lysine residues (K268 and K293) to induce brown remod-
eling of white adipose tissue (WAT) (19). Mice that are
homozygous for amino acid substitutions mimicking the
constitutively deacetylated state (K268R and K293R
[2KR]) are protected against high-fat diet (HFD)–induced
weight gain and its metabolic consequences (20). More
importantly, the 2KR mutation maintains the insulin-
sensitizing response to rosiglitazone without causing
bone loss, weight gain, fluid retention, or cardiac hyper-
trophy following chronic treatment (20). On the basis of
these data, we posited that targeting PPARg acetylation
can achieve the long-sought goal of separating the ther-
apeutic benefits from the adverse consequences of PPARg
activation.

Given the antiatherogenic effect of TZDs, in this study
we asked whether targeting PPARg acetylation, specifically
by 2KRmutation, could fulfill the prerequisite of controlling
CVD in diabetes treatment. We found that homozygosity
for the 2KR allele backcrossed onto an LDL receptor knock-
out background (Ldlr2/2) conferred a basal antiatherogenic
effect and retained TZD responsiveness without causing
bone loss and fluid retention.We further demonstrated that
the antiatherogenic effect was associated with increased
vascular relaxation and endothelial function, suggesting an
endothelium-dependent mechanism.

RESEARCH DESIGN AND METHODS

Animal Studies
2KR mice on a C57BL/6 background were generated as
described previously (20). 2KR mice were bred with Ldlr2/2

mice on a C57BL/6 background. Mice were housed at
236 1°C under a 12-h light/12-h dark cycle, with access to
food and water ad libitum. The mice were fed a Western-
type diet (WTD) containing 42% calories from fat, 15.2%
from protein, and 42.7% from carbohydrates, as well as
0.2% cholesterol (TD.88137; Envigo). Rosiglitazone mal-
eate (Avandia; 100 mg/kg) (ab142461; Abcam) was mixed
into the WTD to achieve a dose of ;5 mg/kg body weight
(BW). For an intraperitoneal glucose tolerance test, mice
were deprived of food overnight (16 h) in cages with fresh

bedding, and then injected i.p. with glucose (2.0 g/kg BW).
For the insulin tolerance test, mice were deprived of food
for 4 h and then injected i.p. with insulin (0.75 units/kg
BW). A Breeze2 glucometer (Bayer) was used to measure
blood glucose at various time points. Body composition
was determined by using the EchoMRI analyzer. Liver
triglycerides (TGs) were extracted as previously described
(21). Plasma parameters were measured with Mouse
Insulin ELISA (Mercodia), Infinity Triglycerides Liquid
Stable Reagent (Thermo Fisher Scientific), HR Series
NEFA-HR (Fujifilm Wako), total cholesterol (Fujifilm
Wako), and HDL-Cholesterol E (Fujifilm Wako). All animal
protocols used in this study were reviewed and approved
by the Columbia University Animal Care and Utilization
Committee.

Fast-Protein Liquid Chromatography
Plasma samples (20 mL) from wild-type (WT) and 2KR
mice were diluted 10 times with PBS and then loaded onto
a Superdex 200 Increase 10/300GL fast-protein liquid chro-
matography (FPLC) column (28990944; GE Healthcare). The
elution was performed with FPLC buffer (100 mmol/L Tris,
0.4 g/L NaN3 [pH 7.5]) at a flow speed of 0.3 mL/min. The
collected fractions (0.25 mL each) were freshly assayed to
determine cholesterol and TG levels.

Analyses of Atherosclerotic Lesions in Mouse Aortic
Arches and Roots
Mice (10–12 weeks old) were fed the WTD or the WTD
with rosiglitazone for 8 or 12 weeks. For tissue collection,
mice were euthanized with CO2. Blood was drawn through
a left ventricular puncture for later use, followed by
perfusion with cold PBS. Aortae were dissected, and aortic
arches were photographed. The aortae then were fixed in
paraformaldehyde, and plaques were quantified by Oil Red
O en face staining. ImageJ software was used to quantify
the area of the atherosclerotic lesion. For analysis of aortic
root lesions, aortic roots were fixed in paraformaldehyde
and embedded in paraffin. Serial sections (6 mm each) were
obtained, and six paraffin sections, 60 mm apart, were
stained with Harris hematoxylin and eosin (H&E). The
areas of aortic lesions and necrotic core were quantified
on the basis of established methods (22).

Bone Processing and Analysis
Femurs were collected and fixed in 10% neutral buffered
formalin at 4°C overnight, and they were subsequently
processed for bone microarchitecture analysis and lipid
quantification by using a Quantum FX micro–computed
tomography (CT) scanner (PerkinElmer). For lipid quan-
tification, the bones were submerged in the 14% EDTA
solution for at least 2 weeks to decalcify them, and then
were stained in a 1% osmium tetroxide and 2.5% potas-
sium dichromate solution at room temperature for 48 h,
washed in tap water for at least 2 h, and then imaged by
micro-CT. Analyze 12.0 software was used to quantify
micro-CT scan parameters and lipid volumes.
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Vascular Reactivity
Thoracic aortae were isolated and carefully cleared of peri-
vascular fat and adventitia in oxygenated Krebs buffer
(130 mmol/L NaCl, 14.9 mmol/L NaHCO3, 4.7 mmol/L
KCl, 1.18 mmol/L KH2PO4, 1.17 mmol/L MgSO4-7H2O,
1.56mmol/L CaCl2-2H2O, 0.026mmol/L EDTA, 5.5mmol/L
glucose [pH 7.4]). Thoracic aortae then were cut into rings
(2 mm long) and mounted on a Multi-Wire Myograph
System 620M (Danish Myo Technology, Aarhus, Denmark)
to record isometric tension by using a PowerLab 8/35
data acquisition system (ADInstruments Pty Ltd., Castle Hill,
Australia). Aortic rings were equilibrated in Krebs buffer
(74.7 mmol/L NaCl, 14.9 mmol/L NaHCO3, 60 mmol/L
KCl, 1.18 mmol/L KH2PO4, 1.17 mmol/L MgSO4-7H2O,
1.6 mmol/L CaCl2-2H2O, 0.026 mmol/L EDTA, 5.5 mmol/
L glucose) for 30 min and then perfused through the
chambers with 5% CO2 and 95% O2 at 37°C, as previously
described (23). In all experiments, aortic ring integrity was
assessed by stimulation with 120 mmol/L KCl. For testing
the presence of endothelium, segments were contracted
with 1mmol/L phenylephrine (PE) (Sigma Aldrich, St. Louis,
MO); upon reaching a stable maximum tension, the vessels
were stimulated with 10mmol/L acetylcholine (ACh) (Sigma
Aldrich), and relaxation was confirmed. Aortic rings that
responded with .80% relaxation were considered to have
a preserved endothelium. Cumulative concentration-response
curves for Ach (1 nmol/L to 10 mmol/L) and sodium
nitroprusside (SNP) (1 nmol/L to 10 mmol/L) were obtained
to assess endothelium-dependent and -independent relaxation
responses, respectively.

Aortic Histomorphometric Analysis
Cryosections of aortae (5 mm each) were mounted on
slides, fixed in 10% formalin, and stained with H&E (Sigma
Aldrich). High-resolution bright field and fluorescent light
digital images were captured by using an Olympus IX71
microscope equipped with a DP73 camera. Morphometric
data—specifically cross-sectional area and wall-to-lumen
ratio of the aortae—were obtained by using ImageJ soft-
ware (National Institutes of Health).

Quantitative Real-Time PCR
Tissues and cells were lysed with 1 mL TRIzol reagent
(Thermo Fisher Scientific). After separating phases through
the addition of 200 mL chloroform, RNA was isolated by
using a NucleoSpin RNA Kit (Macherey-Nagel, Inc.). An
Applied BiosystemsHigh-Capacity cDNAReverse Transcrip-
tion Kit (Thermo Fisher Scientific) was used to synthesize
cDNA from 1 mg total RNA. Quantitative PCR was per-
formed on a Bio-Rad CFX96 Touch Real-Time PCR Detec-
tion System with the GoTaq qPCR Master Mix (Promega).
Relative gene expression was calculated by using the
DDCt method, with Rpl23 as the reference gene.

Western Blotting
Cells were lysed and tissues were homogenized in a Poly-
tron homogenizer immediately after dissection in Western

extraction buffer (150 mmol/L NaCl, 10% glycerol, 1%
NP-40, 1 mmol/L EDTA, 20 mmol/L NaF, 30 mmol/L
sodium pyrophosphate, 0.5% sodium deoxycholate,
0.05% SDS, 25 mmol/L Tris-HCl [pH 7.4]) containing
a protease inhibitor cocktail (Roche). The lysate was
sonicated and incubated on ice for 30 min before cen-
trifugation. SDS-PAGE and Western blotting were per-
formed and detected with enhanced chemiluminescence
(32106; Thermo Fisher Scientific). The antibodies were
anti-Nox2 antibody (SAB4300724; Sigma-Aldrich) and anti-
GAPDH antibody (HRP-60004; Proteintech Group, Inc.).

Statistical Analysis
Values are presented as the mean 6 SEM. Statistical
significance was determined by using the Mann-Whitney
U test for quantifying the aortic lesional area and necrotic
core. The Student t test was used for statistical analyses of
data from two groups. Two-way ANOVA was used to
compare difference between groups with two independent
variables. Concentration-response curves were log trans-
formed, normalized to the percentage of maximal re-
sponse, and fitted by using a nonlinear interactive fit.
All data were analyzed in GraphPad Prism software version
7 (GraphPad Software, San Diego, CA).

Figure 1—PPARg deacetylation inhibits aortic arch atherosclerosis.
Male mice on an Ldlr2/2 background (11 WT and 14 2KR mice) were
fed the WTD for 12 weeks (wks). A: Representative images of aortic
arches. The yellow arrows indicate plaques. **P , 0.01, two-tailed
Mann-Whitney U test. B: En face aortic plaque analysis with Oil Red
O staining. The quantified arch lesion areas are shown in the dashed
squares. C: Quantification of aortic arch plaque areas. D: Repre-
sentative H&E staining of aortic root sections. Plaques are outlined in
black. E and F: Quantification of total lesion area (E) and necrotic
core area (F ) of aortic root sections. Data inC, E, and F are presented
as the mean 6 SEM.
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Data and Resource Availability
All relevant data are provided within this article, and all
data sets are available on reasonable request.

RESULTS

Reduced Aortic Arch Lesions in 2KR:Ldlr2/2 Mice
To investigate whether PPARg deacetylation confers anti-
atherogenic effects, we backcrossed the PPARg deacetylation-
mimetic 2KR mutant allele onto the LDL receptor
knockout (Ldlr2/2) background. Three-month-old male
2KR:Ldlr2/2 mice and control Ldlr2/2 littermates were
fed a WTD for 12 weeks to allow us to evaluate athero-
sclerosis. 2KR:Ldlr2/2 mice showed fewer aortic arch
plaques (Fig. 1A) and a .40% smaller aortic arch lesion
area than seen in WT:Ldlr2/2 mice (Fig. 1B and C). In
contrast, areas of aortic root lesions and necrotic core were
the same between the genotypes (Fig. 1D–F). The inhibi-
tion of arch lesion progression was initiated early during
atherosclerosis. As early as 8 weeks after WTD consump-
tion, 2KR:Ldlr2/2 mice displayed an ;30% reduction in
aortic arch lesion area without a significant decrease in
aortic root lesion and necrotic core areas (Supplementary
Fig. 1A–F). Similarly, female 2KR:Ldlr2/2 mice showed
a consistent decrease (by ;30%) of the arch lesion area
after 12 weeks of eating the WTD (Supplementary Fig. 2A–C).
These results indicate that PPARg deacetylation protects
against atherosclerotic lipid accumulation, specifically in
the aortic arch.

The Antiatherogenic Effect of 2KR Is Independent of
Plasma Cholesterol and Lipid Levels
To understand the antiatherogenic effect of PPARg deace-
tylation, we assessed various metabolic parameters. Despite
gaining a similar amount of weight and having a similar
body composition toWT:Ldlr2/2mice upon eating theWTD
(Fig. 2A and B), 2KR:Ldlr2/2 mice had larger inguinal WAT
depot sizes accompanied by smaller livers (Fig. 2C), mim-
icking a TZD-like effect of promoting TG storage and lipid
partitioning in adipose tissue rather than liver (24). How-
ever, there was no significant improvement of liver stea-
tosis, as determined by liver TG content and liver
morphology (Supplementary Fig. 3A and B). These two
groups of mice had comparable levels of plasma TGs, non-
esterified fatty acids (NEFAs), total cholesterol (Fig. 2D–F),
and HDL, LDL, and VLDL cholesterol after 12 weeks of
eating the WTD (Fig. 2G andH). These findings were largely
replicated in female mice, although HDL cholesterol levels
were higher (Supplementary Fig. 2E–K), which may account
for their more pronounced antiatherogenic phenotype
(25,26). These data collectively suggest that the antiathero-
genic effect of 2KR is not likely to be attributable to
differences in systemic metabolic changes.

2KR:Ldlr2/2 Mice Preserve the Antiatherogenic Effect
Upon Rosiglitazone Treatment
Next, we investigated whether the antiatherogenic effect is
preserved in mutant mice when they are treated with

Figure 2—The antiatherogenic effect of 2KR is independent of plasma cholesterol and lipid levels. Male mice on an Ldlr2/2 background
(11 WT and 14 2KR mice) were fed the WTD for 12 weeks. A: Body-weight curve over the duration of WTD feeding. B and C: Body
composition (B) and tissue sizes (C) after 12 weeks (wks) of eating the WTD. D–G: Plasma TG (D), NEFA (E), total cholesterol (F ), and HDL
cholesterol (G) levels. H: Size-fractionation of lipoproteins by FPLC. *P , 0.05, two-sided Student t test. Data are presented as the mean6
SEM. eWAT, epididymal white adipose tissue; iWAT, inguinal white adipose tissue.
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rosiglitazone, which, unlike pioglitazone, has no PPARa
agonism (27). After 12 weeks of eating the WTD with
rosiglitazone, 2KR:Ldlr2/2 mice retained the .40%
smaller aortic arch lesion area than T:Ldlr2/2 (Fig. 3A–C).
2KR:Ldlr2/2 mice gained slightly more weight than
WT:Ldlr2/2mice upon rosiglitazone treatment as a result
of increased adiposity contributed by both inguinal WAT
and epididymal WAT; however, their livers remained
smaller (Fig. 3D–F). Consistent with increased lipid stor-
age in adipocytes, 2KR:Ldlr2/2 mice had lower circulating
TG and NEFA levels (Fig. 3G and H), but similar levels of
total cholesterol, VLDL cholesterol, and LDL cholesterol
(Fig. 3I–K). Interestingly, 2KR:Ldlr2/2 mice resisted the
rosiglitazone-induced decrease of HDL cholesterol (Fig.
3J vs. Fig. 2G). These data collectively suggest that

PPARg deacetylation procures the benefits of inhibiting
atherosclerosis, which may be contributed by the im-
proved cholesterol and lipid metabolism, upon rosigli-
tazone treatment.

Insulin-Sensitizing Actions of Rosiglitazone in
2KR:Ldlr2/2 Mice
Bothmale and female 2KR:Ldlr2/2 andWT:Ldlr2/2mice fed
the WTD showed similar glucose tolerance, insulin sensi-
tivity, and plasma insulin levels (Fig. 4 and Supplementary
Fig. 2L–N). We investigated their responses to TZD. As
expected, rosiglitazone significantly improved glucose tol-
erance and insulin sensitivity in WT:Ldlr2/2 mice and to
a lesser extent in 2KR:Ldlr2/2mice (Fig. 4A–D). The reduced
response to rosiglitazone in 2KR:Ldlr2/2mice is in line with

Figure 3—PPARg deacetylation preserves the antiatherogenic effect in the aortic arch with rosiglitazone treatment. Male mice on an Ldlr2/2

background (15 WT and 15 2KR mice) were fed the WTD with rosiglitazone (WTD1Rosi) for 12 weeks. A: Representative images of aortic
arches. Yellow arrows indicate plaques. B: En face aortic plaque analysis with Oil Red O staining. The quantified arch lesion areas are set
within dashed squares.C: Quantification of aortic arch plaque areas. **P, 0.01, two-tailed Mann-WhitneyU test.D: Body-weight curve over
the duration of WTD1Rosi. E and F: Body composition (E) and tissue sizes (F ) after WTD1Rosi. G–J: Plasma TG (G), NEFA (H), total
cholesterol (I), and HDL cholesterol (J) levels. *P, 0.05, **P, 0.01, ***P, 0.001, two-sided Student t test. Data are presented as the mean6
SEM. eWAT, epididymal white adipose tissue; iWAT, inguinal white adipose tissue.
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their mild increase in fat mass. Notably, fasting plasma
insulin levels in 2KR:Ldlr2/2 mice were reduced more sig-
nificantly than in WT:Ldlr2/2 mice upon receiving rosiglita-
zone, indicating that they are not insulin resistant (Fig. 4E).
In summary, 2KR:Ldlr2/2 mice have a largely normal re-
sponse to TZDs with regard to insulin sensitization.

2KR Blunts the Adverse Effects of Rosiglitazone in an
Atherogenic Model
PPARg deacetylation uncouples the metabolic benefits of
rosiglitazone from its adverse effects in diet-induced obe-
sity (20). We investigated whether PPARg deacetylation
preserves this circumvention of TZD’s side effects while
conveying athero-protection in the atherogenic model. The
predominant adverse effect of TZD is bone loss. Both bone
volume and bone mineral density, two measures of bone
strength, were significantly higher in both the trabecular
and cortical regions of femurs from 2KR:Ldlr2/2 mice fed
theWTD than those ofWT:Ldlr2/2mice fed theWTD after
a 12-week course of TZD treatment (Fig. 5A–C). This was
associated with a striking 70% reduction of bone marrow
adiposity in 2KR:Ldlr2/2 mice (Fig. 5D and E), in agree-
ment with the opposite functions of PPARg activation in
bone remodeling and bone marrow adipogenesis (28). TZD
also causes fluid retention with edema, which may
exacerbate the risk of congestive heart failure (12,29).

Rosiglitazone decreased hematocrit in WT:Ldlr2/2 mice
as a result of hemodilution through fluid retention. Strik-
ingly, this decrease in hematocrit was completely pre-
vented in 2KR:Ldlr2/2 mice over the course of 5 weeks
(Fig. 5F). These results indicate that PPARg deacetylation
alleviates the adverse effects of rosiglitazone without sac-
rificing its ability to inhibit atherosclerosis on an Ldlr2/2

background.

2KR Improves Endothelial Function
PPARg regulates endothelial cell nitric oxide (NO) pro-
duction, cell adhesion, and lipoprotein lipase activity
(30–33). Genetic disruption of PPARg in endothelial cells
worsens atherosclerosis (34). Thus we interrogated the
role of PPARg deacetylation on endothelial function. It has
been suggested that PPARg can protect against athero-
sclerosis by regulating NO production (31) through the
inhibition of inducible NO synthase (iNOS) (35) and Nox2
(36,37). Rosiglitazone can suppress iNOS (38) and Nox2
(37) expression. We therefore tested whether iNOS and
Nox2 were repressed by PPARg deacetylation. In primary
endothelial cells, 2KR suppressed the expression of iNOS,
Nox2, and proinflammation factor IL6, but it did not affect
eNOS (Fig. 6A). Consistent with this, 2KR decreased levels
of the Nox2 protein basally and after rosiglitazone treat-
ment (Fig. 6B and C). We further examined the repression

Figure 4—2KR:Ldlr2/2 mice remain responsive to TZD upon insulin sensitization. MaleWT:Ldlr2/2 and 2KR:Ldlr2/2 mice were fed the WTD
for 12 weeks with or without rosiglitazone treatment (11 WT and 14 2KR mice fed the WTD; 15 WT and 15 2KR mice fed the WTD and given
rosiglitazone [WTD1Rosi]). A andC: Intraperitoneal glucose tolerance test (GTT) results (A) and the areas under the curve (AUC) (C ). B andD:
Insulin tolerance test (ITT) (B) and the AUC (D). E: Plasma insulin levels determined by ELISA. *P , 0.05, **P , 0.01, ***P , 0.001, two-way
ANOVA. Data are presented as the mean 6 SEM.
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of these atherogenic factors by 2KR under atherosclerosis-
predisposing conditions in vivo. In aortae isolated from
WT:Ldlr2/2 and 2KR:Ldlr2/2mice after they had eaten the
WTD for 5 weeks, iNOS,Nox2, and IL6, but not eNOS, were
consistently repressed in the aortae from the 2KR:Ldlr2/2

mice (Fig. 6D). Similarly, 2KR mutations reduced the
amount of Nox2 protein by 70% upon WTD feeding (Fig.
6E and F). Furthermore, inflammatory markers and ath-
erogenic factors including Mcp1, F4/80, Nfkb, Icam1, and
Vcam1 were all repressed in aortae from 2KR:Ldlr2/2 mice,
whereas the antiatherogenic factor Nox4 (39) was induced
(Fig. 6D). Moreover, circulating levels of interleukin-6 (IL-6)
were significantly reduced in 2KR:Ldlr2/2 mice after
12 weeks of eating the WTD (Fig. 6G). Collectively, these
data demonstrate that 2KR suppresses atherogenic fac-
tors in the endothelium.

Next, we asked whether this endothelium-protective
effect of PPARg deacetylation is restricted to atherogenic
conditions. We isolated thoracic aortae from WT and 2KR
mice eating a chow diet. PE, a vasopressor; ACh, an
endothelium-dependent vasodilator; and SNP, an endothelium-
independent vasodilator, were used as pharmacological
tools to interrogate the vascular function of 2KRmice (23).
Although both genotypes responded similarly to SNP, 2KR
mice showed a significantly lower half-maximal effective

concentration for ACh-induced relaxation from the
PE-induced contraction than that in WT mice (Fig. 7A–C).
Furthermore, aortae from 2KR mice exhibited a 25% en-
hancement in maximal relaxation in response to ACh (Fig.
7D). No differences in cross-sectional area and wall-to-lumen
ratio were observed between WT and 2KR aortae (Fig. 7E–
G). Together, these results indicate that 2KR mice exhibit
enhanced endothelial function independent of the athero-
genic condition.

DISCUSSION

Antiatherogenic Effects of PPARg Deacetylation
Here we report an extensive analysis of the effect of PPARg
deacetylation on atherosclerosis using constitutive deace-
tylated PPARg knock-in mice (2KR). In the Ldlr2/2 mice
fed the WTD, this modification reduced atherosclerotic
lesion size, particularly in the aortic arch region. This
antiatherogenic effect is most likely linked to the en-
hanced vascular endothelial function exhibited by 2KR
mice, with the repression of proatherogenic and inflam-
matory factors, rather than changes in lipid or cholesterol
levels (Fig. 8). More importantly, 2KR mice continue to
respond sufficiently, albeit to a slightly smaller extent, to
the insulin-sensitizing effect of TZD, without losing bone
or retaining fluid. Our findings provide direct evidence

Figure 5—PPARg deacetylation alleviates the adverse side effects of TZD on the atherogenic condition. A–E: Micro-CT scanning results of
the femurs of male WT:Ldlr2/2 (n 5 8) and 2KR:Ldlr2/2 (n 5 8) mice following 12 weeks of eating the WTD and receiving rosiglitazone
treatment. A and B: Bone mineral density (BMD) in the trabecular (A) and cortical (B) areas. C: Relative cortex bone volume (BV)/total volume
(TV). D: Representative images of osmium tetroxide staining of bone marrow adiposity in femurs. E: Quantification of femur marrow lipid
volume. *P , 0.05, ***P , 0.001, WT vs. 2KR mice, two-sided Student t test. F: Hematocrit in male mice (10 WT and 9 2KR mice) over the
course of 5 weeks of eating theWTD and receiving rosiglitazone (WTD1Rosi). *P, 0.05, **P, 0.01, ***P, 0.001,WT vs. 2KRmice, two-way
ANOVA. Data are presented as the mean 6 SEM.
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that agents modifying PPARg acetylation hold promise
for the combined treatment of CVD and type 2 diabetes
(20,40,41).

Unmasking Effects of PPARg Deacetylation on Lipid
and Lipoprotein Metabolism
The Ldlr2/2 model used to analyze the effect of the 2KR
mutation potentially overlooks contributions of PPARg
deacetylation to lipid turnover and lipoprotein metab-
olism, owing to the overwhelming effects of Ldlr knock-
out combined with WTD consumption. Indeed, we
previously showed an improved lipid profile in 2KR
mice fed an HFD (20). In the current study, we observed
signs of improved lipid and cholesterol metabolism with
rosiglitazone treatment but not under basal conditions.
The disruption of lipoprotein uptake in the Ldlr2/2 model
may also underpin the lesser weight the mice gained
upon eating the WTD, besides the dietary difference
(42% fat in the WTD vs. 60% fat in the HFD). This
less obesity-prone condition may diminish the benefit
of 2KR on inhibiting weight gain, as seen in DIO mice
(20). Indeed, 2KR:Ldlr2/2 mice mimicked the effect of
TZD in mobilizing lipids from the liver for storage in
subcutaneous adipose tissue (24), resulting in a mild
increase in adipose mass. Future investigation is desired
to understand the potential regulation of lipid and

cholesterol metabolism by PPARg deacetylation and its
effect on atherosclerosis. To this end, other models with
preserved residual LDL receptor function, such as AAV8-
PCSK9 D377Y-mediated LDL receptor degradation, should
be used (42).

Vascular Endothelial Function and PPARg
Deacetylation
The improvement in vascular function caused by 2KR is
consistent with the protective role of PPARg in the vas-
culature. PPARg isoform 1 is abundant in endothelial cells,
and its activation represses downstream targets of nuclear
factor-kB, including iNOS, vascular cell adhesion molecule-
1, and intracellular adhesion molecule-1, which regulate
cellular adhesion and inflammation. We observed a signif-
icant decrease of iNOS in 2KR aortae and in primary
endothelial cells, together with the repression of the
atherogenic factor Nox2 and inflammatory IL-6. The
transrepression function of PPARg involves ligand-
dependent SUMOylation of K365 (K395 on PPARg2)
to retain corepressor complexes on inflammatory gene
promoters (15). Interestingly, target residues of ligand-
dependent deacetylation, K268 and K293 (on PPARg2),
are located within the same domain as K395, with the
three lysines surrounding a b-sheet at the back wall of the
ligand-binding pocket (Supplementary Fig. 4A and B).

Figure 6—PPARg deacetylation suppresses the atherogenic factors iNOS, Nox2, and IL-6 in the endothelium. A–C: Primary lung endothelial
cells (ECs) were isolated from WT:Ldlr2/2 and 2KR:Ldlr2/2 mice and treated with a vehicle or 1 mmol/L rosiglitazone (Rosi) for 12 h after
confluence. A: Quantitative PCR analysis of endothelial gene expression (n 5 6 mice per group). B and C: Western blotting (B) and
quantification (n 5 3) (C) of Nox2 in primary lung ECs. D–F: Male WT:Ldlr2/2 and 2KR:Ldlr2/2 mice were fed the WTD for 5 weeks. D:
Quantitative PCR analysis of gene expression in the aortae (n5 7mice per group).E: RepresentativeWestern blotting of Nox2 in the aortae. F:
Quantification of Nox2 normalized to GAPDH (n 5 6 mice per group). G: Plasma IL-6 in male mice (n 5 16 per group) fed the WTD for
12 weeks. *P , 0.05, **P , 0.01, ***P , 0.001, WT vs. 2KR mice, two-sided Student t test. Data are presented as the mean 6 SEM.
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Notably, K395 is buried inside the structure, in contrast
to K268 and K293, which are exposed on the surface.
Thus, it is plausible that K268 and K293 are more
accessible to modifying enzymes, and their TZD-dependent
deacetylation facilitates the SUMOylation of K395. The
balance between deacetylation and SUMOylation is
likely important in the context of transrepression of
inflammatory genes. Furthermore, the vasculoprotective
effect of 2KR is in line with the anti-inflammatory
function of SIRT1, an important PPARg deacetylase, in
endothelial cells (19,43,44). Studies using endothelial-
specific PPARg deacetylation models will be needed to
delineate the effects of deacetylated PPARg in endothe-
lial cells and its contribution to the antiatherogenic
phenotype.

Perivascular Fat and Antiatherogenic Effects of PPARg
Deacetylation
There are several potential explanations for the observa-
tion that the 2KR mutants have a more pronounced
antiatherogenic effect at the aortic arch than at the
root. Atherosclerotic plaques are more frequently found
near bifurcation and highly curved areas, typically the
aortic arch (45,46). This proneness to atherosclerosis at

the aortic arch is often related to the hemodynamic stress
on vascular endothelium (47,48), a prominent connection
between diabetes and atherosclerosis (49). In this context,
the more pronounced antiatherogenic effect of 2KR in
the aortic arch is consistent with improved endothelial
function rather than the lipid profile. Another possibil-
ity is that the difference reflects a contribution from
perivascular fat, which is more abundant at the arch
than at the root. This fat has been demonstrated to be
closely associated with atherosclerotic plaque develop-
ment, and its depletion by targeted PPARg ablation
worsens atherosclerosis (50). Perivascular fat at the
arch consists of brown adipocytes, which undergo dy-
namic remodeling. Cold challenge activates its ther-
mogenic response and decreases plaque development,
whereas thermoneutrality mimics high-fat feeding and
suppresses its brown adipocyte features, resulting in
worse atherosclerosis (50). Of note, PPARg deacetyla-
tion underlies the browning function of TZDs, and 2KR
mice show brown remodeling of WAT in addition to
increased energy expenditure (20). Therefore, preserv-
ing the brown feature of perivascular fat may be another
mechanism underpinning the protection of 2KR:Ldlr2/2

mice from atherosclerosis.

Figure 7—PPARg deacetylation enhances endothelial function in aortae from 8-week-old male mice. A: Curves of endothelium-independent
relaxation in response to SNP (1 nmol/L to 10 mmol/L) (6WTmice, 10 2KRmice).B: Curves of endothelium-dependent relaxation in response
to ACh (1 nmol/L to 10 mmol/L) (8 WT mice, 13 2KR mice). C: Vascular sensitivity, plotted as pD2 (2log of the half-maximal effective
concentration [EC50]) of Ach (6 WT mice, 12 2KR mice). D: Maximum aortic relaxation in response to ACh in male mice (6 WT mice, 12 2KR
mice). E: Representative images of aortae from WT and 2KR mice stained with H&E (magnification 34 [top] and 320 [bottom]). F and G:
Measurements of the cross-sectional area (CSA) (F) andmedia-to-lumen ratio (M/L) (G). *P, 0.05, ***P, 0.001,WT vs. 2KRmice, two-sided
Student t test. Data are presented as the mean 6 SEM. N.S., not significant.
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In summary, our findings suggest a dual effect of PPARg
deacetylation: under basal conditions, in the absence of
TZDs, it induces a moderate gain of PPARg function
that mimics the effects of TZD to decrease atheroscle-
rosis; upon TZD treatment, it selectively activates
PPARg targets, retaining insulin sensitization and an
antiatherogenic effect while preventing bone loss and
fluid retention. As PPARg has pleiotropic effects on
tissues that are relevant to cardiometabolic health, its
integrative antiatherosclerotic function may also entail
improvements in dyslipidemia, endothelial function,
and brown remodeling of perivascular fat. We envision
that our findings on the role of PPARg deacetylation on
atherosclerosis will incite new avenues for developing
drugs for treating atherosclerosis in people with type
2 diabetes, which could include manipulation of PPARg
acetylation or compounds binding to this very flexible
hinge region containing K268 and K293 to exert tran-
scriptional selectivity.
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