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ORIGINAL RESEARCH

Interleukin- 1β Disruption Protects Male Mice 
From Heart Failure With Preserved Ejection 
Fraction Pathogenesis
Balaji K. Srinivas, PhD; Aya Bourdi, BS; Jacob D. O’Regan, BS; Kumar D. Malavalli, PhD;  
Nour- Eddine Rhaleb, PhD; Souad Belmadani, PhD; Khalid Matrougui , PhD

BACKGROUND: Heart failure with preserved ejection fraction (HFpEF) is a significant unmet need in cardiovascular medicine and 
remains an untreatable cardiovascular disease. The role and mechanism of interleukin- 1β in HFpEF pathogenesis are poorly 
understood.

METHODS AND RESULTS: C57/Bl6J and interleukin- 1β−/− male mice were randomly divided into 4 groups. Groups 1 and 2: C57/
Bl6J and interleukin- 1β−/− mice were fed a regular diet for 4 months and considered controls. Groups 3 and 4: C57/Bl6 and 
interleukin- 1β−/− mice were fed a high- fat diet with N[w]- nitro- l- arginine methyl ester (endothelial nitric oxide synthase inhibi-
tor, 0.5 g/L) in the drinking water for 4 months. We measured body weight, blood pressure, diabetes status, cardiac function/
hypertrophy/inflammation, fibrosis, vascular endothelial function, and signaling. C57/Bl6 fed a high- fat diet and N[w]- nitro- l- 
arginine methyl ester in the drinking water for 4 months developed HFpEF pathogenesis characterized by obesity, diabetes, 
hypertension, cardiac hypertrophy, lung edema, low running performance, macrovascular and microvascular endothelial dys-
function, and diastolic cardiac dysfunction but no change in cardiac ejection fraction compared with control mice. Interestingly, 
the genetic disruption of interleukin- 1β protected mice from HFpEF pathogenesis through the modulation of the inflammation 
and endoplasmic reticulum stress mechanisms.

CONCLUSIONS: Our data suggest that interleukin- 1β is a critical driver in the development of HFpEF pathogenesis, likely through 
regulating inflammation and endoplasmic reticulum stress pathways. Our findings provide a potential therapeutic target for 
HFpEF treatment.

Key Words: cardiac fibrosis ■ ER stress ■ HFpEF ■ inflammation ■ interleukin- 1β ■ vascular endothelial function

Heart failure with preserved ejection fraction (HFpEF) 
is a systemic multiorgan disease, with a signifi-
cant unmet need in cardiovascular medicine, and 

remains an untreatable cardiovascular disease. HFpEF 
prevalence is increasing, becoming the most common 
form of cardiovascular disease. HFpEF accounts for 
>50% of heart failure cases.1– 4 Understanding HFpEF 
will give us essential insights into the pathways and 
mechanisms of action involved in HFpEF pathogenesis. 
Almost all large- scale clinical trials to improve HFpEF 
have had neutral results.5,6 Thus, there is a critical and 
immediate need to delineate cellular and molecular 

mechanisms and identify treatable targets to rescue vas-
cular and cardiac function and structure in the setting of 
HFpEF pathogenesis. A significant number of patients 
with HFpEF harbor the comorbidities of hypertension 
and obesity with type 2 diabetes7,8 that result in chronic 
cardiometabolic- physical stress. Many drugs have been 
tested in clinical trials to improve HFpEF, but most re-
sults were unsatisfactory, suggesting that HFpEF is a 
complex cardiovascular disease.8 Conventional drugs 
against hypertension and diabetes do not have con-
sistent evidence of improvements in HFpEF- induced 
pathogenesis.8 Moreover, recent studies suggest that 
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myocardial stiffness, inflammation, and microvascular 
endothelial dysfunction contribute to HFpEF pathogen-
esis.9 Furthermore, high- mobility group protein B1 and 
mitochondrial hyperacetylation have been shown to 
contribute to HFpEF.10 Recently, Dr. Hill laboratory gen-
erated a new preclinical mouse model of HFpEF that 
recapitulates the most features of HFpEF in patients.11 
Using this new mouse model of HFpEF induced by a 
high- fat diet and N[w]- nitro- l- arginine methyl ester (L- 
NAME) in drinking water for 5 weeks, Hill reported that 
an increase in iNOS (inducible nitric oxide synthase) ex-
pression dysregulates the endoplasmic reticulum (ER) 

stress inositol- requiring enzyme 1(IRE1)α-  X- box binding 
protein 1 pathway as a mechanism in cardiomyocyte 
dysfunction.11 Inflammation has long been considered 
an essential contributing factor in cardiovascular dis-
eases. Our laboratory and others have previously re-
ported that inflammation induction, immune regulatory 
T cells, and dendritic cells are crucial factors in hyper-
tension-  and diabetes- induced cardiovascular complica-
tions.12– 16 Patients with HFpEF display signs of chronic 
inflammation, and recent reports showed elevated cir-
culating inflammatory biomarkers in HFpEF, such as 
CRP (C- reactive protein) and interleukin- 1.17,18 However, 
the role of interleukin- 1β in the development of HFpEF 
and cardiovascular complications still remains unknown. 
Therefore, in this study, we sought to determine the role 
and underlying mechanism of interleukin- 1β in HFpEF 
pathogenesis using C57/Bl6J and interleukin- 1β−/− male 
mice fed with and without a high- fat diet and L- NAME in 
the drinking water for 4 months to induce chronic HFpEF.

METHODS
Transparency and Openness Promotion 
Statement
The data supporting this study’s findings are available 
from the corresponding author upon reasonable request.

Mice
All the experimental procedures conformed to the 
National Institutes of Health Guide for the Care and 
Use of Laboratory Animals. The procedures followed 
were in accordance with institutional guidelines. The 
Institutional Animal Care and Use Committee at the 
Eastern Virginia Medical School (Norfolk, VA) approved 
the experimental procedures. Male C57BL/6J and 
interleukin- 1β−/− mice on the C57BL/6J background 
(8 weeks old) from Jackson Laboratory (Bar Harbor, 
ME) were housed in a temperature- controlled room 
(22 ± 1 °C) and exposed to 12 hours of the dark– light 
cycle with access to water and food.

HFpEF Induction
Group 1: C57BL/6J (n=5) and group 3: interleukin- 1β−/− 
male mice (n=5) were fed a regular chow research diet 
and considered as control groups. Research Diet for the 
high- fat diet (HFD) groups with L- NAME (50 mg/100 mL, 
pH 7.4, CAS number: 51298– 62- 5, Sigma- Aldrich) 
(group 2: C57BL/6J+HFD+L- NAME [n=5]; group 4: 
interleukin- 1β−/−+HFD+L- NAME [n=5]) was supplied in 
the drinking water for the 4 months, and these were 
considered the HFpEF mice. We changed the water 
with L- NAME every other day. At the end of the treat-
ment, mice were euthanized using isoflurane (5%) over-
dose, followed by heart excision when fully sedated.

RESEARCH PERSPECTIVE

What New Question Does This Study 
Raise?
• The study raises whether interleukin- 1β (IL- 1β) 

plays a critical role in developing heart failure with 
preserved ejection fraction (HFpEF) pathogenesis 
through regulating inflammation and endoplasmic 
reticulum stress pathways. The genetic disruption 
of IL- 1β protected mice from HFpEF pathogen-
esis. These findings offer a potential therapeutic 
target for HFpEF treatment, which is currently an 
unmet need in cardiovascular medicine.

What Question Should Be Addressed 
Next?
• The study raises whether interleukin- 1β (IL- 1β) plays 

a critical role in developing HFpEF pathogenesis 
through regulating inflammation and endoplasmic 
reticulum stress pathways. The genetic disruption 
of IL- 1β protected mice from HFpEF pathogenesis. 
These findings offer a potential therapeutic target 
for HFpEF treatment, which is currently an unmet 
need in cardiovascular medicine.

Nonstandard Abbreviations and Acronyms

COX2 cyclooxygenase- 2
eNOS endothelial nitric oxide synthase
ER endoplasmic reticulum
HFD high- fat diet
HFpEF heart failure with preserved ejection 

fraction
iNOS inducible nitric oxide synthase
IRE1 inositol- requiring enzyme 1
L- NAME N[w]- nitro- l- arginine methyl ester
MRAs mesenteric resistance arteries
NF- κB nuclear factor- κ B
TGF- β1 transforming growth factor beta 1
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Body Weight and Fasting Blood Glucose
We measured body weight in all groups of mice, and 
fasting blood glucose levels were measured at the end 
of the fourth month.

Glucose and Insulin Tolerance Test
For the HFpEF study, after 4 months, all mice were 
subjected to an intraperitoneal glucose tolerance test 
and insulin tolerance test.

Glucose Tolerance Test

Mice fasted overnight. Blood samples were obtained 
from the tail vein using an Ultra Touch glucometer 
(True Test Glucometer; NIPRO Diagnostics). Mice then 
received 2 g/kg D- glucose intraperitoneally, and tail 
vein lancing (using a small sterile needle) was used to 
draw the blood (≈2 μL) to determine the blood glucose 
levels. Blood glucose levels were measured with an 
Ultra Touch glucometer at 0, 10, 20, 30, 60, 90, and 
120 minutes after the glucose injection.

Insulin Tolerance Test

Mice were fasted for 6 hours and then injected with 1 U/
kg of insulin intraperitoneally. Using an Ultra Touch glu-
cometer, blood glucose level was then determined at 
0, 10, 20, 30, 60, and 90 minutes after insulin injection.

Echocardiography for HFpEF Study
Mice were anesthetized by 5% isoflurane and con-
firmed by lack of response to steady pressure on one 
of the hind paws. During echocardiography acquisi-
tion under body temperature- controlled conditions, 
isoflurane was reduced to 1% to 1.5% and adjusted 
to maintain a heart rate in the 415 to 460 beats/min 
range. Systolic ejection fraction and cardiac relaxation 
rate were measured in mice before and 4 months after 
HFD+L- NAME using an echocardiograph with a 15- 
MHz linear transducer (Acuson c256, Mountain View, 
CA).19,20

Tail Cuff Blood Pressure and Mice 
Preparation
Systolic blood pressure was measured noninvasively in 
conscious mice using the CODA tail- cuff blood pres-
sure system15 (Kent Scientific, Torrington, CT). Animals 
were placed in individual holders on a temperature- 
controlled platform (37 °C), and recordings were per-
formed under steady- state conditions. Before testing, 
all mice were acclimated to systolic blood pressure 
measurements. During the HFD and L- NAME period, 
systolic blood pressure was measured once a month 
for 4 months. Arterial blood pressure measurements 
were performed at the same time of the day (between 

9 am and 11 am) to avoid influence from the circadian 
cycle. The value of systolic blood pressure was obtained 
by estimating the average of 8 successful measure-
ments. At the end of the fourth month, we euthanized 
the mice and harvested blood and tissues (heart, lung, 
kidney [left and right], mesenteric resistance arteries 
[MRAs], and thoracic aorta). Tibia length was used to 
determine organ hypertrophy. All the harvested tis-
sues were immediately placed in cold PSS solution 
(NaCl 118 mmol/L; KCl 4.7 mmol/L; CaCl2 2.5 mmol/L; 
KH2PO4 1.2 mmol/L; MgSO4×7H2O 1.2 mmol/L; 
NaHCO3 25 mmol/L and glucose 11 mmol/L, pH=7.4) 
and processed appropriately for further studies. Blood 
samples were centrifuged at 24 147 g for 5 minutes 
at 4 °C to obtain plasma and immediately stored at 
−80 °C. Fixed heart, lung, kidney, and MRAs were also 
used to determine the fibrosis.

Exercise Exhaustion Test
After 3 days of acclimatization to treadmill exercise, 
an exhaustion test was performed in the experimental 
groups of mice. Mice ran (flat 180°) on the treadmill 
(Ugo Basile SRL, Model 47300- 001, Italy), starting at a 
warm- up speed of 5 m/min for 4 minutes, after which 
the rate was increased to 14 m/min for 2 minutes. Every 
next 2 minutes, the speed was gradually increased by 
2 m/min until the mouse was exhausted. Exhaustion 
was defined as the inability of the mouse to return 
to running within 10 seconds of direct contact with 
an electric- stimulus grid, and running distance was 
calculated.

Resistance and Conductance Artery 
Endothelial Function
MRAs and aorta reactivity in all groups of mice was eval-
uated as previously reported.15,21 The MRAs and aorta 
from all groups of mice were immediately placed in cold 
PSS solution, carefully cleared of perivascular fat and 
connective tissue, and cut into rings (2 mm in length). The 
arteries were mounted in small vessels in a dual- chamber 
myograph (DMT myograph; AD Instruments Ltd., Oxford, 
UK) for measurement of isometric tension. After 30 min-
utes equilibration period in PSS solution bubbled with 
CO2 at 37 °C (pH=7.4), arteries were stretched to their 
optimal lumen diameter for active tension development. 
After 1 hour of incubation time, artery rings were precon-
stricted with phenylephrine (10−8– 10−4 M) (Sigma- Aldrich 
P6126- 50G, CAS 61- 76- 7), and when a steady maximal 
contraction was reached, cumulative dose- response 
curves were obtained for acetylcholine (10−8– 10−4 M) 
(Sigma– Aldrich, A6625- 25G, Lot#BCBH3758V) and 
sodium nitroprusside (10−8– 10−4 M) (Sigma– Aldrich, S- 
0501, lot 81K3688). To determine the impact of inflamma-
tion and ER stress pathways on endothelial cell function, 
we performed experiments in which we isolated arteries 
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from each group and then incubated them with iNOS 
inhibitor (L- NIL hydrochloride [N6- (1- Iminoethyl)- L- lysine 
hydrochloride]; CAS number: 150403– 89- 7, TOCRIS), 
dose 10 μmol/L and cyclooxygenase- 2 (COX2) inhibitor 
(NS398 [N- (2- Cyclohexyloxy- 4- nitrophenyl)] methane-
sulfonamide; CAS number:123653- 11- 2, TOCRIS, dose 
10 μmol/L). After 30 minutes of incubation, we performed 
vascular contraction to phenylephrine and relaxation 
to acetylcholine and sodium nitroprusside on precon-
tracted MRAs.

Measurement of Nitrate
The amounts of nitrate, the breakdown product of ni-
tric oxide, were measured in the urine samples from 
all groups of mice using the nitrate assay kit (Cayman 
Chemicals, number 780001, batch 0600896) accord-
ing to the manufacturer’s protocol.

Interleukin- 1β in Mouse Plasma
The amount of interleukin- 1β was measured in the 
plasma samples from all groups of mice using the 
mouse interleukin- 1β ELISA kit according to the manu-
facturer’s protocol (ref: BMS6002, lot 308580– 002, 
Invitrogen). Optical density at 450 nm was used to cal-
culate the concentration of interleukin- 1β in the sam-
ples, and results were expressed as pg/mL.

Measurement of Mouse Plasma Insulin
The quantitative determination of insulin level in mouse 
plasma was measured from all groups of mice using 
the mouse insulin ELISA kit according to the manu-
facturer’s protocol. (Mercodia Mouse Insulin ELISA; ref: 
10- 1247- 01, lot 29267). Optical density at 450 nm was 
used to calculate insulin concentration in the samples, 
and results were expressed as μg/L.

p65– Nuclear Factor- Kappa B Activity in 
Heart Tissues
ELISA- based estimations of the levels of p65– nuclear 
factor- kappa B (NF- κB), a critical regulator of inflam-
mation, were recorded. The assessment protocol was 
followed per the manufacturer’s protocol (p65– NF- κB, 
number NBP2- 2966, Novus Biologicals). Optical den-
sity at 405 nm was used to calculate the concentration 
of protein present in the samples, and the results were 
represented as ng/mL protein.

Transforming Growth Factor Beta 1 in 
Mouse Plasma
The amount of transforming growth factor beta 1 
(TGF- β1) was measured in the plasma samples from 
all groups of mice using the mouse TGF- β1 ELISA kit 
according to the manufacturer’s protocol (Invitrogen, 

number BMS608- 4). Optical density at 450 nm was 
used to calculate the concentration of TGF- β1 in the 
samples, and results were expressed as pg/mL protein.

Picrosirius Red Staining
Picrosirius Red staining was carried out to determine 
collagen deposition on the heart and aorta from all 
the groups of mice. Paraffin- embedded specimens of 
selected tissues were cut 4-  to 5- μm thick; deparaffi-
nized samples were rinsed with Milli- Q water 3 times. 
The paraffined samples were then incubated with the 
Picrosirius Red as per the manufacturer’s protocol de-
tailed in the kit (Novaultra Sirius Red STAIN Kit; catalog 
number: NC0249910). Finally, samples were dehy-
drated, mounted, and observed under the brightfield 
microscope (×20) (Olympus, IX73 U- TB190, Japan).

Quantitative Polymerase Chain Reaction
Total RNA isolated from C57BL/6J, C57BL/6J+HFD+L- 
NAME, interleukin- 1β−/−, and interleukin- 1β−/−+HFD+L- 
NAME male heart using MagMAX Total RNA Isolation kit 
(ref: AM1830, Lot 01257092; Thermo Fisher Scientific). 
RNA was reverse- transcribed using the High- Capacity 
cDNA Reverse Transcription kit (I script; Bio- Rad, num-
ber 1708840) following the manufacturer’s instructions. 
Quantitative polymerase chain reaction was carried out  
using TaqMan Fast Advanced Mix (catalog number 
4444556) with specific probes for the amplification for  
activating transcription factor 6 (Mm01295319_
m1#PN2034377), protein kinase– like endoplasmic re-
ticulum kinase (Eit2aK3Mm00438700_m1#PN435137), 
CCAAT/enhancer- binding protein (Ddit307294308_
m1#PN4351370), IRE1 (Ern1 Mm00470233_
m1#PN4351370), COX2 (Mm03294838_g1#4331182), 
iNOS (Mm00440502_m1 #PN4351370), and GAPDH 
(Mm99999915_g1#PN1996679). GAPDH was used for 
normalization. The relative mRNA expression was cal-
culated using the 2−ΔΔCT method.

Western Blot Analysis
Western blot was used to identify specific proteins 
in lysates of mice MRA tissue as previously de-
scribed.12,15,22 The MRAs were isolated from all groups of 
mice and immediately stored at −80 °C. Tissue lysates 
were prepared by homogenization with an electrical 
homogenizer after adding ice- cooled tissue- protein ex-
traction reagent (T- PER, Thermo Fisher; lot: WE320059, 
catalog number 78510), sonicated for 5 seconds, and 
centrifuged for 20 minutes at 24 147 g. Protein quantifi-
cation was performed according to Pierce BCA Protein 
Assay Kit (product number 23225). We used specific 
antibodies against endothelial nitric oxide synthase 
(eNOS; Cell Signaling, D9A5L rabbit monoclonal anti-
bodies; number 32027), phospho- eNOS (Ser1177; Cell 
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Signaling [C9C3] rabbit monoclonal antibodies, 9570), 
iNOS (Proteintech, number 18985- 1- AP), anti- COX2 
(Cayman; aa 584– 598, number 160126), NLR fam-
ily pyrin domain containing 3/Nacht leucine- rich re-
peat protein 3 (Novus Biotech; number NBP2- 12446), 
X- box binding protein 1 (Abcam; number ab238456), 
anti– CCAAT/enhancer- binding protein (Cell Signaling; 
L63F7 mouse monoclonal antibodies number 2895), 
IRE1 (Abcam; number ab37073, lot GR3354835- 4), ac-
tivating transcription factor 6 (Abcam; number ab37149, 
lot GR3353621- 3), and beta- actin (Santa Cruz; number 
SC47778). All dilutions were prepared according to 
the manufacturer’s recommendation. The membranes 
were developed using the Odyssey imaging system 
LICOR, and the bands were quantified.

Statistical Analysis
Data are expressed as mean±SEM. Statistical calcula-
tions for significant differences were performed using 
1- way or repeated- measure 2- way ANOVA plus Tukey’s 
post hoc test for multiple comparisons as appropriate 
in all experiments. Comparisons were considered sta-
tistically significant when P<0.05. Statistical analyses 
were conducted using Prism version 9.5 (GraphPad 
Software).

RESULTS
Our data illustrated that C57/Bl6J male mice fed an 
HFD and L- NAME in the drinking water for 4 months 
develop HFpEF characterized by hypertension, obe-
sity/type 2 diabetes, diastolic dysfunction, no change 
in cardiac ejection fraction, low exercise performance, 
glucose metabolism dysregulation, cardiac hyper-
trophy, lung edema, kidney weight, and insulin- level 
increase compared with C57/Bl6J and interleukin- 1β−/− 
male mice fed regular chow for 4 months (Figure  1). 
Interestingly, our data uncovered that interleukin- 1β−/− 
male mice are protected from HFpEF pathogenesis 
induced by an HFD and L- NAME in the drinking water 
for 4 months (Figure 1). Remarkably, after 4 months of 
an HFD and L- NAME, interleukin- 1β−/− male mice did 
not develop hypertension and obesity/type 2 diabetes. 
Instead, they displayed improved cardiac relaxation 
function, exercise performance, and glucose metabo-
lism (Figure 1). These data indicate the significant im-
pact of interleukin- 1β in the development of HFpEF.

It is well known that HFpEF is associated with vascular 
endothelial dysfunction. Our data showed endothelial 
dysfunction of large and resistance arteries (aortas and 
MRAs) in C57/Bl6J male mice fed an HFD and L- NAME 
compared with C57/Bl6J and interleukin- 1β−/− male 

Figure 1. Heart failure with preserved ejection fraction (HFpEF) induction.
C57/Bl6J (C57) male mice fed a high- fat diet (HFD) and N[w]- nitro- l- arginine methyl ester (L- NAME) for 4 months developed HFpEF 
characterized by increased systolic arterial blood pressure (A); reduced cardiac relaxation but no change in cardiac ejection fraction, and 
reduced running distance; (B) impaired glucose and insulin metabolism (C); and increase in insulin level, heart, lung, and kidney weight 
(D) compared with male interleukin- 1β−/− mice fed HFD and L- NAME for 4 months. Results are presented as mean±SEM. Repeated- 
measure 2- way ANOVA followed by Tukey’s multiple comparisons post hoc test was applied for (A). One- way ANOVA followed by Tukey’s 
multiple comparisons test for (B through D). ns indicates not significant; and SBP, systolic blood pressure. *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001 for C57BL/6J vs C57/Bl6+HFD+L- NAME, vs interleukin- 1β (IL- 1 β) −/− vs IL- 1β−/−+HFD+L- NAME; (n=5).
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mice fed regular chow for 4 months (Figure 2). The in-
cubation of the arteries with iNOS or COX2 inhibitors 
(L- NIL hydrochloride and NS398, respectively) sig-
nificantly improved vascular endothelium- dependent 
relaxation (Figure 2). Notably, the endothelial function 
was not impaired in large and resistance arteries from 
interleukin- 1β−/− male mice fed an HFD and L- NAME in 
the drinking water for 4 months (Figure 2). Nitric oxide 
donor- induced endothelium- independent relaxation 
and phenylephrine- induced contraction were normal 
in groups fed an HFD and L- NAME (Figure 2). These 
data signify that HFpEF compromises the endothelial 
function rather than the response of vascular smooth 
muscle cells to nitric oxide.

Western blot analysis and kit assays show a de-
crease in eNOS phosphorylation and nitrate level in 
urine from male C57/Bl6J mice fed an HFD and L- NAME 
in the drinking water for 4 months compared with male 
C57/Bl6J and interleukin- 1β−/− mice fed regular chow 
for 4 months (Figure  3A and 3B). Interestingly, eNOS 
phosphorylation and nitrate level were unaffected in 
interleukin- 1β−/− male mice fed an HFD and L- NAME 
(Figure 3A and 3B).

Inflammation and ER stress are essential to cardio-
vascular complications. Here, we showed inflamma-
tion and ER stress induction in MRAs, indicated by the 
increase in inflammatory markers (iNOS, COX2, NLR 
family pyrin domain containing 3, NFκB, and interleu-
kin- 1β) and an increase in ER stress markers (CCAAT/
enhancer- binding protein, activating transcription fac-
tor 6, IRE1, protein kinase– like endoplasmic reticulum 
kinase), in C57/Bl6J male mice fed a high- fat diet and 
L- NAME in the drinking water for 4 months compared 
with C57/Bl6J and interleukin- 1β−/− male mice fed 
regular chow for 4 months (Figure 4). Interestingly, in-
flammation and ER stress inductions were blunted in 
interleukin- 1β−/− male mice fed an HFD and L- NAME 
in the drinking water (Figure 4). On the other hand, our 
data show that ER stress splicing X- box binding pro-
tein 1 expression is decreased in C57/Bl6 subjected 
to a high- fat diet and L- NAME compared with interleu-
kin- 1β knockout mice (Figure 4).

It is well established that hypertension and meta-
bolic diseases are associated with tissue fibrosis. In our 
model, we observed cardiac fibrosis and an increase 
in TGFβ1 level in C57/Bl6J male mice fed an HFD and 

Figure 2. Mesenteric resistance artery (MRA) and thoracic aorta reactivity.
Showing contractility in response to sympathetic stimulation (phenylephrine [PE]) and endothelium- dependent and - independent 
relaxation in response to acetylcholine (ACh) and sodium nitroprusside (SNP) in C57BL/6J (C57), C57+high- fat diet (HFD)+N[w]- nitro- 
l- arginine methyl ester (L- NAME), interleukin- 1β−/− (IL- 1β−/−), and interleukin- 1β−/−+HFD+L- NAME male mice MRAs (A, B, E, F) and 
aortas (C, D, G, H). MRA and aorta reactivity was also assessed in all groups of mice in the presence of inducible nitric oxide synthase 
(iNOS) inhibitor (L- NIL- hydrochloride) and cyclooxygenase- 2 (COX2) inhibitor (NS 398) (A through H). *P<0.05 for C57/Bl6+HFD+L- 
NAME, vs C57. One- way ANOVA followed by Tukey’s post hoc test was applied. *P<0.05 for C57 vs C57+HFD+L- NAME, vs IL- 1β−/− vs 
IL- 1β−/−+HFD+L- NAME; (n=5).
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L- NAME in the drinking water for 4 months compared 
with C57/Bl6J and interleukin- 1β−/− male mice fed reg-
ular chow and interleukin- 1β−/− male mice fed an HFD 
and L- NAME (Figure 5A and 5B).

DISCUSSION
HFpEF is a multifactorial disease characterized by car-
diac diastolic relaxation dysregulation and vascular 
dysfunction with a major unmet need in cardiovascular 
medicine and remains untreatable. HFpEF prevalence 
is increasing and has become the most common form 
of heart failure due to the complications of the cardio-
vascular system. Understanding HFpEF pathogenesis 
will give us essential insights into the pathways and 
mechanisms of action involved in HFpEF. Inflammation 
has been considered a significant contributor to cardi-
ovascular diseases for a long time. Patients with HFpEF 
show signs of chronic inflammation, and recent reports 
also showed elevated circulating inflammatory bio-
markers in HFpEF, such as CRP and interleukin- 1β.17,18 

In other animal models of HFpEF generated by a long- 
term HFD and desoxycorticosterone pivalate or high- 
salt diet for 28- weeks, the authors showed an increase 
in interleukin- 1β associated with an exacerbation of mi-
tochondrial hyperacetylation.23

It is well established that systemic inflammation is 
a significant culprit in cardiovascular disease develop-
ment, including HFpEF.24,25 Clinical trials reported that 
an interleukin- 1β blockade in patients with obesity with 
HFpEF reduced N- terminal pro- B- type natriuretic pep-
tide levels and improved exercise training.26,27 However, 
recent clinical studies with anti- inflammatory agents have 
shown negative outcomes in patients with HFpEF.26,27 In 
the present study, we aimed to determine the significant 
impact of interleukin- 1β in HFpEF pathogenesis using 
the genetic approach by deleting the interleukin- 1β gene. 
Our data uncovered a substantial role of interleukin- 1β 
in HFpEF pathogenesis. Notably, male mice lacking the 
gene encoding for interleukin- 1β (interleukin- 1β−/− mice) 
are protected from HFpEF pathogenesis induced by an 
HFD and L- NAME in drinking water for 4 months, indi-
cating that interleukin- 1β is an essential mechanism in 

Figure 3. Western blot analysis and nitrate/nitrite levels.
Western blot analysis and cumulative data for phosphorylated endothelial nitric- oxide synthase (P- eNOS) in mesenteric resistance 
arteries (MRAs) isolated from C57/BL6J (C57), C57/BL6J+high- fat diet (HFD)+N[w]- nitro- l- arginine methyl ester (L- NAME), interleukin- 
1β−/− (IL- 1β−/−), and IL- 1β−/−+HFD+L- NAME male mice (n=5) (A) and nitrate/nitrite level in the urine (B) from all groups of mice. One- way 
ANOVA followed by Tukey’s multiple comparisons post hoc test was applied for (A and B). *P<0.05, ****P<0.0001 for C57BL/6J vs C57/
Bl6+HFD+L- NAME; (n=5). ns indicates not significant; and T- eNOS, total nitric oxide synthase.
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the development of HFpEF. Our data suggest that inter-
leukin- 1β is a potential therapeutic target to prevent and 
cure HFpEF pathogenesis.

Most patients with HFpEF harbor the morbidity of 
hypertension and obesity/type 2 diabetes/metabolic 
syndrome diseases.7,8 Our preclinical mouse model 
of HFpEF recapitulates most of the clinical features of 
HFpEF in patients.11 Using an HFD and L- NAME in the 
drinking water for 4 months, the C57/Bl6 male mice 
developed HFpEF, while interleukin- 1β−/− male mice 
were protected, including the recovery of micro-  and- 
macrovascular endothelial function. Interestingly, the 
deletion of interleukin- 1β protected the function and 
structure of the cardiovascular system. Thus, vascular 
endothelial function and eNOS phosphorylation were 
not impaired in interleukin1β−/− male mice fed an HFD 

and L- NAME for 4 months. The protection of endothe-
lial function could result from combining many factors, 
including reducing inflammation and ER stress in the 
aorta and MRAs. How the deletion of interleukin- 1β 
reduces ER stress and inflammasome in HFpEF is 
still unknown. It has been shown previously that rats 
treated with L- NAME for 3 weeks exhibited reduced 
flow– induced dilation in mesenteric arteries, restored 
when treated with quinapril.28 Moreover, as previously 
reported, in MRAs, there is the possibility of a switch 
of vasodilators involved in the endothelium- dependent 
relaxation that favors prostaglandin factors.28 We also 
revealed that disrupting interleukin- 1β blunted the in-
duction of inflammation, ER stress, and cardiac and 
artery fibrosis and protected the metabolism from dys-
regulation. More importantly, interleukin- 1β improved 

Figure 4. Western blot, quantitative polymerase chain reaction, nuclear factor- κ B (NF- κB/p65B), and interleukin- 1β (IL- 1β) analysis.
Western blot analysis and cumulative data in mesenteric resistance arteries (MRAs) for COX2 (cyclooxygenase- 2), iNOS (inducible 
nitric oxide synthase), NLRP3 (NLR family pyrin domain containing 3), and Xbp1s (X- box binding protein 1 spliced) (A) and mRNA 
level of iNOS and COX2 (B). Cardiac NF- κB activity and IL- 1β level in the plasma in all the groups of mice (C). Western blot analysis 
and cumulative data in MRAs for endoplasmic reticulum (ER) stress CHOP (CCAAT/enhancer- binding protein), ATF- 6 (activating 
transcription factor 6), and IRE1 (inositol- requiring enzyme 1) (D). Cardiac ER stress mRNA of PERK (protein kinase– like endoplasmic 
reticulum kinase), CHOP, IRE1, and ATF6 (E). One- way ANOVA followed by Tukey’s multiple comparisons post hoc test was applied 
for (A) through (E). ****P<0.0001 for C57BL/6J vs C57/Bl6+HFD+L- NAME; (n=5). ns indicates not significant.
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exercise tolerance, which is critical because limited ex-
ercise tolerance is a hallmark feature of HFpEF.29

The reciprocal interactions and mechanisms be-
tween inflammation and ER stress should be under-
stood. Our data illustrated that deletion of interleukin- 1β 
blunted the induction of inflammation and ER stress in 
response to the HFD and L- NAME. The results indicate 
that interleukin- 1β, one of the inflammatory markers, 
controls the inflammatory markers (iNOS, Cox2, NF- κB, 
and inflammasome NLR family pyrin domain containing 
3) and ER stress markers (protein kinase– like endoplas-
mic reticulum kinase/CCAAT/enhancer- binding protein, 
IRE1, and activating transcription factor 6). Our data also 
showed that X- box binding protein 1 level was reduced 
in male C57/Bl6J mice with HFpEF compared with C57/
Bl6J without HFpEF and male interleukin- 1β−/− mice with 
and without HFpEF. These data are in accordance with 
a previous study reporting similar data.11 Previous stud-
ies reported that inhibition of interleukin- 1β in vivo pro-
tected lungs from inflammation and improved survival 
in mice challenged with fatal influenza viral infection.30 

Another study showed that neutralizing interleukin- 1β 
increases anti- inflammatory interleukin- 10 plasma lev-
els,31 that could reduce inflammation and protect from 
HFpEF pathogenesis. A different study reported that 
neutralizing interleukin- 1β improved cardiac remodeling. 
Still, it did not affect inflammasomes in hearts subjected 
to myocardial infarction,32 while our research found that 
inflammasome (NLR family pyrin domain containing 3) 
was reduced in male interleukin- 1β−/− mice subjected to 
an HFD and L- NAME for 4 months. The difference could 
be related to the approach of targeting interleukin- 1β 
and the duration of the treatment.

The inflammation is a very complex process; we still 
do not know how interleukin- 1β levels are increased 
in cardiovascular diseases such as HFpEF. Further 
studies are needed to uncover the first events in the 
induction of interleukin- 1β in cardiovascular diseases. 
Other investigators and we reported that ER stress is 
involved in cardiovascular diseases.14,33– 35 Our data il-
lustrate that disruption of interleukin- 1β prevented ER 
stress induction in the MRAs, aorta, and heart. These 

Figure 5. Cardiac fibrosis and TGF- β1 (transforming growth factor beta 1) analysis.
Picrosirius red staining on heart sections from C57/BL6J (C57), C57/BL6J+high- fat diet (HFD)+N[w]- nitro- l- arginine methyl ester 
(L- NAME), interleukin- 1β (IL- 1β−/−), and IL- 1β−/−+HFD+L- NAME male mice (A) and TGF- β1 level in the plasma (B). One- way ANOVA 
followed by Tukey’s multiple comparisons post hoc test was applied for (B). ****P<0.0001 for C57/BL6J vs C57/Bl6+HFD+L- NAME; 
(n=5). ns indicates not significant.
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studies suggest that interleukin- 1β directly or indirectly 
regulates ER stress induction. A previous study showed 
that ER stress inhibition with tauroursodeoxycholic acid 
reduced interleukin- 1β levels and p65– NF- κb in the 
brains of mice with heart failure,36 which suggests that 
ER stress regulates inflammation. In another study, in-
terleukin- 1β promoted ER stress induction in diabetic 
cardiomyopathy, indicating that ER stress induction is 
dictated by interleukin- 1β.37 All these data support that 
a potentially vicious cycle exists between interleukin- 1β 
and ER stress induction. It is also well established that 
cardiovascular fibrosis is a feature of HFpEF.

Our study demonstrated that disruption of interleu-
kin- 1β blunted the induction of cardiac and vascular fi-
brosis and TGFβ1- level increase. At this stage, we do not 
know whether interleukin- 1β is directly or indirectly, likely 
through ER stress or other inflammatory factors such as 
NF- κB, iNOS, or COX2, involved in fibrosis. Supporting 
our data, a previous study reported that interleukin- 1β is 
involved in cardiac fibrosis through fibroblasts.38 Whether 
through ER stress or other inflammatory factors like NF- 
κB, iNOS, or COX2, we still do not know if interleukin- 1β 
is directly or indirectly involved in fibrosis.39– 41

CONCLUSIONS
Our study highlighted the significant role of interleukin- 1β 
in regulating arterial blood pressure, vascular endothe-
lial function, inflammation, ER stress, and fibrosis in the 
setting of HFpEF pathogenesis. Therefore, modulating 
interleukin- 1β could be a potential therapeutic strategy 
for HFpEF pathogenesis.
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