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Abstract

Aims Targeting inflammasomes in heart failure (HF) might represent a novel therapeutic option. Nevertheless, previous
studies focused only on myocardial inflammasome alterations, and data are scarce regarding their regulation and role in
HF-associated multiorgan dysfunction. Therefore, we aimed to determine the myocardial, pulmonary, hepatic and renal
expression of various inflammasome components in a rat model of advanced HF.
Methods and results Rats underwent transverse aortic constriction (TAC) and were followed-up for 15 weeks. Animals fea-
turing two to three clinical signs of advanced HF were included in the TAC-HF group (n = 6). TAC rats with mild HF were also
investigated (0–1 signs, TAC-M group, n = 6). Six sham-operated animals served as controls. The expressions of inflammasome
component proteins in left ventricle (LV), right ventricle (RV), lung, liver and kidney tissue were measured with Western blot.
Despite the differences between the clinical state of the TAC-HF and TAC-M groups, severe cardiac dysfunction and myocardial
remodelling developed in all TAC animals. Absent in melanoma 2 (AIM2) and NLR family CARD domain-containing protein 4
(NLRC4) inflammasome sensors were up-regulated in both the LV and RV of the TAC-HF group compared with sham. AIM2
and NLR family pyrin domain-containing protein 3 (NLRP3), but not NLRC4 expression were elevated in the lungs of the
TAC-HF animals. Additionally, pulmonary congestion and CD68-positive leukocyte infiltration were observed in both TAC
groups. Inflammasome components were down-regulated in the liver and remained unchanged in the kidneys of the
TAC-HF group, despite the presence of renal atrophy and fibrosis. Inflammasome changes were predominantly absent in
TAC-M animals.
Conclusions Inflammasome expression shows distinct patterns in specific organs in advanced HF. Future studies aiming to
antagonize inflammation in HF should take these findings into consideration.

Keywords Absent in melanoma 2; Advanced heart failure; End-organ damage; NLR family CARD domain-containing protein 4; NLR
family pyrin domain-containing protein 3; Inflammasome
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Introduction

Despite the rapidly developing therapeutic options over the
past decades, the incidence and mortality of heart failure

(HF) still remain high in the general population.1 Advanced
HF—a clinical state with refractory symptoms despite optimal
medical therapy—has especially poor prognosis.2 Advanced
HF can often culminate into multiorgan dysfunction as well.2
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The impairment of extracardiac organs can drive the clinical
progression independently of cardiac function, thus
impacting long-term survival and limiting therapeutic
options.3,4 The interplay of the heart and other organs in
HF is still under extensive investigations. Pathological haemo-
dynamic conditions lead to the congestion and/or hypoperfu-
sion of end-organs, which initiates several intertwining mal-
adaptive mechanisms.5 One of the best characterized
among them is neurohormonal activation, which includes in-
creased sympathetic tone and the stimulation of the renin-
angiotensin-aldosterone system.6 Current pharmacological
therapy of HF with reduced ejection fraction (HFrEF) aims
to mitigate these alterations predominantly.

Besides neurohormonal changes, elevated levels of
inflammatory markers are long-known characteristics of HF
as well.7,8 All recent evidence points in the direction that
systemic inflammation is not only a response to injury in HF
but also a causative factor of further decline.9 In preclinical
settings, therapeutic targeting of inflammation in HF has
been found to successfully improve survival.10 Most clinical
trials on larger sample sizes however, failed to replicate these
results.11,12 The only promising direction seems to be the
antagonization of interleukin-1 beta (IL-1β), based on the
favourable cardiovascular outcomes of the CANTOS trial and
its substudies.13–15 On the other hand, IL-1β blockade also in-
creased the incidence of fatal infections, and all-cause
mortality was eventually unchanged in the study population.
This suggests the need for a more specific intervention in the
complex inflammatory processes. IL-1β is activated exclu-
sively through the inflammasome pathway.16 Inflammasomes
are intracellular pathogen- or danger-sensing multiprotein
complexes of the innate immune system, expressed most
abundantly by monocytes/macrophages.17 Multiple inflam-
masome receptor proteins exist, each of them responds to
different types of molecular patterns.17 Besides the diverse
sensors, all types of inflammasomes include a common
adapter molecule (apoptosis-associated speck-like protein
containing a CARD, ASC) and activate caspase-1 finally.17

Gasdermin D (GSDMD), IL-1β and interleukin-18 (IL-18) are
the downstream targets of caspase-1.17

Because several upstream inflammasome sensors that
respond to different stimuli exist, modulating them would
be a feasible alternative therapeutic approach. Numerous ex-
periments in the cardiovascular field—including HF—confirm
this notion.18,19 Dapansutrile, a selective oral inhibitor of NLR
family pyrin domain-containing protein 3 (NLRP3), has shown
promising results in a phase 1B clinical trial on HFrEF
patients.20 The role of inflammasomes is well-established in
various types of extracardiac organ dysfunction as well.21,22

Cytokines and inflammasomes were also examined in certain
organ interactions accompanying HF.23–25 However, the
expression of inflammasomes in advanced HF-associated
multiorgan failure has not been comprehensively character-
ized yet.

Our study aimed to characterize the left- and right ventric-
ular (LV and RV, respectively) and extracardiac (lung, kidney
and liver) expression of relevant inflammasome elements in
a rat model of pressure overload-induced HF. In this regard,
we intended to compare the advanced, symptomatic and
the asymptomatic HF phenotypes in an otherwise similar
population.

Methods

See the extended version of the description of experimental
materials and methods in Section S1 and Tables S1 and S2.

Ethical approval

The experimental animals (male Wistar rats, 50–75 g) were
treated according to the ‘Principles of Laboratory Animal
Care’ established by the National Society for Medical
Research and the ‘Guide for the Care and Use of Laboratory
Animals’ prepared by the Institute of Laboratory Animal Re-
sources and published by the US National Institutes of Health
(NIH Publication no. 86-23, revised 1996). The investigation
conforms to the EU Directive (2010/63/EU). Approval for
the study was obtained from the animal ethics committee
of Semmelweis University, Budapest, Hungary (PEI/001/
2374-4/2015). The results are interpreted in accordance with
the Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines.

Transverse aortic constriction model

After a one-week long acclimatization period, rats underwent
transverse aortic constriction (TAC) surgery, as described
elsewhere.26 In short, left anterolateral thoracotomy was
performed under isoflurane anaesthesia. The aorta was con-
stricted to a size of a 21-gauge needle between the brachio-
cephalic trunk and the left common carotid artery. The sham
operation was identical to the TAC surgery, except the aortic
constriction step of the protocol.

Experimental groups and study design

Based on previous experience with the model, we expected
advanced HF to develop in at least a subset of animals by
the 16th week post-TAC operation.26 Ultimately, some
animals progressed to cardiac decompensation and were
terminated earlier. The median follow-up time was 15 weeks,
with a range of 14 to 16 weeks. As the focus of this study is
advanced HF as a clinical state (which is often independent
of cardiac function), we applied a simple scoring method at
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the end of the follow-up period to form our three study
groups from the TAC- and sham-operated rats (see Table Ma-
terial 1.3. and Table S1).

In vivo measurements and tissue collection

At the end of the follow-up period, echocardiography and LV
pressure-volume (P-V) analysis were carried out under
isoflurane anaesthesia according to our previously described
protocol.27 The abdominal aorta was cannulated immediately
after the P-V measurements and the animals were euthanized
by exsanguination. During this process, arterial blood samples
were also collected into serum clot activator or EDTA tubes for
serum or plasma samples, respectively. After centrifugation,
the supernatant serum and plasma samples were aliquoted
and stored at �80°C. Oxygenated Ringer solution (50 mL)
was infused retrogradely after the termination of the animal
was confirmed based on the ECG recordings. Hearts, lungs,
livers and kidneys were harvested and placed immediately
into 4°C Ringer solution. After organ weight measurements,
40–50 mg pieces of LV, RV, lung, liver and kidney tissue were
sampled and immediately snap-frozen in liquid nitrogen and
stored at �80°C for the molecular analyses. A cross section
of the hearts (at the level of the ventricles) and 1 cm × 1 cm
pieces of the other organs were placed in 4% buffered
paraformaldehyde for the histological analyses as well.

In vitro measurements

In vitro measurements from the conserved samples were per-
formed as previously described.28 Fibrosis area was mea-
sured on picrosirius red-stained LV, RV, lung, liver and kidney
histological sections. Immunohistochemistry was used to
determine CD68-positive cell count in the lung and liver spec-
imens. Inflammasome component expressions in the LV, RV,
lung, liver and kidney were assessed with Western immuno-
blotting. Circulating markers of liver function (albumin; AST,
aspartate aminotransferase; ALT, alanine aminotransferase;
total bilirubin) were measured in the clinical routine diagnos-
tic laboratory of Semmelweis University Heart and Vascular
Center (Budapest, Hungary) from frozen serum and plasma
samples. Plasma N-terminal prohormone of brain natriuretic
peptide (NT-proBNP) concentration was assessed using rat
N-terminal pro-brain natriuretic peptide, NT-proBNP ELISA
KIT (#CSB-E08752r; Cusabio Technology, Houston, TX, USA)
according to the manufacturer’s protocol.

Statistical analysis

All values are expressed as mean ± standard error of the
mean. The distribution of the datasets was tested by the Sha-
piro–Wilk normality test. One-way analysis of variance

(ANOVA) followed by Tukey’s post hoc test were carried out
in case of normal distribution, Kruskal–Wallis test followed
by Dunn’s post hoc test were used in case of non-normal
distribution to compare the three study groups. A P value
of <0.05 was considered statistically significant. Statistical
analysis was performed with GraphPad Prism 8 (GraphPad
Software Inc., San Diego, CA, USA).

Results

Characterization of the TAC model

According to the measured cardiac functional parameters,
both TAC-M and TAC-HF groups featured severe systolic and
diastolic LV dysfunction. The average of the ejection fraction
(EF) calculated from the parameters obtained during the P-V
measurements decreased below 40% in both TAC groups
(Figure 1C). NT pro-BNP, widely used in clinical settings to
monitor disease severity in HF patients, was also found to
be higher in all TAC animals compared with the controls
(Figure 1D). Arterial and LV systolic pressures (see Table 1)
were greater in the aortic constricted rats, indicating pro-
foundly elevated afterload. LV contractility failed to compen-
sate the increment in afterload, which was demonstrated by
the impairment of ventriculo-arterial coupling ratio (Figure
1E,F). Moreover, the differences in the maximal velocity and
the time constant of LV pressure decline (dPdtmin and Tau,
respectively) in the TAC-M and TAC-HF animals reveal the
disturbance of LV active relaxation in the diastole (Figure
1G, Table 1). Passive filling of the LV was also impaired in
these groups, as evidenced by the elevated LV end-diastolic
pressure (LVEDP) and slope of end-diastolic pressure-volume
relationship (Figure 1E,G).

Besides the functional alterations, the structural
remodelling of the heart also signalled the advanced state
of HF pathology. The approximately two-fold greater
echocardiography-derived LV mass and heart weight-to-tibial
length ratio of TAC-M and TAC-HF groups compared with the
sham animals confirmed the development of myocardial hy-
pertrophy (Figure 1B and Figure 2D). Wall thickness parame-
ters (Table 1) and relative wall thickness (Table 1) showed
greater increase in the TAC-M groups, suggesting a rather
concentric geometry of hypertrophy. In the TAC-HF group
however, ventricular dilation was predominant, as demon-
strated by the alterations of ventricular diameters and vol-
umes (Table 1). Histological analysis detected significant inter-
stitial myocardial fibrosis in the LV of both TAC groups (Figure
2F,H). Excessive fibrosis was found in the RV of the TAC-HF
group as well, while the TAC-M group showed only a tendency
towards RV fibrosis (Figure 2G,H). The isolated RV weight-to-
tibial length ratio was also found to be elevated in the TAC-M
and TAC-HF groups compared with sham (Figure 2E).
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Myocardial expression of inflammasome
components

In the LV, expression of inflammasome components showed
an overall higher tendency in the TAC-HF group (see Figure
2A,C). Among the inflammasome sensors, NLR family
CARD domain-containing protein 4 (NLRC4) and absent in
melanoma 2 (AIM2) were up-regulated compared with the
controls. Pro-IL-1β expression also featured a more than

two-fold elevation in the TAC-HF animals. The most abundant
pro-caspase-1 isoform (with 40 kDa molecular weight) was
found to be statistically significantly up-regulated as well.
None of the changes described above were present in the
LV of the TAC-M group, only the expression of GSDMD
increased in this group. The inflammasome components in
the RV of the TAC-HF rats showed a similar pattern of
up-regulation (Figure 2B,C). Interestingly, the fold changes
were even greater than those of the TAC-HF LV, while the

Figure 1 Characterization of the TAC model. Upper panel: morphology and clinical parameters of heart failure. (A) Representative M-mode echocar-
diographic images at the midpapillary muscle level. (B) Left ventricular mass (LV mass) calculated from echocardiographic data. (C) Ejection fraction
(EF) calculated from invasive P-V measurement data. (D) Plasma N-terminal prohormone of brain natriuretic peptide (NT-proBNP) levels measured with
ELISA. Lower panel: left ventricular haemodynamic parameters from invasive P-V measurements. (E) Representative original steady-state recordings
(top) and loops obtained at different preloads during transient vena cava occlusions (bottom). (F) Systolic parameters—arterial elastance (Ea), slope
of end-systolic pressure-volume relationship (ESPVR) and ventriculo-arterial coupling (VAC). (G) Diastolic parameters—left ventricular end-diastolic
pressure (LVEDP), slope of end-diastolic pressure-volume relationship (EDPVR) and time constant of left ventricular pressure decay (Tau). Values
are means ± SE. Normal distribution of the data was assessed with Shapiro–Wilk test. One-way analysis of variance (ANOVA) followed by Tukey’s post
hoc test or Kruskal–Wallis test followed by Dunn’s post hoc test were carried out depending on the distribution of the datasets. n = 6 (except for the
ESPVR, VAC and EDPVR parameters in the TAC-HF group, where n = 5 due to technical reasons). *P < 0.05 vs. sham; #P < 0.05 vs. TAC-M. ELISA,
enzyme-linked immunosorbent assay; HF, heart failure; LVAWTd, left ventricular anterior wall thickness in diastole; LVEDD, left ventricular
end-diastolic diameter; LVPWTd, left ventricular posterior wall thickness in diastole; TAC, transverse aortic constriction.
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TAC-M group showed no statistically significant alterations
(except for the change in GSDMD expression) in the RV, ei-
ther. Nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-κB), an upstream activator of the inflammasome
pathway, was exclusively up-regulated in both ventricles of
the TAC-HF animals (Figure S1).

Lung tissue changes and inflammasome
component expression

Wet lung weight normalized to tibial length were increased in
all of the TAC animals compared with the sham group, indi-
cating pulmonary congestion (Figure 3E). Histological analy-
ses detected CD68 + leukocyte infiltration in the lung tissue
of the TAC-HF rats (and a strong tendency in the TAC-M
group as well), while fibrosis was not found to be significantly
different in any of the groups (Figure 3B,C,F,G). The expres-
sion of certain inflammasome-related proteins was elevated
in the lungs of TAC-HF animals as well (Figure 3A,D). In con-
trast to the myocardial findings, NLRP3 expression showed
a marked growth along with AIM2, while NLRC4 remained
unchanged compared with the controls. In addition, pro-cas-
pase-1 and pro-IL-1β were significantly up-regulated in the

TAC-HF group as well. Inflammasome component expressions
were practically similar to the controls in the TAC-M group,
only AIM2 and pro-IL-1β showed a tendency towards eleva-
tion. Not NF-κB expression, but its phosphorylation ratio
was increased in both TAC groups (Figure S2).

Liver tissue changes and inflammasome
component expression

The mean liver weight-to-tibial length ratio was unaltered in
the TAC animals (Figure 4E). The TAC-HF group showed a
tendency towards liver fibrosis and CD68+ infiltration, al-
though not statistically significantly (Figure 4B,C,F,G). Plasma
albumin was found to be decreased and total bilirubin con-
centrations elevated in the TAC-HF group, while transami-
nases displayed no significant changes (Table 2). These liver
function tests indicate preserved liver parenchyma, and the
dominance of congestion (instead of hypoperfusion) in the
clinical picture. Interestingly, inflammasomal components
were repressed in the liver of TAC-HF animals, while the
TAC-M group did not present any meaningful alterations (Fig-
ure 4A,D).

Table 1 Characterization of the TAC model

Sham TAC-M TAC-HF

n 6 6 6
Body weight, g 532 ± 16 474 ± 22 439 ± 26*
Echocardiographic data

HR, b.p.m. 384 ± 10 330 ± 7* 301 ± 9*
LVAWTd, mm 1.91 ± 0.05 2.76 ± 0.16* 2.33 ± 0.20
LVPWTd, mm 2.00 ± 0.09 3.28 ± 0.24* 3.29 ± 0.29*
LVESD, mm 4.32 ± 0.26 5.95 ± 0.27* 7.20 ± 0.42*#

LVEDD, mm 7.55 ± 0.41 8.57 ± 0.21 9.60 ± 0.34*
FS, % 43 ± 1 31 ± 3 25 ± 3*
RWT 0.53 ± 0.04 0.71 ± 0.04* 0.59 ± 0.06

Haemodynamic data
HR, b.p.m. 338 ± 12 302 ± 7* 290 ± 9*
SBP, mmHg 128 ± 8 254 ± 9* 224 ± 13*
DBP, mmHg 97 ± 7 95 ± 7 86 ± 5
MAP, mmHg 107 ± 8 148 ± 6* 132 ± 8
LVESV, μL 125.8 ± 10.7 208.4 ± 21.9* 291.4 ± 26.7*#

LVEDV, μL 291.8 ± 21.7 319.5 ± 34.9 369.1 ± 20.6
LVESP, mmHg 124.3 ± 8.01 246.7 ± 8.73* 206.0 ± 11.3*#

dPdtmax, mmHg/s 8652 ± 710.4 8818 ± 547.2 6874 ± 469.0
dPdtmin, mmHg/s �10,564 ± 1020 �8547 ± 312.6 �5919 ± 277.7*#

SV, μL 166.1 ± 12.9 111.2 ± 18.3 77.72 ± 13.1*
CO, mL/min 55.7 ± 3.67 33.3 ± 5.54* 22.2 ± 3.28*

Values are means ± SE. Normal distribution of the data was assessed with Shapiro–Wilk test. One-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test or Kruskal–Wallis test followed by Dunn’s post hoc test were carried out depending on the distribution
of the datasets.
CO, cardiac output; dP/dtmax and dP/dtmin, maximal slope of the systolic pressure increment and the diastolic pressure decrement; FS, frac-
tional shortening; HR, heart rate; LVAWTd and LVPWTd, left ventricular anterior and posterior wall thickness in diastole; LVESD and
LVEDD, left ventricular end-systolic and end-diastolic diameter; LVESP, left ventricular end-systolic pressure; LVESV and LVEDV, left ventric-
ular end-systolic and end-diastolic volume; MAP, mean arterial pressure; n, number of rats; RWT, relative wall thickness; SBP and DBP, sys-
tolic and diastolic blood pressure; SV, stroke volume; TAC, transverse aortic constriction.
*P < 0.05 vs. sham.
#P < 0.05 vs. TAC-M.
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Kidney tissue changes and inflammasome
component expression

Both TAC groups featured renal atrophy with decreased kid-
ney weights and considerable fibrosis (Figure 5B,D,E). The fi-
brosis in the TAC-HF group differed statistically significantly
from both the sham and the TAC-M groups as well. In spite
of the described kidney changes, inflammasome component
expressions were unchanged in the TAC animals (Figure 5A,C).

Discussion

Advanced HF—especially when extracardiac organ dysfunc-
tion is already present—is associated with frequent hospital-

izations and high mortality rates, significantly burdening both
the healthcare system and the individual patients.29 Haemo-
dynamic disturbances in HF result in various kinds of tissue
damage, triggering sterile inflammation across the body.30

Inflammatory mediators exert a detrimental effect on the
myocardium and extracardiac organs as well, resulting in a
positive feedback loop that undermines the clinical status
further.31,32 Several efforts have already been made to utilize
systemic anti-inflammatory therapies in HF, but side effects
such as infections or cancer often outweigh the cardiovascu-
lar gains.12,13 Further attempts should specifically target the
active inflammatory pathways in HF, not overlooking the
end-organs, either. Given the diversity of signals that activate
them, inflammasome receptor proteins are ideal candidates
of targeted anti-inflammatory therapy.33 Hence, in the
present study, we aimed to gain a better understanding of

Figure 2 Myocardial tissue changes. (A, B) Western blot analysis of left and right ventricular major inflammasome component expression levels nor-
malized to GAPDH. (C) Representative images of blots. Heart weight (D) and right ventricle weight (E) normalized to tibial length. (F, G) Left and right
ventricular fractional area of interstitial fibrosis. (H) Representative photomicrographs with picrosirius red staining of left and right ventricular myocar-
dium (red colour indicates fibrotic area). 50× magnification, scale bar 200 μm. Values are means ± SE. Normal distribution of the data was assessed
with Shapiro–Wilk test. One-way analysis of variance (ANOVA) followed by Tukey’s post hoc test or Kruskal–Wallis test followed by Dunn’s post
hoc test were carried out depending on the distribution of the datasets. n = 6 (except for the Western blot measurements in the LV of the TAC-HF
group and the RV of the sham group, where n = 5 due to technical reasons). *P < 0.05 vs. sham; #P < 0.05 vs. TAC-M. AIM2, absent in melanoma
2; ASC, apoptosis-associated speck-like protein containing a CARD; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GSDMD, gasdermin D; HF,
heart failure; HW, heart weight; LV, left ventricle; NLRC4, NLR family CARD domain-containing protein 4; NLRP3, NLR family pyrin
domain-containing protein 3; Pro-IL-18, pro-interleukin-18; Pro-IL-1β, pro-interleukin-1 beta; RV, right ventricle; RVW, right ventricle weight; TAC,
transverse aortic constriction; TL, tibial length.
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multiorgan inflammasome activation patterns in a small ani-
mal model of advanced HF. Since the whole clinical picture,
rather than mere cardiac function, was the focus of our inves-
tigation, we formed our TAC-HF group based on the presence
of clinical signs of severe HF. Another subpopulation of our
animals (TAC-M group) developed a milder HF phenotype
with evident cardiac remodelling and dysfunction, but with-
out resting symptoms during the same monitoring period.

The role of the NLRP3 inflammasome sensor in HF patho-
physiology is well-established, with numerous studies, includ-
ing a phase 1B clinical trial, exploring its inhibition for thera-
peutic use.20,34 Recent publications have confirmed LV
activation of other receptors, such as AIM2 and NLRC4, in
HF across both animal models and human patients.28,35,36 In
line with these prior results, we detected the priming of the
AIM2 and NLRC4 proteins (but not NLRP3) in the LV tissue

of animals with advanced HF (Figure 2A, Figure S1). Both
AIM2 and NLRC4 sensors are activated by pathogen-derived
antigens.17 Although inflammasome priming and activation
require different signals,37 our findings align with the theory
of gut microbiome translocation in HF.38,39 This hypothesis
suggests that splanchnic congestion and ischaemia in HF
weaken intestinal barriers, allowing bacterial antigens to en-
ter the circulation.38,39 NLRC4 up-regulation (Figure 2A,B)
and cardiac cachexia—a criterion for group selection (see
Table S1) and reflected in body weight (Table 1)—were exclu-
sive to the TAC-HF group, indicating that intestinal system
disturbances are a feature of advanced HF. Interestingly,
none of the inflammasome components were found to be
up-regulated in the liver tissue of our TAC animals, even
though the liver is the first organ to meet bacterial antigens
exiting the gut circulation.

Figure 3 Lung tissue changes. Western blot analysis of major inflammasome component expression levels normalized to GAPDH (D) and representa-
tive images of blots (A). (B, F) Histological evaluation of relative fibrosis area in lung tissue on picrosirius red-stained sections. Scale bar 1 mm. (C, G)
Identification of macrophages in lung tissue by immunohistochemical detection of CD68. Scale bar 1 mm on top and middle images, 200 μm on bottom
images. (E) Lung weight normalized to tibial length. Values are means ± SE. Normal distribution of the data was assessed with Shapiro–Wilk test.
One-way analysis of variance (ANOVA) followed by Tukey’s post hoc test or Kruskal–Wallis test followed by Dunn’s post hoc test were carried out de-
pending on the distribution of the datasets. n = 6 in all groups. *P < 0.05 vs. sham; #P < 0.05 vs. TAC-M. AIM2, absent in melanoma 2; ASC,
apoptosis-associated speck-like protein containing a CARD; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GSDMD, gasdermin D; HF, heart fail-
ure; LuW, lung weight; NLRC4, NLR family CARD domain-containing protein 4; NLRP3, NLR family pyrin domain-containing protein 3; Pro-IL-1β, pro-
interleukin-1 beta; TAC, transverse aortic constriction; TL, tibial length.

Inflammasome expression in advanced heart failure 3607

ESC Heart Failure 2025; 12: 3601–3613
DOI: 10.1002/ehf2.15362



LV failure results in the eventual impairment of RV through
post-capillary pulmonary hypertension (PH).40 Although the
haemodynamic examination of the pulmonary circulation
and the RV was not possible in the current experiment, the
detected alterations in both TAC-HF and TAC-M groups
(elevated LVEDP, pulmonary congestion and structural RV re-
modelling, see Figures 1–3) were consistent with these mech-
anisms. Recent studies postulate that inflammation might
further damage the pulmonary vasculature and the RV inde-
pendently of the haemodynamic conditions. Al Qazazi et al.
studied multiple preclinical models of PH and concluded that
the activation of NLRP3 inflammasomes contributed to the
decompensation of RV function in PH.25 Moreover, they dis-
covered opposing polarization of macrophages in the lung

and RV tissue, suggesting the presence of different
pathomechanisms in the haemodynamically connected or-
gans. Two other contemporary works employed external
stressors to induce inflammation in PH and LV HF animal
models, revealing significant RV deterioration as a result.24,41

In line with these results, we found an increased number of
CD68+ monocytes/macrophages in the lungs of TAC-HF and
TAC-M animals (see Figure 3G). However, the priming of the
inflammasome pathway was only present in the lung and
RV tissue of the clinically progressed TAC-HF group (see
Figures 2 and 3, Figures S1 and S2). In addition, the expres-
sion patterns of the inflammasome receptors were different
in the lung and the heart—NLRC4 activation was specific to
the myocardium, while NLRP3 was up-regulated only in the

Figure 4 Liver tissue changes. Western blot analysis of major inflammasome component expression levels normalized to GAPDH (D) and representa-
tive images of blots (A). (B, F) Histological evaluation of relative fibrosis area in liver tissue on picrosirius red-stained sections. Scale bar 1 mm. (C, G)
Identification of macrophages in liver tissue by immunohistochemical detection of CD68. Scale bar 1 mm on top and middle images, 200 μm on bottom
images. (E) Liver weight normalized to tibial length. Values are means ± SE. Normal distribution of the data was assessed with Shapiro–Wilk test.
One-way analysis of variance (ANOVA) followed by Tukey’s post hoc test or Kruskal–Wallis test followed by Dunn’s post hoc test were carried out de-
pending on the distribution of the datasets. n = 6 (except for the Western blot measurements in the sham group where n = 5 due to technical reasons).
*P < 0.05 vs. sham; #P < 0.05 vs. TAC-M. AIM2, absent in melanoma 2; ASC, apoptosis-associated speck-like protein containing a CARD; GAPDH, glyc-
eraldehyde-3-phosphate dehydrogenase; GSDMD, gasdermin D; HF, heart failure; LiW, liver weight; Pro-IL-18, pro-interleukin-18; Pro-IL-1β, pro-inter-
leukin-1 beta; TAC, transverse aortic constriction; TL, tibial length.
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lung. It is also interesting to note that inflammasome expres-
sions were comparable in the two ventricles, even trending
towards higher levels in the RV. Taken together, in advanced
HF, the lung may be a possible additional source of inflamma-
tion, and both ventricles are affected regardless of the loca-
tion of cardiac damage. The success of previously utilized
NLRP3 inhibitor therapies in HF might have depended on

the involvement of pulmonary damage in the clinical picture,
while the selective modulation of NLRC4 or AIM2 seems a
more promising approach for HF.

The pathological alterations of liver in HF are mainly deter-
mined by the presence of hypoperfusion and systemic
congestion.42 The elevation of circulating transaminase levels
indicates hypoperfusion, while a cholestatic profile of liver en-
zymes and hypoalbuminaemia demonstrate congestion.43

Liver function tests in our TAC-HF group suggested the domi-
nance of congestion, which can be the result of the postulated
RV dysfunction of these animals. The unchanged liver function
of the TAC-M rats is in good agreement with the absence of
clinical HF signs. In this context, down-regulation of
inflammasomes in the TAC-HF group is puzzling, especially
alongside with the elevated CD68+ cell count (Figure 4D,G).
None of the measured liver parameters indicate parenchymal
cell loss or other disturbances that can account for a relative
decrease of protein expression in the TAC-HF group. The
histochemical marker CD68marks either resident Kupffer cells
in the liver tissue or infiltrating monocytes/macrophages.44,45

Both these cell types are known to participate in liver changes
associated with HF.46,47 Their ability to express inflam-
masomes has also been confirmed.45,48 According to literature
data, the up-regulation of inflammasomes is expected

Table 2 Circulating biochemical markers of liver function

Sham TAC-M TAC-HF

n 6 6 6
Albumin, g/L 26.0 ± 0.4 24.6 ± 1.0 22.7 ± 0.7*
AST, IU/L 107 ± 6 113 ± 17 134 ± 10a

ALT, IU/L 55 ± 3 44 ± 4 42 ± 5
Total bilirubin, μmol/L 1.2 ± 0.1 1.1 ± 0.2 2.5 ± 0.3*#

Values are means ± SE. Normal distribution of the data was
assessed with Shapiro–Wilk test. One-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test or Kruskal–Wallis test
followed by Dunn’s post hoc test were carried out depending on
the distribution of the datasets.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; n,
number of rats; TAC, transverse aortic constriction.
an = 4 due to technical reasons.
*P < 0.05 vs. sham.
#P < 0.05 vs. TAC-M.

Figure 5 Kidney tissue changes. Western blot analysis of major inflammasome component expression levels normalized to GAPDH (C) and represen-
tative images of blots (A). (B, E) Histological evaluation of relative fibrosis area in kidney tissue on picrosirius red-stained sections. Scale bar 1 mm. (D)
Kidney weight normalized to tibial length. Values are means ± SE. Normal distribution of the data was assessed with Shapiro–Wilk test. One-way anal-
ysis of variance (ANOVA) followed by Tukey’s post hoc test or Kruskal–Wallis test followed by Dunn’s post hoc test were carried out depending on the
distribution of the datasets. n = 6 in all groups. *P < 0.05 vs. sham; #P < 0.05 vs. TAC-M. AIM2, absent in melanoma 2; ASC, apoptosis-associated
speck-like protein containing a CARD; GSDMD, gasdermin D; HF, heart failure; KW, kidney weight; Pro-IL-18, pro-interleukin-18; Pro-IL-1β, pro-inter-
leukin-1 beta; TAC, transverse aortic constriction; TL, tibial length.
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throughout the spectrum of liver diseases, even in advanced
cirrhosis.49,50 Further research is needed to uncover the un-
derlying factors behind these findings.

Both of our aortic constricted groups developed kidney at-
rophy and fibrosis without any changes of the inflammasome
components (Figure 5C–E). Chronic kidney disease and renal
failure patients are known to have elevated levels of circulat-
ing inflammatory cytokines, the role of IL-1β in diseased or
fibrotic kidney tissue has also been proven.51,52 Yet there is
little data about the direct function of inflammasomal pro-
teins in cardiorenal interactions.53 A functionally intact kid-
ney atrophy without inflammation has already been de-
scribed in a murine TAC model by Richards et al.54 The
atrophy of kidneys was also discovered in a transgenic mouse
model of dilatative cardiomyopathy, where renal fibrosis and
elevated inflammatory cytokine levels were identified.55

However, the expression of IL-1β was unchanged in this ex-
periment. Taken together, the pathomechanism of kidney tis-

sue damage associated with HF is likely to unfold without the
involvement of the inflammasome pathway according to our
results.

Our study faces certain limitations. A potential limitation is
that we focused on inflammasome priming and did not assess
downstream activation markers such as ASC speck formation,
cytokine release and protein cleavage. Additionally, while we
investigated NF-κB as an upstream regulator of inflamma-
some components, other potential regulatory pathways were
not examined. Future studies should address these aspects to
provide a more comprehensive understanding of inflamma-
some regulation in this context.

In conclusion, we provided the first comprehensive charac-
terization of inflammasome component protein expressions
in a small animal model of advanced HF induced by pressure
overload in multiple key organs affected by the disease
(Figure 6). In line with previous findings, we found the prim-
ing of the AIM2 and NLRC4 inflammasome sensors in the LV

Figure 6 Schematic view of the main findings. AIM2, absent in melanoma 2; ASC, apoptosis-associated speck-like protein containing a CARD; GSDMD,
gasdermin D; LV, left ventricle; NLRC4, NLR family CARD domain-containing protein 4; NLRP3, NLR family pyrin domain-containing protein 3; Pro-IL-1β,
Pro-interleukin-1 beta; RV, right ventricle; TAC, transverse aortic constriction.
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myocardium. The RV featured a comparable degree of in-
flammasome up-regulation, despite the pathological stimulus
of our model affecting primarily the LV. We discovered a
different pattern of inflammasome expression in the lung,
as the AIM2 and NLRP3, but not the NLRC4 inflammasome
sensors were up-regulated. Surprisingly, down-regulated
inflammasomes in the liver and unchanged expression profile
were found in the kidney, despite the histological evidence of
typical HF-associated pathological alterations. In a group of
similar HF model animals displaying no clinical signs of de-
compensation, milder cardiac dysfunction and moderate,
yet significant organ deviations were measured. The inflam-
masome changes of the advanced HF group were absent in
these compensated animals.
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