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HIGHLIGHTS

� The lean diabetic SKO mouse represents a novel and validated murine model of HFpEF.

� The SKO HFpEF mouse model recapitulates the cardiac structure and function abnormalities in lean diabetic HFpEF

patients in Asia.

� Altered cellular titin phosphorylation and increased extracellular interstitial fibrosis associated with neutrophil

extracellular traps contribute to the left ventricular stiffness.

� Metabolic disturbances arising from insulin resistance and diabetes in the absence of hypertension or obesity may lead to

HFpEF.
https://doi.org/10.1016/j.jacbts.2019.07.008

https://doi.org/10.1016/j.jacbts.2019.07.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jacbts.2019.07.008&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


R E V I A T I O N S

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 . 4 , N O . 8 , 2 0 1 9 Bai et al.
D E C E M B E R 2 0 1 9 : 9 2 4 – 3 7 Lean Diabetic Mouse Model of HFpEF

925
SUMMARY

AB B
AND ACRONYM S

Ctrl = control (mice)

EDPVR = end-diastolic

pressure–volume relationship

HFpEF = heart failure with

preserved ejection fraction

IQR = interquartile range

LA = left atrial

LV = left ventricular

NET = neutrophil extracellular

trap
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The lean diabetic patients with heart failure with preserved ejection fraction (HFpEF) in Asia suffer from adverse

clinical outcomes and poor life quality. The suitable animal models are urgently needed for mechanistic study

and therapeutic innovations. Our study reports that lipodystrophic mice with seipin depletion are lean, diabetic,

and recapitulate major manifestations of clinical HFpEF, thereby clarifying that lean diabetes per se may pro-

duce HFpEF characteristics. We further demonstrate that increased cardiac titin phosphorylation and reactive

interstitial fibrosis associated with neutrophil extracellular traps lead to left ventricular stiffness and suggest

that both pathways may be potential therapeutic targets in Asian HFpEF patients.

(J Am Coll Cardiol Basic Trans Science 2019;4:924–37) © 2019 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/).

= proline, glutamate,

e, and lysine
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SKO = seipin knockout
H eart failure with preserved ejection fraction
(HFpEF) has been described as the greatest
unmet need in cardiovascular medicine

today (1). It constitutes the dominant form of HF in
aging societies, is the top cause of hospitalization
among elderly persons worldwide, and carries a
dismal prognosis with >50% 5-year mortality (2). Out-
comes have not been improved over the last decades,
and there is currently still no effective therapy
proven to improve survival in HFpEF (2). There is
an urgent need to better understand the pathophysi-
ology of HFpEF and identify potential novel thera-
peutic targets (3).

HFpEF represents a broad cohort of patients with
a range of comorbidities, such as hypertension,
obesity, and diabetes, that requires individualized
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management based on biological phenotypes

(4,5). However, recent epidemiologic data from Asia
suggest a unique lean diabetic phenotype of HFpEF,
compared with other HF phenotypes, has the worst
quality of life, more severe signs and symptoms of HF,
and the highest rate of adverse clinical outcomes (6–8).
A critical obstacle to therapeutic innovation in
HFpEF has been the absence of suitable animal
models that accurately recapitulate the complexities
of the human disease (9,10). An ideal HFpEF animal
model that captures 2 or more HFpEF features (e.g.,
concentric hypertrophy, diastolic dysfunction, and
impaired exercise capacity) would be more helpful in
providing mechanistic insights and therapeutic
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FIGURE 1 The Development of Cardiomegaly in the Lean Diabetic SKO Mice

Mice were subjected to phenotypic characterizations according to the protocol (A) and nuclear magnetic resonance (NMR) (B) to measure body weight and lean mass.

(C) Blood glucose and serum insulin of mice (18 to 24 weeks old) under basal feeding; (D) the ratio between tissue weight and body weight of mice (w24 weeks old);

and (E) the ratio of left ventricular (LV), left atrial (LA), right ventricular (RV), and right atrial (RA) weight to body weight of mice (41 to 46 weeks old) were analyzed.

*p < 0.05, compared with control (Ctrl) mice (n ¼ 6). PV ¼ pressure-volume; SKO ¼ seipin knockout.
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innovations (9,10). So far, such ideal animal models,
which show the effect of lean diabetes on the onset of
HFpEF, remain absent.

Lipodystrophies are clinical disorders character-
ized by the selective loss of adipose tissue and severe
insulin resistance, leading to diabetes (11,12).
Notably, the common cardiac abnormality, hypertro-
phic cardiomyopathy, occurs with considerable fre-
quency in cohort patients with lipodystrophy caused
by different genetic defects (13–15). Patients carrying
Berardinelli–Seip congenital lipodystrophy-2 (BSCL2)/
seipin mutation exhibit the most severe lip-
odystrophic phenotype (11,16), and they are lean,
diabetic, and exhibit left ventricular (LV) hypertrophy
without reduction of EF (13,15). The mechanisms
underlying these cardiac manifestations remain
poorly understood.
In the current study, we aimed to study whether
aged seipin knockout (SKO) mice may serve as a
validated model of lean diabetic HFpEF and to
investigate potential pathophysiologic pathways un-
derlying LV structural-functional abnormalities in the
model.

METHODS

MICE AND STUDY DESIGN. The generation of SKO
and littermate control (Ctrl) mice was described pre-
viously (17). The timeline to investigate the meta-
bolic, cardiac, and exercise characteristics of male
mice is shown in Figure 1A. All animal care and
experimental procedures were approved by the
Committee on the Use of Live Animals for Teaching
and Research of the University of Hong Kong and the
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Institutional Animal Care and Use Committee of the
Agency for Science, Technology, and Research and
were carried out in accordance with the Guide for the
Care and Use of Laboratory Animals, Eighth Edition,
published by the U.S. National Institutes of Health.
The Supplemental Appendix contains additional
Methods and Materials.

HUMAN STUDY POPULATION AND DESIGN. The hu-
man data were collected from the ASIAN-HF (Asian
Sudden Cardiac Death in Heart Failure) registry. The
prospective study design of the ASIAN-HF registry
was published previously (8,18,19). The ethics ap-
provals, study definitions, clinical outcomes, echo-
cardiography, and imaging collection were described
in detail (8). In the current study, we further analyzed
and compared data from lean diabetic HFpEF patients
and age-matched control subjects without HF from
the community.

STATISTICAL ANALYSIS. For animal studies, all cal-
culations were performed using SPSS software
(version 19.0; IBM Corporation, Armonk, New York).
Results are presented as mean � SEM. Student’s t-test
for unpaired observations or one-way analysis of
variance with Bonferroni correction for multiple
comparisons was performed to analyze the statistical
differences between different groups. For all statis-
tical comparisons, p values < 0.05 indicated statisti-
cal significance. For the human cohort study, data are
given as means � SD, medians and interquartile
ranges (IQR) (25th and 75th percentiles), or numbers
and proportions, as appropriate. Depending on the
types of data, Student’s t-test, Wilcoxon rank sum
test, or chi-square test for unpaired observations was
applied and p values < 0.05 indicated statistical sig-
nificance. In addition, lean diabetic HFpEF patients
were matched to community control subjects without
HF with the same age where possible. Otherwise, the
next closest age was used.

RESULTS

LEAN AND DIABETIC SKO MICE DEVELOP CAR-

DIOMEGALY. SKO mice developed lipodystrophy af-
ter birth (17), but had similar body weight and lean
mass as the Ctrl mice (Figure 1B). The adult SKO mice
(18 to 24 weeks old) showed significantly elevated
blood glucose and serum insulin levels under basal
feeding (Figure 1C), which also displayed glucose
intolerance and reduced insulin sensitivity (17).
Moreover, we observed cardiomegaly in adult SKO
mice (7.7 vs. 4.3 mg/g of body weight for SKO vs. Ctrl
mice, w24 weeks old) (Figure 1D). The ratios of LV, left
atrial (LA), and right atrial weight to body weight were
significantly higher in SKO mice ages 41 to 46 weeks
than in Ctrl mice of similar ages (Figure 1E). To clarify
whether cardiomegaly was caused by the seipin mu-
tation in mouse heart tissues, we first profiled Bscl2
messenger ribonucleic acid level in mouse tissues. In
Ctrl mice, the Bscl2 gene was abundantly expressed in
adipose tissues. By contrast, its expression level was
the lowest inmouse hearts andmuscles (Supplemental
Figure 1A). As expected, Bscl2 expression was not
detectable in SKO mouse tissues (Supplemental
Figure 1A). We then established cardiomyocyte-
specific SKO. We did not observe any difference in
terms of ratios between heart tissue weight and tibia
length, including LV, LA, right ventricular, and right
atrial tissues, between cardiomyocyte-specific SKO
mice ages 55 to 60 weeks and corresponding Ctrl mice
of similar ages (Supplemental Figure 1B). These data
suggest that cardiac abnormalities of SKO mice were
unlikely to be the result of seipin mutation in mouse
hearts, but were more likely due to systematic factors
(e.g., hyperglycemia).
SKO MICE EXHIBIT LV CONCENTRIC HYPERTROPHY

WITHOUT HYPERTENSION. We performed echocar-
diography in the SKO and Ctrl mice and found thick-
ened LV walls and increased LV mass, that is, cardiac
hypertrophy in the SKO mice. These differences
became even more prominent with aging (Figure 2A).
By contrast, the LV internal diameter was comparable
between the 2 groups of mice (Figure 2A and
Supplemental Figure 2A). In addition, adult SKO mice
(w36 weeks old), compared with their Ctrl mice, had
higher heart weight to tibia length ratio, greater
whole heart cross-sectional area as well as car-
diomyocyte enlargement (Figure 2B). Notably, SKO
mice exhibited preserved LVEF and fractional short-
ening (Figure 2A), even in mice w60 weeks old
(Supplemental Figure 2B). We next examined gene
expression of cardiac hypertrophy markers, including
alpha-skeletal actin (Acta1) and atrial natriuretic
peptide (Nppa) (20). Both Acta1 and Nppa were
significantly up-regulated in heart tissues of adult
SKO mice (w36 weeks old). Induction of Nppa and
Acta1 genes is dependent on the activation of signal
transducer and activator of transcription 3 (STAT3)
(21–23). Consistently, we found hyper-
phosphorylation of STAT3 and its upstream Janus
kinase 2 (JAK2) in heart tissues of SKO mice
(Figures 2C and 2D). Although SKO mice developed LV
concentric hypertrophy with aging, the systolic and
diastolic arterial blood pressure collected during the
dark cycle (from 7 PM to 7 AM) was comparable between
SKO and their Ctrl mice (Figure 2E).
SKO MICE EXHIBIT LV DIASTOLIC DYSFUNCTION,

EXERCISE INTOLERANCE, AND LA ENLARGEMENT.

We assessed both components of LV diastolic
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FIGURE 2 The Concentric LV Hypertrophy in the Absence of Hypertension in the SKO Mice

(A) At 8, 15, 23, and 36 weeks of age, mice were subjected to echocardiography to measure the thickness of the left ventricle anterior wall (LVAW) and left ventricle

posterior wall (LVPW), left ventricle internal diameter (LVID) in diastole (d), LV mass, ejection fraction (EF), and fractional shortening (FS) (n ¼ 8 to 10). (B) The heart

tissues of adult mice (36 weeks old) were subjected to examine the ratio of heart weight to tibia length (scale bar ¼ 10 mm, n ¼ 12). Representative images of

hematoxylin and eosin–stained heart sections (top, longitudinal section, scale bar ¼ 10 mm; bottom, horizontal section, scale bar ¼ 1 mm) were shown. The cross-

sectional area of whole heart tissues (n ¼ 8) and cardiomyocytes (scale bar ¼ 100 mm, n ¼ 10) was quantified in each group of mice. (C) The total (t) and phos-

phorylated (p) signal transducer and activator of transcription 3 (STAT3) and Janus kinase 2 (JAK2) were examined by Western blotting (n ¼ 6), and (D) the gene

expression of hypertrophic markers, including atrial natriuretic peptide (Nppa) and alpha-skeletal actin (Acta1), were detected using mouse heart tissues (n ¼ 6). Fold

change was calculated for comparison. (E) Blood pressure (BP) of mice was collected by telemetry system during the dark cycle (from 7 PM to 7 AM, n ¼ 3). *p < 0.05,

compared with Ctrl mice. mRNA ¼ messenger ribonucleic acid; other abbreviations as in Figure 1.
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FIGURE 3 LV Diastolic Dysfunction, Exercise Intolerance, and LA Enlargement in the SKO Mice

(A) The Doppler echocardiography was used to examine LV isovolumic contraction time (IVCT) and isovolumic relaxation time (IVRT), ejection time (ET), and myocardial

performance index (MPI) (n¼ 8 to 10). The LV pressure-volume loops were analyzed to show representative examples of pressure-volume loops of mice (23 weeks old)

(B) and measure LV end-diastolic pressure (EDP) and diastolic stiffness coefficient b derived from the end-diastolic pressure-volume relationship (EDPVR) of mice

(n ¼ 6) (C). (D) Mouse running distance and time via treadmill running test (n ¼ 6); (E) the histology of LA tissues and ratio of LA weight to tibia length of mice

(36 weeks old) were examined (scale bar ¼ 10 mm, n ¼ 10 to 11). *p < 0.05, compared to Ctrl mice. Abbreviations as in Figure 1.
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function as mice aged: 1) active LV relaxation (iso-
volumic relaxation time); and 2) passive LV diastolic
stiffness (end-diastolic pressure-volume relationship
[EDPVR]). There was no difference in isovolumic
contraction time or ejection time between SKO and
Ctrl mice. In contrast, prolonged isovolumic relaxa-
tion time, indicative of impaired LV relaxation, was
developed in SKO mice, compared with the Ctrl mice,
beginning in young adulthood (w15 weeks old). The
difference became more apparent with aging
(Figure 3A). Moreover, prolonged isovolumic relaxa-
tion time contributed to worsening myocardial per-
formance index (higher values indicating worse
performance) with age in SKO mice (Figure 3A) (24).
LV PV loop analysis showed steeper EDPVR in adult
SKO mice compared with in Ctrl mice (23 weeks old)
(Figure 3B). Accordingly, LVEDP was significantly
increased in adult SKO mice (23 weeks old), and the
differences became more prominent in older mice
(44 weeks old) (Figure 3C). Meanwhile, the diastolic
stiffness coefficient b derived from EDPVR was
steadily higher in SKO mice (Figure 3C). Similar to
Asian HFpEF patients that exhibited reduced exercise
tolerance (6), when compared with the Ctrl group,
SKO mice displayed exercise intolerance (reduced
running distance and running time) beginning in
young adulthood (w15 weeks old)(Figure 3D).
Consistent with compromised diastolic function, the
LA size and weight of SKO mice (w36 weeks old) were
significantly increased (Figure 3E).
CARDIAC TITIN PHOSPHORYLATION IS ALTERED IN

SKO MYOCARDIUM. To explore the underlying
mechanisms for increased LV diastolic stiffness in
SKO mice, we first investigated the total expression
and phosphorylation of titin in LV tissues of adult
mice (23 to 36 weeks old). Using agarose gel electro-
phoresis, we found no significant changes of total
titin expression relative to myosin heavy chain in LV



FIGURE 4 Altered Cardiac Titin Phosphorylation in the SKO Mice

(A) The quantitative mass spectrometry was used to measure ratio changes of titin phosphosites of mouse LV tissues (23 to 36 weeks old,

n ¼ 6). The bold line arrows (red and black) indicate localization of changed phosphosites in the canonical sequence of mouse titin

(UniProtKB entry A2ASS6). (B) Multiple sequence alignments showed serine (S) 12884 of murine cardiac titin was a conserved residue.

(C) Protein expression of protein kinase C alpha (PRKCA) was examined in mouse heart tissues (23 to 36 weeks old, n ¼ 6). Fold change was

calculated for comparison. *p < 0.05, compared with Ctrl mice FnIII ¼ fibronectin type III domain; Ig ¼ immunoglobulin-like;

PEVK ¼ proline, glutamate, valine, and lysine; T ¼ threonine. Abbreviations as in Figure 1.
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myocardium, comparing between SKO and Ctrl mice
(Supplemental Figure 3). We then examined titin
phosphorylation—a crucial mechanism responsible
for increased myocardial stiffness in clinical HFpEF
(25). We used quantitative mass spectrometry to
detect titin phosphorylation. A total of 238 titin
phosphosites was quantified (localization probability
í > 0.9). An intensity ratio of SKO versus Ctrl phos-
phorylation was obtained for 46 titin phosphosites,
among which 30 were similar, but 16 were differen-
tially phosphorylated between the 2 groups, with the
SKO-Ctrl ratio #0.5 or $1.5 indicating as hypo phos-
phorylated or hyperphosphorylated residues in SKO
mice compared with Ctrl mice. These sites were
marked in the canonical domain sequence of mouse
titin according to UniProtKB entry A2ASS6 (UniProt
Consortium, Hinxton, Cambridge, United Kingdom)
(Figure 4A). Most of the sites shared similar amino
acid sequences with human titin (entry Q8WZ42)
(Supplemental Figure 4). Two phosphosites were
undetectable in SKO hearts: 1) threonine 944 between
Z-repeat 6 and immunoglobulin-like domain 3 of the
Z-disk region; and 2) serine 31843 at the fibronectin
type-III domain 126 of the A-band region. Phosphor-
ylation of serine 34097 and threonine 34099 in the M-
band region was significantly down-regulated in the

https://doi.org/10.1016/j.jacbts.2019.07.008
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SKO mouse hearts (Figure 4A). By comparison, 12
titin phosphosites were hyperphosphorylated in the
SKO myocardium from Z-disk and E-, A-, and M-band
regions. We found 2 hyperphosphorylated serine 322
and serine 1429 located within ZIS1 and ZIS5 regions
of the Z-disk band, which contained multiple SPXR
consensus motif repeats. Importantly, when focusing
on the elastic I-band spring element, striking
hyperphosphorylation of titin at serine 12884 (SKO-
Ctrl ratio >3.5) was identified in SKO myocardium
(Figure 4A). This phosphosite localized at the COOH-
terminus of the titin region rich in proline, gluta-
mate, valine, and lysine (PEVK domain) and was
evolutionarily conserved across species (orthologous
residue of serine 12022 of human titin at PEVK31)
(Figure 4B). Hyperphosphorylation of titin at serine
12022 (serine 12884 in mouse) was previously iden-
tified in human failing hearts (26) and reported to
increase myocardial stiffness in mouse and pig
hearts (27,28). SKO hearts had elevated protein
expression of protein kinase C alpha (PRKCA)
(Figure 4C), an upstream kinase responsible for the
phosphorylation of titin at serine 12884 (27,28).
Conversely, we did not detect any difference in
protein levels of cyclic guanosine monophosphate–
dependent protein kinase (PRKG), cyclic adenosine
monophosphate–dependent protein kinase catalytic,
alpha (PRKACA), or extracellular signal-regulated
protein kinases 1 and 2 (Erk1/2) in heart tissues of
the 2 groups of mice (Supplemental Figure 5).
Consistently, the cyclic adenosine monophosphate–
dependent protein kinase, PRKG, or Erk1/2-
dependent phosphorylation at the titin transcript
variant N2-B (N2B) unique sequence of titin (N2-Bus)
was not changed in LV tissues of the 2 groups of
mice (Figure 4A).

SKO MOUSE MYOCARDIUM EXHIBITS REACTIVE

INTERSTITIAL FIBROSIS ASSOCIATED WITH

INFLAMMATION AND MASSIVE NEUTROPHIL

INFILTRATION. Next, we investigated cardiac inter-
stitial fibrosis, another hallmark seen in HFpEF pa-
tients that independently predicts intrinsic LV
stiffness (25,29). The cardiac fibrosis was increased in
SKO mice, compared with Ctrl mice, from young
adulthood (w15 weeks old) and progressed with age
(Figure 5A). Progression of cardiac fibrosis also coin-
cided with increased gene expression of collagen 1
(Col1a1), interleukin 6 (Il6), and intercellular adhesion
molecule 1 (Icam1), as well as augmented protein
levels of tumor necrosis factor (TNF) in whole heart
tissues of SKO mice (w24 weeks old) (Figures 5A and
5B). Meanwhile, several key markers reflecting acti-
vation of quiescent fibroblasts such as alpha-smooth
muscle actin (ACTA2) (30) and transforming growth
factor beta family (TGFB) (31) were significantly
increased in hearts of adult SKO mice (w24 weeks
old) (Figure 5B). The cardiac inflammation and inter-
stitial fibrosis were associated with massive neutro-
phil infiltration in SKO myocardium, which also
started from young ages (Figure 5C). To address the
implication of infiltrated neutrophils in cardiac dam-
age, we examined whether neutrophil extracellular
traps (NET) were formed in SKO mouse hearts. The
presence of NET was shown as intact neutrophils
with condensed nuclei in SKO mouse hearts from a
young age (15 weeks old) and persisted as large
amorphous extracellular structures, released deoxy-
ribonucleic acid fibers decorated with myeloperox-
idase and citrullinated histone (32), in hearts of adult
SKO mice (32 weeks old) (Figure 5D). Consistent with
the formation of NET, the protein level of citrulli-
nated histone 3, a well-recognized NET marker (33),
was significantly elevated in SKO mouse hearts (24
to 30 weeks old) (Figure 5E).

SKO MICE SHARE MAJOR HFpEF CHARACTERISTICS

WITH LEAN DIABETIC PATIENTS. The pan-Asian HF
prospective study identified distinct lean diabetic
HFpEF patients who had a strikingly high prevalence
of diabetes (8). Compared with age-matched non-HF
control subjects from the community, lean diabetic
HFpEF patients were older, but had the comparable
systolic blood pressure and body mass index. Among
echocardiographic variables, lean diabetic HFpEF
patients displayed nondilated concentric hypertro-
phy, which was evidenced by increased LV mass but
normal LV volume. Despite the preserved LVEF,
HFpEF patients showed apparent diastolic dysfunc-
tion, LA dilatation, as well as significantly reduced
exercise tolerance (Table 1). Moreover, cardiovascular
cardiac magnetic resonance in a subset of 54 lean
diabetic HFpEF patients showed increased extracel-
lular volume (median [IQR]: 30% [28, 33]), compared
with healthy control subjects with normal values
(median: 25% to 26%) regardless of age and sex,
indicating the presence of LV fibrosis (34,35). Taken
together, the major clinical characteristics of lean
diabetic HFpEF patients were captured by the
SKO mice.

DISCUSSION

We provide detailed cardiac phenotypic character-
izations of SKO mice. The results demonstrate that
lean diabetic SKO mice recapitulate multiple clinical
characteristics of HFpEF, particularly those observed
in lean diabetic Asian patients (Table 1). Both altered
cardiac titin phosphorylation and increased LV

https://doi.org/10.1016/j.jacbts.2019.07.008


FIGURE 5 LV Reactive Interstitial Fibrosis and Neutrophil Infiltration in the SKO Mouse Myocardium

(A) Representative photomicrographs of picrosirius red staining of mouse heart tissues (scale bar ¼ 100 mm). The pixel area of fibrosis was quantified in each group

(n ¼ 6). Gene expression of collagen 1 (Col1a1), interleukin 6 (Il6), and intercellular adhesion molecule 1 (Icam1), and (B) protein levels of alpha-smooth muscle actin

(ACTA2), transforming growth factor beta family (TGFB), and tumor necrosis factor (TNF) were examined in mouse hearts (w24 weeks old, n ¼ 6). Fold change was

calculated for comparison. (C) Infiltrated neutrophils with positive immunohistochemical staining of antineutrophil–specific elastase were counted in mouse heart

sections (scale bar ¼ 20 mm, n ¼ 6). (D) Representative images of in situ neutrophil extracellular traps in mouse hearts were indicated by arrows to show coloc-

alization of deoxyribonucleic acid (40,6-diamidino-2-phenylindole [DAPI], blue), myeloperoxidase ([MPO], red), and citrullinated histone 3 ([Cit-H3], green) (scale

bar ¼ 20 mm). (E) The protein level of Cit-H3 was examined in mouse heart tissues (24 to 30 weeks old, n ¼ 6). Fold change was calculated for comparison. *p < 0.05,

compared with Ctrl mice. Abbreviations as in Figure 1.
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TABLE 1 The Clinical Characteristics of Patients With Lean Diabetic HFpEF and

Age-Matched Control Subjects Without HF

Control Subjects
(n ¼ 291)

Lean Diabetic HFpEF
(n ¼ 291) p Value

Demographics

Age, years 67.2 � 7.2 71.3 � 10.4 <0.001

Women 133 (46) 137 (47) 0.740

NYHA functional class <0.001

I 283 (98) 43 (16)

II 7 (2) 160 (58)

III 0 (0) 64 (23)

IV 0 (0) 7 (3)

Reduction in exercise tolerance 8 (3) 195 (67) <0.001

Systolic BP, mm Hg 138 � 20 134 � 24 0.042

Body mass index, kg/m2 24 � 3.8 25 � 3.0 0.020

Diabetes 33 (12) 291 (100) <0.001

LV dimensions

LVEDV, ml 83 (70, 101) 86 (66, 116) 0.27

IVSD, mm 9.0 (8.0, 10.0) 11.0 (9.0, 12.0) <0.001

PWTD, mm 9.0 (8.0, 10.0) 10.0 (9.0, 12.0) <0.001

LVMASS, g 142 (117, 170) 182 (141, 216) <0.001

LVMASSi, g/m2 85 (74, 101) 105 (88, 131) <0.001

RWT 0.37 (0.33, 0.43) 0.44 (0.38, 0.52) <0.001

LAVi, ml/m2 28 (24, 32) 34 (25, 46) <0.001

LVEF, % 64 (62, 67) 60 (55, 65) <0.001

Diastolic function

E wave, cm/s 66 (56, 77) 83 (66, 107) <0.001

A wave, cm/s 75 (61, 85) 85 (69, 99) <0.001

E medial, cm/s 6.0 (5.0, 7.1) 5.0 (4.0, 6.0) <0.001

E/e0 medial 11 (8.8, 13) 17 (13, 22) <0.001

E/e0 lateral 8.5 (6.8, 11) 12 (9.1, 16) <0.001

Values are mean � SD, median (interquartile range), or n (%). Depending on the types of data, Student’s t-test,
Wilcoxon rank sum test, or chi-square test for unpaired observations was applied and p values < 0.05 indicate
statistical significance.

BP ¼ blood pressure; HFpEF ¼ heart failure with preserved ejection fraction; IVSD ¼ interventricular septal
thickness in diastole; LAVi ¼ left atrial volume indexed to body surface area; LVEDV ¼ left ventricular end-
diastolic volume; LVEF ¼ left ventricular ejection fraction; LVMASS ¼ left ventricular mass; LVMASSi ¼ LV
mass indexed to body surface area; NYHA ¼ New York Heart Association; PWTD ¼ posterior wall thickness in
diastole; RWT ¼ relative wall thickness.
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interstitial fibrosis may lead to intrinsic LV stiffness
(Figure 6). Our murine HFpEF model is unique and
significant with the following features: 1) diabetic
animal without excessive weight gain; 2) concentric
LV hypertrophy, LV diastolic dysfunction, and LA
dilatation, associated with exercise intolerance and
raised natriuretic peptides, recapitulating human
HFpEF; 3) the LV hypertrophy occurred without an
increase in blood pressure; 4) the intrinsic HFpEF
features are advantageous for its utility as a preclin-
ical model, in that the model overcomes problems of
acute surgery insult, sudden onset of HF, deteriora-
tion of the LV systolic function, as well as the onco-
genic response of existing animal models (9,10). As
such, aged mice represent an ideal model of lean
diabetic HFpEF, which allows us to continue mecha-
nistic investigations through the multiorgan system
and test novel therapeutic interventions, which are
difficult to be carried out in human patients.

TITIN HYPERPHOSPHORYLATION AND INTERSTITIAL

FIBROSIS CONTRIBUTE TO DIASTOLIC STIFFNESS IN THE

SKO MICE. We unraveled that the post-translational
modification of titin and increased interstitial
fibrosis contributed to the diastolic stiffness of SKO
mice, both of which are likely driven by the hyper-
glycemia. First, evidence linking altered titin phos-
phorylation with HF has been proposed in HFpEF
patients (25). Recent studies have highlighted the
importance of residues within the PEVK domain and
N2-Bus as key targets of protein kinases in the regu-
lation of titin mechanical function (36). Of note,
hyperphosphorylation of human cardiac titin at
serine 12022 (serine 12884 in mice) has been identi-
fied in the human failing hearts (26). The PEVK spring
element is the critical site of PRKCA’s involvement in
passive myocardial stiffness. PRKCA-mediated phos-
phorylation at serine decreases persistence length of
the PEVK spring element, thus increasing the passive
tension of skinned myocytes from mouse and pig
hearts (27,28). Importantly, hyperglycemia can in-
crease the gene and protein level of PRKCA in
experimental diabetic pig and rat hearts (37,38),
which is in line with the increased cardiac PRKCA in
diabetic SKO mice. Second, changes in collagen con-
tent, geometry, and composition are associated with
abnormal diastolic function and frequently seen in
human HFpEF myocardium (25,29). The cardiac
collagen deposition was elevated in SKO mice from a
young age and increased with aging, in association
with progressive diastolic dysfunction. In SKO
myocardium, interstitial fibrosis was accompanied by
activation of cardiac fibroblasts, consistent with hu-
man patients. In HFpEF patients, fibroblasts are
presumed to convert to collagen-producing myofi-
broblasts because of exposure to TGF beta family and
myocardial inflammation (39), both of which were
elevated in SKO myocardium. Subsequently, we
sought the underlying basis for increased inflamma-
tory and fibrotic damage in the SKO mouse hearts. We
observed massive neutrophil infiltration as well as
NET formation in SKO myocardium. Hyperglycemia
triggers oxidative stress of neutrophils and directly
primes neutrophils to undergo NET and thereby
contributes to diabetic retinopathy (40) and impaired
wound healing (41). NET-derived components stim-
ulate human pulmonary fibroblasts to myofibroblasts
with elevated ACTA2 expression (42). The cytotoxic
histone and deoxyribonucleic acid bound to NET in-
duces organ fibrosis in aged mice (43). In addition,
NET license macrophages to turn on transcriptional



FIGURE 6 The SKO Mouse Is a Lean Diabetic Murine Model of HFpEF

The lean diabetic SKO mice recapitulate major clinical manifestations of heart failure with preserved ejection fraction (HFpEF), resembling

those observed in Asian populations, including LV concentric hypertrophy with preserved EF, increased left ventricular stiffness, and LA

dilatation associated with exercise intolerance. Both cellular (PRKCA-mediated hyperphosphorylation of titin at the PEVK spring elements) and

extracellular (reactive interstitial fibrosis) changes lead to left ventricular stiffness, and the latter is associated with massive neutrophil

infiltration and neutrophil extracellular traps (NET) in mouse heart tissues. The NET, cellular titin changes, and extracellular interstitial

fibrosis could be suggested as potential therapeutic targets in Asian HFpEF patients. Abbreviations as in Figures 1, 2, and 4.
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regulation of Il6 via toll-like receptor 2/4 in athero-
sclerosis (44). In the myocardium, the cytokines
further amplify their actions primarily through the
activation of JAK-STAT3 signaling. STAT3 is a ubiq-
uitous stress-activated transcription factor that reg-
ulates gene programs important for hypertrophy,
fibrosis, and inflammation (45). On cytokine binding
to the specific receptors, STAT3 is phosphorylated
and activated by JAK2 and then plays a crucial role in
the induction of hypertrophic genes (21,22,46). Our
findings show that SKO mice have cardiac inflamma-
tion, along with activated STAT3 signaling and in-
duction of Nppa and Acta1, thus supporting the
current recognition that comorbidity-driven inflam-
mation contributes to the cardiac hypertrophy and
adverse outcomes (47). As such, we suggest that NET
may be a potential therapeutic target to intervene in
inflammatory and fibrotic damage of SKO hearts. The
activated peptidyl arginine deiminase 4 (PADI4) pro-
motes citrullination of histone and allows decon-
densation of chromatin, a critical step for NET
formation (33). PADI4 inhibitor (Cl-amidine) blocks
NET formation and is successfully used to reduce
atherosclerosis burden (48) and rescue wound heal-
ing in diabetic mice (49). It is of significant interest to
examine whether Cl-amidine treatment produces
beneficial effects on our HFpEF mice in a
future study.
SKO MOUSE IS A UNIQUE LEAN DIABETIC HFpEF

MODEL. An important benefit of preclinical animal
models is the possibility to examine the contribution
of single comorbidity in isolation without confound-
ing risk factors, unlike clinical HFpEF patients
frequently bound with multiple comorbidities. In
terms of diabetic HFpEF models, so far, db/db mice
with leptin receptor deficiency have been proposed to
recapitulate multiple characteristics of clinical HFpEF
(10,50). However, some phenotypic differences be-
tween obese diabetic db/db mice and lean diabetic
SKO mice exist. Despite the presence of diastolic
dysfunction, adult db/db mice develop mild LV hy-
pertrophy, with only w15% higher LV mass than in
wild-type mice. Of note, adult db/db mice have
apparent LV dilatation, distinct from SKO mice. The
db/db mice also show evidence of cardiac fibrosis, but
cardiac fibroblast of db/db mice does not undergo
myofibroblast conversion (50). Another lean diabetic,
nonhypertensive rat model induced by streptozotocin
also shows diastolic dysfunction with increased ven-
tricular stiffness as well as cardiac fibrosis. However,
the LV eccentric hypertrophy and impaired contrac-
tile performance represent the major disadvantages
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of this animal model for lean diabetic HFpEF study
(51). Goto–Kakizaki rats display type 2 diabetes, salt-
sensitive hypertension, hypertrophic cardiomyopa-
thy, and cardiac fibrosis (52). However, there is little
evidence that Goto–Kakizaki rat may be a lean dia-
betic HFpEF model. It is likely that the etiological and
pathophysiological pathways are diverse among
these preclinical models, despite some common
clinical HFpEF features shared by animals. Thus, the
specific animal model may only resemble a certain
proportion of HFpEF patients. It is therefore impor-
tant to carefully select suitable preclinical models for
mechanistic investigation and therapeutic validation.
SKO MODEL IS CLINICALLY RELEVANT TO LEAN

DIABETIC HFpEF PATIENTS IN ASIA. We believe that
the current study is of particular relevance to Asian
populations, in that “pure” metabolic disturbances of
diabetes, without hypertension or obesity, may pro-
duce the HFpEF characteristics. The pan-Asian pro-
spective study demonstrates that lean diabetic
HFpEF patients, compared with other HF groups,
have the worst quality of life, more severe signs and
symptoms of HF, and the highest rate of the primary
combined outcome of death and HF hospitalization
(8). We further found that of 2,051 Asian patients with
both body mass index and waist measurements, there
was an inverse relationship between body mass index
and risk of the composite outcome (“obesity
paradox”); in contrast there was a direct relationship
between waist-to-height ratio and risk of the com-
posite outcome, suggesting that visceral adiposity
plays an important role. The lean-fat (low body mass
index but high waist-to-height ratio) patients had the
highest proportion of diabetes associated with greater
truncal obesity with overall sarcopenia (unpublished
data presented at the ESC Heart failure Congress
2018), reminiscent of our lipodystrophic diabetic
mouse model.

Moreover, the SKO model with uncontrolled hy-
perglycemia is clinically relevant, and appropriately
represents the true natural history of diabetic HFpEF
patients. Diabetic cardiomyopathy can manifest itself
either as a restrictive phenotype with HFpEF or as a
dilated phenotype with HF with reduced EF. The
HFpEF phenotype is very common and usually occurs
in patients with type 2 diabetes mellitus, whereas
dilated cardiomyopathy is rare, is mainly observed in
patients with type 1 diabetes mellitus. Accordingly,
hyperglycemia, hyperinsulinemia, and lipotoxicity
may predispose more to the HFpEF characteristics,
while autoimmune processes rather lead to the HF
with reduced EF features (53,54). In clinical HFpEF
patients, the prevailing hypothesis is that hypergly-
cemia triggers a systemic inflammatory state that
results in coronary microvascular endothelial
dysfunction, which alters paracrine signaling be-
tween endothelial cells and cardiomyocytes and al-
lows leukocytes to infiltrate the myocardium (5),
contributing to cardiomyocyte stiffness and hyper-
trophy. Leukocyte infiltration leads to activation of
myofibroblasts and interstitial collagen deposition.
This is particularly so in the presence of hyperglyce-
mia because cardiac PRKC activity is specifically
augmented with hyperglycemia, thus promoting
collagen production and deposition (55). These char-
acteristics are clearly evident in the current SKO
mice. Taken together, our SKO model represents a
novel and validated murine model with lean diabetic
HFpEF, which will bridge the large translation gap
between preclinical and clinical studies and help to
provide the more insightful understanding of the
pathogenesis of the disease.

STUDY LIMITATIONS. This study provides a vali-
dated murine model of lean diabetic HFpEF and
identifies underlying mechanisms. However, there
remain several limitations. The inherent lip-
odystrophic phenotype of animals does not
completely mimic the full spectrum of Asian patients’
characteristics. The functional consequences of mul-
tiple titin phosphosites in the HFpEF mouse hearts
remain unknown, and these consequences will likely
be the subject of future studies. Moreover, despite
the evidence supporting NET with pleiotropic effects
to induce inflammation and tissue fibrosis, it remains
to be conclusively demonstrated that NET are the
primary mechanism by which diabetic conditions
cause cardiac inflammation and fibrosis.

CONCLUSIONS

The lean diabetic SKO mice recapitulate major clinical
manifestations of Asian HFpEF patients. Our findings
help to clarify that diabetes, in the absence of obesity
or hypertension, produces multiple HFpEF charac-
teristics. Both cellular (PRKCA-mediated hyper-
phosphorylation of titin at the PEVK spring elements)
and extracellular (reactive interstitial fibrosis)
changes may lead to left ventricular stiffness, and the
latter is associated with massive neutrophil infiltra-
tion and NET. The NET, cellular titin changes, and
extracellular interstitial fibrosis may be potential
therapeutic targets in Asian HFpEF patients.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Lean

diabetes can produce the HFpEF characteristics, which

is likely dependent on changed titin homeostasis and

extracellular matrix fibrillar collagen. Both mecha-

nisms are commonly identified in HFpEF animals and

patients, suggesting that these could be potential

therapeutic targets for HFpEF, despite the clinical

etiologic heterogeneity.

TRANSLATIONAL OUTLOOK: Future research

should test whether inhibition of neutrophil-induced

myocardial inflammation and structural derangements

can achieve therapeutic improvement for lean diabetic

HFpEF in preclinical models and cohort studies.
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