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HIGHLIGHTS

� A high-fat diet caused diabetes mellitus in

mice.

� Inflammatory macrophages were required

for development of diastolic dysfunction

secondary to the high-fat diet.

� Inflammatory macrophages mediated

diastolic dysfunction through IL-1b and

cardiomyocyte mitochondrial oxidative

stress.

� IL-1b receptor antagonism, mitochondrial

reactive oxygen species scavenging,

macrophage depletion, and macrophage

phenotype modulation are potential

therapeutic targets for HFpEF.
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SUMMARY
AB B
AND ACRONYM S

CCR2 = C-C motif chemokine

receptor 2

CM = cardiomyocyte

DD = diastolic dysfunction

DM = diabetes mellitus

EF = ejection fraction

FABP4 = fatty acid binding

protein 4

HF = heart failure

HFD = high-fat diet
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Diabetes mellitus (DM) is a main risk factor for diastolic dysfunction (DD) and heart failure with preserved

ejection fraction. High-fat diet (HFD) mice presented with diabetes mellitus, DD, higher cardiac interleukin

(IL)-1b levels, and proinflammatory cardiac macrophage accumulation. DD was significantly ameliorated by

suppressing IL-1b signaling or depleting macrophages. Mice with macrophages unable to adopt a proinflam-

matory phenotype were low in cardiac IL-1b levels and were resistant to HFD-induced DD. IL-1b enhanced

mitochondrial reactive oxygen species (mitoROS) in cardiomyocytes, and scavenging mitoROS improved

HFD-induced DD. In conclusion, macrophage-mediated inflammation contributed to HFD-associated

DD through IL-1b and mitoROS production. (J Am Coll Cardiol Basic Trans Science 2023;8:174–185)

© 2023 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
F = heart failure with
HFpE
preserved ejection fraction

IL = interleukin

IL1RA = interleukin 1 receptor

antagonist

KO = knockout

MCP = monocyte

chemoattractant protein

mitoROS = mitochondrial

reactive oxygen species

MyBP-C = myosin binding

protein C

TGF = transforming growth

factor

TNF = tumor necrosis factor

Timd4 = T cell

immunoglobulin and mucin

domain containing 4

wild-type
H eart failure (HF) is a major and growing
public health problem affecting over 6
million patients in the United States.1,2

Approximately 40% to 71% of HF cases occur in pa-
tients with a relatively normal ejection fraction (EF)
and altered diastolic relaxation, known as heart fail-
ure with preserved ejection fraction (HFpEF).2 The
5-year mortality rate of HFpEF is 55% to 74%, which
is similar to HF with reduced EF.2 Nevertheless, there
are no pharmaceutical treatments improving diastolic
dysfunction (DD) in HFpEF.

Cardiac DD is thought to be the pathological con-
dition underlying HFpEF.2 DD is associated with a
high-fat diet (HFD)/Western diet.3 HFD induces a
systemic chronic low-grade inflammation by pro-
moting inflammatory cytokine production and regu-
lating immune cells, especially macrophages.4-6

Macrophages are a crucial component of innate im-
mune system. In response to local environmental
stimuli, macrophages can assume proinflammatory or
anti-inflammatory phenotypes.7 Among the
macrophage-secreted inflammatory cytokines, inter-
leukin (IL)-1b can promote oxidative stress and reac-
tive oxygen species production.8

In a series of publications, we have shown that
cardiac oxidative stress can cause DD.9,10 In this pa-
per, we examine the idea that activation of innate
immunity mediates HFD-induced DD through IL-1b
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METHODS

Detailed methods are described in the
Supplemental Appendix. Briefly, male C57BL/
6J mice were fed a HFD to induce DD. Age-
and sex-matched mice with a normal diet
were used as control mice. C57BL/6J mice
with HFD were randomized into 3 treatment
groups: mitoTEMPO, IL-1 receptor antagonist
(IL1RA), and clodronate liposomes to deplete
macrophages. USP sterile water or plain li-
posomes were used as placebo. Macrophage
infiltration and phenotypes were measured

and characterized by flow cytometry. Cardiac dia-
stolic function was evaluated with echocardiography
and invasive hemodynamic tests. Monocyte chemo-
attractant protein (MCP)-1 and several macrophage-
secreted cytokines, including IL-1b, IL-6, IL-10,
transforming growth factor (TGF)-b, and tumor ne-
crosis factor (TNF)-a, were measured in heart tissue
by immunoblotting and enzyme-linked immuno-
sorbent assay. Isolated cardiomyocytes (CMs) were
treated with IL-1b, and the myocyte mitoROS was
assessed by confocal microscope using mitoSOX
stain. To confirm the role of proinflammatory
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FIGURE 1 HFD Causes Cardiac Diastolic Heart Failure in Mice

High-fat diet (HFD)-induced (A) hyperglycemia (n ¼ 14 mice per group), (B) an increased ratio of transmitral Doppler early filing velocity to

tissue Doppler early diastolic mitral annular velocity (E/E0) (n ¼ 9 to 11 per group), and (D) left ventricular end-diastolic pressure (LVEDP)

elevation by hemodynamic test (n ¼ 7 to 18 mice per group) with (C) preserved ejection fraction (EF) value (n ¼ 9 to 11 mice per group). (E)

Representative echocardiographic images of tissue Doppler and pulsed wave Doppler from control (Ctrl) and HFD mice. Bars are mean �
SEM. Unpaired t-test was used. *P <0.05; **P < 0.01; ***P < 0.001 vs Ctrl.

Liu et al J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 8 , N O . 2 , 2 0 2 3

Macrophage IL-1β Causes HFpEF F E B R U A R Y 2 0 2 3 : 1 7 4 – 1 8 5

176
macrophages in the pathogenesis of HFD-induced DD,
fatty acid binding protein 4 (FABP4) knockout (KO)
mice and a macrophage cell line were employed in the
study. FABP4 KO macrophages were analyzed with
microarray for phenotype characterization. FABP4 KO
and wild-type (WT) mice were fed a HFD, and
the cardiac IL-1b level and diastolic function
were compared with the FABP4 WT mice on a normal
diet.

Animal care and interventions were provided in
accordance with the National Institutes of Health
Guide for the Care and Use of Experimental Animals,
and all animal protocols were approved by the Insti-
tutional Animal Care and Use Committee of the
University of Minnesota.

STATISTICS. Continuous data are presented as
mean � SEM and checked for normality using
D’Agostino and Pearson Omnibus or Shapiro-Wilks
test for small group size. For the dot plots, the
lines indicate the mean values, and the error bars
indicate SEM. Data were analyzed using 2-tailed
Student’s t-test or 1-way analysis of variance with
Bonferroni’s post hoc test for multiple pairwise
comparisons. All statistical analyses were performed
with GraphPad Prism software version 5.0 (Graph-
Pad Software). A P value of <0.05 was considered
statistically significant.

RESULTS

HFD CAUSED DIABETES MELLITUS AND HFpEF. As
we demonstrated previously,9 HFD induced type II
diabetes mellitus (DM) and HFpEF in mice. In this
study, we confirmed that HFD significantly raised the
fasting glucose level (107.3 � 4.4 mg/dL in control
mice vs 139.6 � 2.5 mg/dL in HFD mice; P ¼ 0.0001)
(Figure 1A). Further, the E/E0 ratio, an echocardio-
graphic indicator of cardiac diastolic function,
increased in the HFD mice (23.0 � 1.7) compared with
the control mice (17.8 � 0.4; P ¼ 0.015) (Figure 1B and
1E) despite comparable cardiac systolic EF (52.0% �
1.8% in control mice vs 54.8% � 1.5% in HFD mice;
P ¼ 0.14) (Figure 1C). Invasive hemodynamic study
detected higher left ventricular end-diastolic pres-
sure (2.4 � 0.8 mm Hg in control mice vs 6.7 �
0.6 mm Hg in HFD mice; P ¼ 0.001) (Figure 1D). These
results demonstrated that HFD caused DM and that
HFD mice developed HFpEF with impaired cardiac
diastolic function.



FIGURE 2 IL-1b Mediates HFD-Induced Diastolic Dysfunction

(A) Cardiac interleukin (IL)-1b level tested by enzyme-linked immunosorbent assay was increased in the mice with HFD; n ¼ 8 to 9 mice per

group. (B) IL-1b antagonist improved E/E0 in HFD mice; n ¼ 11 to 14 mice per group. (C) The EF remained unchanged after IL1RA treatment;

n ¼ 11 to 14 mice per group. (D) Other cytokines in hearts were tested by enzyme-linked immunosorbent assay; n ¼ 10 to 12 mice per group.

Bars are mean � SEM. Unpaired t-test (A and D) or 1-way analysis of variance with Bonferroni post hoc tests (B and C) were used. *P < 0.05;

**P < 0.01; ***P < 0.001 vs Ctrl; §P < 0.05 vs HFD. IL1RA ¼ interleukin 1 receptor antagonist; TGF ¼ transforming growth factor;

TNF ¼ tumor necrosis factor; other abbreviations as in Figure 1.
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IL-1b MEDIATED HFD-INDUCED DD. IL-1b is a key
proinflammatory cytokine in the immune response to
infection and injury.11 Previously, we and others have
found that a high IL-1b level is associated with cardiac
electrical abnormalities in HFD mice and DM mice
leading to arrhythmia.8,12 In this study, we confirmed
that the cardiac IL-1b level was significantly higher in
HFD mice compared with the control mice (27.8 � 0.9
pg/mL in control mice vs 32.2 � 0.9 pg/mL in HFD
mice; P ¼ 0.033) (Figure 2A). Inhibiting IL-1b with
IL1RA for 2 weeks caused substantial improvement of
E/E0 (20.8 � 1.0 in HFDþIL1RA vs 25.0 � 1.1 in HFD
mice; P ¼ 0.047) (Figure 2B) without affecting the EF
(Figure 2C). As seen previously, IL1RA did not affect
insulin resistance.8

Other proinflammatory cytokines, IL-6, and TNF-a,
were comparable between the control and the HFD
groups (Figure 2D). The anti-inflammatory cytokine,
TGF-b, was significantly reduced (142.6 � 4.2 pg/mL
in control hearts vs 124.3 � 4.3 pg/mL in HFD hearts;
P ¼ 0.007) (Figure 2D), whereas IL-10 was unchanged
(Figure 2D), supporting the idea that IL-1b–mediated
inflammation was involved in HFD-induced DD.
CARDIAC MACROPHAGES WERE ACTIVATED IN HFD

MICE. Macrophages are an important source of
IL-1b.11 In response to inflammation and tissue injury,
monocytes are recruited into the tissue where they
become macrophages that are central to the initiation
and resolution of inflammation. MCP-1 is the main
chemokine that regulates monocyte recruitment.13 As
shown in Figure 3A, MCP-1 was significantly up-
regulated in the hearts of HFD mice (0.51 � 0.05 in
control mice vs 0.90 � 0.08 in HFD mice; P ¼ 0.001)
(Figure 3A), indicating promoted monocyte recruit-
ment to hearts by HFD.

Macrophages have been traditionally categorized
into 2 subsets, namely classically activated macro-
phages that secrete proinflammatory cytokines such as
TNF-a, IL-1b, IL-6, and alternatively activated macro-
phages that can produce anti-inflammatory cytokines
such as TGF-b and IL-10.14 Nevertheless, macrophages
are remarkably plastic cells that change their function
in response to environmental cues. Because the origin
and residence are the major determinants of cellular
identity, macrophages are now categorized as either
self-renewing resident macrophages or monocyte-



FIGURE 3 Cardiac Macrophages Are Activated in HFD Hearts

(A) Monocyte chemoattractant protein (MCP)-1 level was significantly higher in HFD hearts by Western blot; n ¼ 7 mice per group.

(B) Representative flow cytometry images showing the gating strategy and analysis to identify macrophages subsets. Isolated non-

cardiomyocyte cells were pregated on CD11bþF4/80þ as cardiac macrophages and were further divided into subsets based on their expression

of CCR2, T cell immunoglobulin and mucin domain containing 4 (Timd4), CD206, or CD86. (C) Percentage of cardiac macrophages

(CD11bþF4/80þ) among noncardiomyocyte interstitial cells; n ¼ 4 to 21 mice per group. (D) Percentage change of each macrophage subset;

n ¼ 8 to 12 mice per group. Bars are mean � SEM. Unpaired t-test (A and D) or 1-way analysis of variance with Bonferroni post hoc tests

(C) were used. *P < 0.05; **P < 0.01; ***P < 0.001 vs Ctrl; and &P < 0.01 vs HFD. CCR2 ¼ C-C motif chemokine receptor 2; PI ¼ propidium

iodide; other abbreviations as in Figure 1.
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derived macrophages.15 In the heart, Dick et al16

showed that C-C motif chemokine receptor 2 (CCR2)
and T cell immunoglobulin and mucin domain con-
taining 4 (Timd4) are durable markers of recruited and
resident macrophages, respectively. Notably, Timd4þ

resident macrophages have been shown to be pro-
resolving17-19 as opposed to monocyte-derived mac-
rophages.16 Additional markers such as the mannose
receptor CD206 have been associated with an
anti-inflammatory and reparative macrophage
phenotype.20-22 On the other hand, the CCR2þ

monocyte-derived or CD86þ macrophages appear to
promote inflammation,16,21,23 although a small popu-
lation of CCR2þ resident macrophages with an inter-
mediate phenotype has been recently characterized.24

In the present study, cardiac interstitial cells (non-
CMs) were isolated from mouse hearts and charac-
terized based on their cell surface markers using flow
cytometry (Figure 3B). Although the number of car-
diac macrophages (CD11bþF4/80þ) was not changed
(2.0% � 0.1% in control mice vs 1.7% � 0.1% in HFD
mice; P ¼ 0.30) (Figure 3C), the percentage of proin-
flammatory macrophages (CD11bþF4/80þCD86þ) was
increased in DD hearts (57.8% � 4.3% in control
hearts vs 68.5% � 1.9% in HFD hearts; P ¼ 0.027)
(Figure 3D), whereas anti-inflammatory macrophages
(CD11bþF4/80þCD206þ) decreased (91.1% � 1.0% in
control hearts vs 83.5% � 1.0% in HFD hearts; P <

0.0001) (Figure 3D). Recruited proinflammatory mac-
rophages (CCR2þTimd4�) increased (27.9% � 1.0% in
control hearts vs 35.1% � 1.3% in HFD hearts;
P ¼0.0003) (Figure 3D), whereas resident proresolving
macrophages (CCR2-Timd4þ) decreased (13.1% � 1.0%
in control hearts vs 9.4% � 0.9% in HFD hearts;
P ¼ 0.011) (Figure 3D). The results indicated that car-
diac macrophages assumed a proinflammatory
phenotype in HFD-induced DD.
MACROPHAGE DEPLETION MITIGATED HFD-INDUCED

DD. To test whether macrophages directly promote
the development of DD, macrophages were depleted
by clodronate liposomes in HFD mice.25 Within
2 weeks, clodronate liposomes significantly reduced
cardiac macrophages (CD11bþF4/80þ) by over 50%
(1.7% � 0.1% in HFD vs 0.8% � 0.1% in HFDþdeple-
tion; P ¼ 0.009) (Figure 3C). Depleting macrophages
reversed the E/E0 elevation (15.4 � 1.3 in HFDþde-
pletion vs 21.1 � 0.9 in HFD; P ¼ 0.005; vs 15.9 � 1.6
in control mice; P > 0.99) (Figure 4A). Depletion
significantly normalized cardiac IL-1b level (22.5 �
0.5 pg/mL in HFDþdepletion vs 31.6 � 0.8 pg/mL in
HFD; P < 0.0001; vs 26.4 � 0.7 pg/mL in control mice;
P ¼ 0.055) (Figure 4B). The insulin resistance status
and the systolic function remained comparable
between the HFD groups with or without liposome
treatment (Figures 4C and 4D). These data support the
hypothesis that macrophages contribute to HFD-
induced DD through IL-1b.

MICE WITHOUT PROINFLAMMATORY MACROPHAGES

WERE RESISTANT TO HFD-INDUCED DD. To investigate
the role of proinflammatory macrophages in HFD-
induced DD, we employed a mouse strain with a
constitutive FABP4 KO. Under inflammatory stimu-
lation, FABP4 KO macrophages do not express IL-1b,
IL-6, and TNF-a, suggesting a reduced inflammatory
capacity.26 To verify the phenotype of the FABP4 KO
macrophages, a total of 84 key inflammatory genes
were examined by microarray. Over 70 inflammatory
genes were down-regulated in FABP4 KO macro-
phages compared with the WT macrophages
(Figure 5A). At the protein level, FABP4 KO macro-
phages failed to generate IL-1b, even after lipopoly-
saccharide stimulation (Figure 5B). The results
suggested that the FABP4 KO macrophages could not
assume an inflammatory phenotype.

Consistent with these results, the cardiac IL-1b
level was lower in FABP4 KO mice (KOþHFD, 25.0 �
1.1 pg/mL) than WT (WTþHFD, 33.1 � 2.2 pg/mL;
P ¼ 0.003) (Figure 5C). In FABP4 KO mice, HFD still
caused DM and insulin resistance (Figures 5D and 5E),
but HFD-induced DD was prevented (E/E0, 20.2 � 0.9
in KOþHFD vs 24.4 � 1.2 in WTþHFD; P ¼ 0.017; vs
18.1 � 0.7 in WT; P ¼ 0.46) (Figure 5F). No change to
cardiac systolic function was detected (Figure 5G).
Combined, these results suggested that proin-
flammatory macrophages led to HFD-induced DD.

EVIDENCE THAT IL-1b ACTED THROUGH mitoROS.

Previously, we have demonstrated that IL-1b causes
arrhythmia in HFD mice through modulating
mitoROS generation.8 In the present study, we
confirmed a shared pathogenic cascade. IL-1b esca-
lated mitoROS levels in cultured CMs (mitoSOX, 530.7
� 28.7 arbitrary units in CMs vs 706.8 � 44.5 arbitrary
units in CMsþIL-1b; P ¼ 0.001) (Figure 6A and 6D).
Treating HFD mice with a mitochondrial specific
antioxidant, mitoTEMPO, significantly improved DD
(E/E0, 20.5 � 1.0 in HFDþMT vs 25.0 � 1.1 in HFD;
P ¼ 0.019) (Figure 6B) in the absence of changes of the
EF (Figure 6C) or insulin resistance as we have
seen previously.8

DISCUSSION

As summarized in Figure 7, in the present study, we
found that HFD-induced DD was accompanied by
increased cardiac MCP-1 and IL-1b, an increase in
proinflammatory and decrease in anti-inflammatory
macrophages, and elevated CM mitoROS. Inhibiting
IL-1b or mitoROS was sufficient to ameliorate DD, as



FIGURE 4 Cardiac Macrophages Are Required for HFD-Induced Diastolic Dysfunction

(A)Macrophage (M4) depletion improved E/E0 ratio (n¼ 6 to 13 mice per group) and decreased (B) cardiac IL-1b level tested by enzyme linked

immunosorbent assay (n ¼ 8 to 12 mice per group) without altering (C) EF (n ¼ 7 to 10 mice per group) or (D) homeostatic model assessment

for insulin resistance (HOMA-IR), an indicator of insulin resistance (n ¼ 8 to 13 mice per group). Bars are mean � SEM. One-way analysis of

variance with Bonferroni post hoc tests were used. *P < 0.05; **P < 0.01; ***P < 0.001 vs Ctrl; and &P < 0.01; #P < 0.001 vs HFD.

Abbreviations as in Figures 1 and 2.
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was macrophage depletion or anti-inflammatory
macrophage phenotypic modulation. Collectively,
these findings indicated that HFD-induced DD was
mediated by inflammatory macrophages secreting
IL-1b to cause cardiomyocyte mitoROS. IL-1b receptor
antagonism had beneficial effects on cardiac mito-
chondrial oxidative stress. Nevertheless, we cannot
rule out IL-1b receptor antagonism had extracardiac
mechanisms that contributed to the improvement of
DD. On the other hand, we have shown that mitoROS
is sufficient to cause DD associated with oxidative
modification of the contractile protein, cardiac
myosin binding protein C (MyBP-C), and that DD can
be relieved at the CM level with a mitochondrial tar-
geted antioxidant.9

Unlike HFwith reduced EFwhere there is increasing
consensus from human and animal research that
recruitedmonocytes or CCR2þmacrophage infiltration
is enhanced causing persistent inflammation,
which worsens systolic function,24,27-30 the role of
macrophages in HFpEF is less understood. Glezeva
et al31 reported increased monocytosis and monocyte
differentiation to M2 macrophages in HFpEF and in
asymptomatic DD patients. In hypertensive mice,
CCR2-dependent monocyte recruitment is responsible
for the macrophage expansion and the associated
DD.32 In the present study, we used the HFD-induced
DD model and revealed that proinflammatory
macrophages expanded (Figure 3D), and depleting
macrophages with clodronate liposomes (Figure 4A)
or suppressing the proinflammatory macrophage
phenotype (Figure 5F) both improved DD. A
macrophage-dependent inflammatory milieu was
further suggested by increased expression of IL-1b and
decreased expression of TGF-b (Figure 2D).

Macrophages represent a continuum of highly
plastic cells with a spectrum of diverse phenotype
states.33 Traditionally, macrophages are classified
into proinflammatory and anti-inflammatory pheno-
types. In heart, the macrophage population can be



FIGURE 5 Suppressing Proinflammatory Macrophages Prevented HFD-Induced Diastolic Dysfunction

(A) Inflammatory gene expression of fatty acid binding protein 4 (FABP4) knockout (KO) macrophage cell line by microarray. (B) FABP4 KO macrophages

cannot secrete IL-1b under lipopolysaccharide stimulation; n ¼ 3 independent experiments per group. (C) With HFD, FABP4 KO mice had lower cardiac

IL-1b level; n ¼ 5 to 9 mice per group. (D) Insulin resistance as indicated by HOMA-IR (n ¼ 8 to 9 mice per group) and (E) hyperglycemia (n ¼ 8 to 9 mice

per group) were unchanged between wild-type (WT)þHFD and KOþHFD groups. (F) FABP4 KO mice were resistant to HFD-induced diastolic dysfunction;

n ¼ 8 to 9 mice per group. (G) EF was unaffected by FABP4 KO; n ¼ 8 to 10 mice per group. Bars are mean � SEM. Unpaired t-test (C) or 1-way analysis

of variance with Bonferroni post hoc tests (D to G) were used. *P < 0.05; **P < 0.01; ***P < 0.001 vs WT; §P < 0.05; #P < 0.01 vs WTþHFD.

Abbreviations as in Figures 1, 2, and 4.
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divided into resident and monocyte-recruited pop-
ulations. Our results point to an inflammatory
macrophage subtype causing HFD-induced DD.
Although not conclusive, cell surface marker charac-
terization suggested that CD86þ and CCR2þTimd4�

macrophages might be responsible for DD in our
model. By contrast, an enhancement of CD86þ as well
as CCR2þ macrophages is consistent with an inflam-
matory phenotype causing DD in our model. This is
supported by the fact that FABP4 KO mouse macro-
phages do not adopt an inflammatory phenotype, and
these mice were resistant to HFD-induced HEpEF. An
expansion of CCR2þTimd4� macrophage population
suggests that recruited macrophages may play a role
in HFD-induced DD. This is consistent with elevated
expression of cardiac MCP-1. Although macrophages
are involved, our data do not exclude a role for other
immune cell types in the pathogenesis of DD. Despite



FIGURE 6 MitoROS Scavenging Reduced HFD-Induced Diastolic Dysfunction

(A) IL-1b incubation up-regulated the cardiomyocyte (CM) mitochondrial reactive oxygen species (mitoROS) level. The cardiomyocytes were

isolated from 5 mice, and 48 cardiomyocytes were tested for each group. (B) Mitochondrial antioxidant, mitoTEMPO (MT), improved E/E0 in

HFD mice without affecting (C) the EF; n ¼ 11 to 17 mice per group. The HFD group was the same as in Figures 2B and 2C. (D) Representative

confocal microscopy images showing mitoROS in cardiomyocytes by mitoSOX red staining; scale bar represents 20 mm. Bars are mean � SEM.

Unpaired t-test were used. **P < 0.01 vs CM; §P < 0.05 vs HFD. a.u. ¼ arbitrary units; other abbreviations as in Figures 1 and 2.

Liu et al J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 8 , N O . 2 , 2 0 2 3

Macrophage IL-1β Causes HFpEF F E B R U A R Y 2 0 2 3 : 1 7 4 – 1 8 5

182
that, macrophage depletion alone completely
reversed DD, suggesting macrophages were a main
contributor to HFD-induced DD. In summary, our
data strongly support that inflammatory macrophages
are responsible for HFD-induced DD.

Regarding the molecular effector of proin-
flammatory macrophages, our data suggest that IL-1b
signaling is crucial. This is consistent with the data
that macrophage-dependent IL-1b production medi-
ates arrhythmia in HFD mice.8 It is unclear though
why cardiac IL-1b was enhanced, whereas the other 2
main inflammatory cytokines (IL-6 and TNF-a) were
not changed by HFD (Figure 2D). Inhibiting IL-1b
significantly improved HFD-induced DD, indicating
IL-1b–mediated inflammation plays an important role
in the pathogenesis of DD. This result is consistent
with the observations that renormalizing cardiac
IL-1b level by macrophage depletion or by FABP4 KO
reversed/prevented DD in HFD mice, which also
suggested that macrophages were a major source of
pathogenic IL-1b. Nevertheless, we did not rule out
amplification of this macrophage-dependent signal
by other cell sources of IL-1b. We also saw a decrease
of TGF-b in HFD heart. TGF-b is a powerful anti-
inflammatory factor and can antagonize the inflam-
matory effect of IL-1b.34,35 Thus, it is plausible that
TGF-b down-regulation may synergize with IL-1b
enhancement, leading to HFD-induced DD. It cannot
be excluded that changes in other cytokines not
measured contributed to the results, however.

In clinical trials, IL-1b inhibition has shown a
significantly reduced cardiovascular events in the
CANTOS study (Canakinumab Anti-Inflammatory
Thrombosis Outcomes Study), although this trial
was not designed to test an effect on HFpEF.36 The
DHART (Diastolic Heart Failure Anakinra Response
Trial) showed that 2 weeks of IL-1 b inhibition with
anakinra improved peak oxygen consumption and



FIGURE 7 Innate Immunity Mediates High-Fat Diet–Induced HFpEF Through IL-1b Secretion and Mitochondrial Reactive Oxygen Species

Modulation

cMyBP-C ¼ cardiac myosin binding protein C; HFpEF ¼ heart failure with preserved ejection fraction; other abbreviations as in Figures 2 and 3.
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C-reactive protein (CRP) levels.37 DHART2 showed
that 12 weeks of anakinra improved quality-of-life
metrics, CRP, and brain natriuretic protein, but did
not change peak oxygen consumption in patients
with HFpEF.38 Therefore, the value of IL-1b inhibition
in human HFpEF remains to be determined. Any role
for macrophage modulation in human HFpEF re-
mains to be explored.

Major risk factors for human HFpEF include age,
DM, and hypertension.39,40 It is possible that the 3
different risk factors promote HFpEF by different
pathogenic mechanisms. Hulsmans et al32 implicated
macrophage-derived, IL-10–stimulated cardiac
fibrosis contributing to hypertension-induced DD.
Consistently, we have found fibrosis is also a factor
in age-associated HFpEF.41 On the other hand, we
have reported previously that hypertension and HFD
can cause DD at the myocyte level through oxidative
stress without significant cardiac fibrosis.9,10

Further, cardiac IL-10 was unaltered in HFD mice
in the present study. A possible cause for the
discrepancy between our results and those of Huls-
mans et al42 is that they used an aldosterone-
induced hypertension model that is known to
induce cardiac fibrosis. A HFD/Western diet is
strongly associated with increased risk of type II
DM43 as evidenced in our HFD mice. DD is observed
in over 40% of DM patients.44,45 Nevertheless,
correcting hyperglycemia failed to improve HFD-
induced DD as we reported previously.9 Further-
more, our data in this study indicated that inhibiting
macrophage-secreting IL-1b, despite reversed HFD-
induced DD, had no effects on blood glucose level
and insulin resistance. A possible explanation is that
whereas DD may be initiated by DM, it is sustained
by macrophage-mediated inflammation.

Previously, we have demonstrated that mitoROS
contributes to HFD-induced DD.9 In the present
study, we recapitulated the findings that IL-1b up-
regulated the mitoROS level in cardiomyocytes and
showed that a mitoROS scavenger (mitoTEMPO)
generated similar effects on DD as the IL-1 receptor
antagonist. Given that we have shown previously that
the IL-1b effects through mitoROS in HFD mice,8 it
seems likely that the same pathogenic cascade is in
play here. If this is the case, it may explain the
epidemiological association of HFpEF and arrhyth-
mias.46,47 Nevertheless, it is possible that there are
intermediate signals between IL-1b and mitochon-
drial oxidative stress, such as IL-18.48

STUDY LIMITATIONS. A limitation to our study is that
we used an IL-1b receptor antagonist, thus we cannot
rule out a potential effect of other cytokines acting on
the IL-1 receptor, such as IL-1a. Nevertheless, IL-1b
concentration is 4 times higher than IL-1a in DM pa-
tients.49 Therefore, it is reasonable to conclude that
IL-1b is the main effector. Further investigation with
specific IL-1b neutralizing antibody is needed to
confirm our findings. In addition, clodronate lipo-
somes nonspecifically deplete all phagocytes
including dendritic cells.50 Nevertheless, dendritic
cells are a remarkably minor population compared
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TRANSLATIONAL OUTLOOK: HFD-induced DD
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suggesting macrophage-mediated inflammation as a

potential therapeutic targets for HFpEF.
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with macrophages in cardiac interstitial cells.51 Last,
because we used a full-body KO of FABP4, and FABP4
is mainly expressed in macrophages and adipo-
cytes,52 we cannot rule out some component of the
prevention of DD occurred because of reduction in
adipocyte or systemic inflammatory influence.53 On
the other hand, a similar effect on DD with clodronate
would suggest that macrophages were most impor-
tant. Finally, female mice were excluded because
they are less susceptible to HFD-induced metabolic
disturbances and inflammation.54 Therefore, the re-
sults must be extrapolated with caution to the fe-
male sex.

CONCLUSIONS

HFD results in activation of a cardiac innate immune
response associated with impaired diastolic function,
which could be inhibited by depleting macrophages,
modulating macrophage phenotype, antagonizing
IL-1b, and diminishing mitoROS. Each of these ap-
proaches represents a possible new therapy for HFD-
induced DD.
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