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Aging exacerbates cardiac
dysfunction and mortality in sepsis
through enhancing TLR2 activity
Yufeng Zhai, Qingzhou Yao, Erlinda The, Lihua Ao,
David A. Fullerton and Xianzhong Meng*

Department of Surgery, University of Colorado Denver, Aurora, CO, United States

Introduction: Sepsis is prevalent in the elderly populationwith increased incidence and
mortality. Currently, themechanismbywhich aging increases the susceptibility to sepsis
and worsens outcome is unclear. We tested the hypothesis that aging exacerbates
cardiac dysfunction in sepsis through a Toll-like receptor 2 (TLR2)-dependent
mechanism.
Methods: Male young adult (4–6 months) and old (18–20 months) wild type (WT)
and TLR2 knockout (KO) mice were subject to moderate sepsis by cecal ligation
and puncture. Additional groups of young adult and old WT mice were treated with
TLR2 agonist Pam3CSK4. Left ventricle (LV) performance was evaluated with a
pressure-volume microcatheter. Tumor necrosis factor-α (TNF-α), interleukin (IL)-1β,
IL-6 and monocyte chemoattractant protein-1 (MCP-1) in the myocardium and
plasmawere assessed using enzyme-linked immunosorbent assay.
Results: Sepsis reduced LV ejection fraction and cardiac output in both young adult
and old WT mice. However, identical CLP caused more severe cardiac dysfunction
and high mortality in old WT mice that were accompanied by greater levels of TNF-
α, IL-1β, IL-6 and MCP-1 in the myocardium and plasma. TLR2 KO diminished
aging-related difference in myocardial and systemic inflammatory response,
resulting in improved cardiac function and decreased mortality in old septic mice.
In addition, higher myocardial TLR2 levels in old WT mice resulted in greater
myocardial inflammatory response and worse cardiac dysfunction following
administration of TLR2 agonist.
Conclusion: Moderate sepsis results in greater cardiac dysfunction and significant
mortality in old mice. Aging elevates TLR2 level/activity to exacerbate the
inflammatory response to sepsis, leading to worse cardiac dysfunction and mortality.
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Introduction

Sepsis is a condition where infection serves as an initial trigger for the systemic

inflammatory response syndrome (SIRS), and can cause multiple organ dysfunction,

shock and death (1). The incidence of sepsis is greater in the elderly population, and

elderly patients with sepsis often have more severe organ dysfunction and higher

mortality rate (2, 3). For instance, septic patients aged 65 or older face a mortality rate of

30%–40%, whereas younger patients have a mortality rate of 4%–5% (4). The higher

mortality in older septic patients is closely associated with organ dysfunction, but the

underlying mechanism responsible for aging-related susceptibility to organ impairment

and severity of organ dysfunction remains incompletely understood.

Sepsis is defined by an inflammatory response driven by the host’s immune system

reacting to an infection. The innate immune response in septic patients is highly dynamic

and elicited by various factors, including pathogen-associated molecular patterns (PAMPs)
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like bacterial antigens, and damage-associated molecular patterns

(DAMPs), which are proteins released from injured cells (5).

Systemic activation of the innate immune system by PAMPs and

DAMPs leads to elevated and persistent inflammatory responses

that are characterized by exaggerated production and release of

inflammatory mediators, such as TNF-α, IL-1β, IL-6 and MCP-1

(6, 7). Cardiac dysfunction is a common manifestation of organ

impairment in sepsis and plays a crucial role in the complex

pathophysiology of septic shock, contributing to tissue perfusion

reduction, multiple organ failure and death (8). Previous studies

indicates that exacerbated production of inflammatory mediators,

including IL-6 and MCP-1 in the myocardium, plays a

mechanistic role in cardiac dysfunction induced by endotoxemia

or sepsis (9, 10). Furthermore, certain inflammatory mediators,

such as TNF-α and IL-1β, synergistically depress cardiac

contractility (11). Thus, dysregulated inflammatory responses

occupy an important role in mediating cardiac dysfunction.

However, the impact of aging on the myocardial inflammatory

responses to sepsis has not been defined.

Toll-like receptors (TLRs) are highly conserved pattern

recognition receptors responsible for initiating innate immune

responses against various pathogens. These receptors play a critical

role in recognition of exogenous and endogenous danger signals,

including PAMPs and DAMPs. TLR2, in particular, can recognize

both bacterial PAMPs and endogenous DAMPs, such as heat

shock proteins and high mobility group box 1, which are released

as a result of tissue damage and necrosis. Upon binding with

ligand, activated TLR2 initiates an intracellular signaling cascade

that leads to the activation of MAPK and NF-κB, and results in

the production of inflammatory chemokines and cytokines,

reactive oxygen species and acute-phase proteins (5). Although

TLR signaling is essential for host defense, persistent activation of

TLRs, particularly TLR2, and related signaling pathways during

sepsis would result in dysregulated systemic inflammatory

responses (12). We observed in a previous study that aging

elevates myocardial TLR2 levels (13), indicating that elevated

TLR2 activity in aging heart augments myocardial inflammatory

responses to sepsis. The current study tested the hypothesis that

TLR2 plays a critical role in mediating myocardial inflammatory

responses and cardiac dysfunction in old septic mice. The aims of

the present study were to determine: (1) the impact of aging on

the myocardial inflammatory responses to sepsis in a cecal ligation

and puncture model using old mice; (2) the effect of TLR2

knockout on the myocardial inflammatory responses in old septic

mice; (3) the contribution of TLR2-mediated myocardial

inflammatory responses to cardiac dysfunction and mortality

caused by sepsis in old mice.
Materials and methods

Chemicals and reagents

Antibodies against TLR2 and β-actin were procured from Santa

Cruz Biotechnology (Dallas, TX). Enzyme-linked immunosorbent

assay (ELISA) kits for MCP-1, IL-6, TNF-α and IL-1β were
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procured from R&D System (Minneapolis, MN). Pam3CSK4 was

procured from InvivoGen (San Diego, CA). All other chemicals and

reagents were procured from Sigma-Aldrich Chemical (St Louis, MO).
Animals

Male old (18–20 months) C57BL/6 mice were sourced from the

National Institute on Aging (Bethesda, MD, USA). Male young

adult (4–6 months) C57BL/6 mice and male TLR2 KO mice

(B6.129-Tlr2tm1Kir/J) were procured from Jackson Laboratory

(Bar Harbor, Maine, USA). TLR2 KO mice were housed in the

Animal Care Center until to be 18–20-month-old. The TLR2

knockout mice are homozygous, develop normally and exhibit no

physiological abnormalities. Mice were assigned into

experimental groups and underwent to cecal ligation and

puncture (CLP), sham procedure. For TLR2 activity experiment,

young adult and old C57BL/6 mice were treated with TLR2

agonist Pam3CSK4 (2.5 µg/ g, iv).
Cecal ligation and puncture

Mice were anesthetized with 3%–5% isoflurane for induction and

maintained with 1.5%–2% isoflurane using a nose cone. After

buprenorphine SR was administered subcutaneously, the abdomen is

shaved and disinfected with betadine and alcohol. A small

longitudinal skin incision, approximately 1.0 cm left from the

midline, was made. The cecum was moved out of peritoneal cavity,

33% of the cecum was ligated with 7-0 surgical sutures. The ligated

cecum was punched once with a 27-gauge needle to create a

moderate sepsis. After the puncture, a small of quantity of fecal

material was deliberately expelled from the puncture site to ensure its

openness. Sham animals were subjected to laparotomy with cecum

extrusion, but without ligation and puncture. The cecum was placed

back to the abdomen after manipulation, and the incisions in the

peritoneal wall and skin were sutured shut. Normal saline (1.0 ml)

was injected subcutaneously to keep the animal from dehydration.

Then the animals were returned to their cages for recovery.

Accumulated mortality over 4 days after CLP was determined.
Pressure-volume hemodynamic analysis

The left ventricle (LV) function was analyzed in survivors 1, 2

and 4 days after CLP. The measurement was conducted following

the protocol described previously (14). Briefly, mice were

anesthetized with isoflurane inhalation (2%), and anticoagulated

with heparin (Elkins-Sinn, Cherry Hill, NJ; 1,000 units/kg, ip).

Animals were positioned in a supine manner on a warming pad,

ensuring a core body temperature was upheld at 37 ± 0.5°C.

Subsequently, a pressure-volume microcatheter (ADInstruments

Ltd, Colorado Springs, CO) was introduced into the left ventricle

through the right common carotid artery. Pressure-volume loops

were recorded for 20 min with the MPVS-400 System and PVAN

software (Millar Instruments, Houston, TX). Heart rate, LV
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developed pressure, ejection fraction, and cardiac output were

determined. Animals were sacrificed after measurement of cardiac

function. The heart tissue were prepared for further analysis.
Cytokine assay

ELISA kits were employed to quantify MCP-1, IL-6, TNF-α,

and IL-1β in blood and myocardial tissue. Samples and standards

were readied in accordance with the manufacturer’s guidelines.

Absorbance of both standards and samples was measured

spectrophotometrically at 450 nm utilizing a microplate reader

(Bio-Rad Laboratories, Inc, Hercules, CA).
Immunoblotting

TLR2 levels in the heart, liver and kidney were analyzed using

immunoblotting. The tissue homogenate was separated on

acrylamide gels with a 4%–20% gradient and subsequently

transferred onto a nitrocellulose membrane (Bio-rad

Laboratories, Hercules, CA). After incubation with primary and

secondary antibodies, the membrane was treated with enhanced

chemiluminescence reagents (Bio-rad Laboratories, Hercules, CA)

to identify the protein band. The protein band image was

analyzed and recorded using the ChemiDoc Imaging System

(Bio-rad Laboratories, Hercules, CA). The area and intensity of

protein bands were assessed using NIH Image J software (Wayne

Rasband, National Institutes of Health, Bethesda, MD). These

measurements were standardized against the β-actin band, which

served as loading control.
Statistical analysis

Statistical analysis was conducted utilizing StatView software

from Abacus Concepts in Calabasas, CA. The data were
FIGURE 1

Old septic mice have high mortality. Male young adult WT mice (4–6 month old
puncture (CLP; 1 puncture with a 27G needle). Half of the old WT mice died d
died in the same period. Old mice mainly die in the first 2 days. n= 12 in eac
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presented as mean ± standard error (SEM). Pairwise comparisons

between two groups were evaluated using the student’s t-test, and

the distinctions were further validated through the

Nonparametric Mann–Whitney U test. When comparing

multiple groups, ANOVA with post hoc Bonferroni/Dunn testing

was applied, with confirmation of differences via the

nonparametric Kruskal–Wallis test. A significance level of P <

0.05 was deemed as indicative of statistical significance.
Results

Old mice have severe cardiac dysfunction
and high mortality during sepsis

We recorded mortality in the 4-day period following CLP. As

shown in Figure 1, all young adult mice survived the moderate

sepsis. However, 50% of old mice died in the first 2 days after

CLP. Thus, non-lethal sepsis in young adult mice caused

significant mortality in old mice.

To evaluate the impact of aging on cardiac dysfunction in

sepsis, we analyzed LV performance in survivors 1, 2 and 4 days

after CLP using a microcatheter system. The pressure-volume

loops presented in Figure 2 show a slight shift to the right in

both young adult and old mice due to increases in end-systolic

and end-diastolic volume caused by sepsis. At each time point

after CLP, old mice had a significantly smaller loop area than

young adult mice, indicating lower developed pressure and

reduced stroke volume in old septic mice. Detailed LV function

parameters are summarized in Table 1. Both young and old WT

mice had decreased ejection fraction, developed pressure, and

cardiac output following CLP. The lowest LV function was

observed 1 day after CLP in both young adult and old mice

(Table 1). Compared to age-matched sham controls, ejection

fraction was approximately 70% lower (18 ± 2.0% vs. 61 ± 5%; P

< 0.05), cardiac output 55% lower (2.4 ± 0.3 vs. 5.4 ± 0.5 ml/min;

P < 0.05), and developed pressure 40% lower (50 ± 5 vs. 82 ±
) and old WT mice (18–20 month old) were subjected to cecal ligation and
uring the 4-day period following CLP while none of the young adult mice
h group; *P < 0.05 vs. WT young adult mice.
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FIGURE 2

Sepsis results in greater and sustained cardiac dysfunction in old mice. Young adult and old mice were subject to CLP or sham procedure. Left ventricular
(LV) function was analyzed using microcatheter at 1, 2, and 4 days following CLP. Representative pressure-volume loops show that sepsis resulted in more
severe cardiac dysfunction in old mice compared to young adult mice. While cardiac function in young adult mice recovered to a level comparable to the
sham control level 4 days after CLP, it remained notably lower than the corresponding sham control level in old mice after 4 days.

Zhai et al. 10.3389/fcvm.2023.1293866
5 mmHg; P < 0.05) at this time point in old mice. However, ejection

fraction in young adult mice was 37% lower than age-matched

sham controls (40 ± 3 vs. 64 ± 6%; P < 0.05), cardiac output 26%

lower (4.7 ± 0.3 vs. 6.5 ± 0.5 ml/min; P < 0.05), and development

pressure 18% lower (70 ± 8 vs. 86 ± 6 mmHg; P < 0.05) at the

same time point in young adult mice. LV function was

recovering thereafter. While LV function was fully recovered in

young adult mice 4 days after CLP, it remained significantly

lower in old mice at this time point (Table 1).
Frontiers in Cardiovascular Medicine 04
TLR2 KO results in greater reduction of
inflammatory activity in old septic mice

Our previous study found that the myocardium of old mice has

higher level of TLR2 and displays enhanced inflammatory response

to ischemia (13). The present study found that old mice had higher

TLR2 levels in the heart, liver and kidney (Figure 3). To evaluate

the role of TLR2 in age-related inflammatory response to sepsis,

we analyzed inflammatory cytokines in the myocardium and
frontiersin.org
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TABLE 1 Aging exacerbates cardiac dysfunction caused by sepsis.

Young
adult sham

Young adult
CLP 1 day

Young adult
CLP 2 days

Young adult
CLP 4 days

Old sham Old
CLP 1 day

Old
CLP 2 days

Old
CLP 4 days

Heart rates (bpm) 464 ± 40 470 ± 30 432 ± 40 451 ± 42 435 ± 41 420 ± 42 410 ± 52 430 ± 21

Developed pressure (mmHg) 86.3 ± 6.1 70.5 ± 8.3a 74.2 ± 3.2a 85.7 ± 7.5 82.4 ± 5.1 50.5 ± 5.2ab 54.3 ± 4.3ab 67.4 ± 4.4ab

End-systolic volume (ul) 7.7 ± 1.5 20.1 ± 2.0a 16.0 ± 2.0a 9.0 ± 0.8 8.1 ± 0.7 27.3 ± 3.2ab 24.0 ± 2.1ab 16.0 ± 1.3ab

End-diastolic volume (ul) 21.8 ± 2.0 30.2 ± 2.5a 28.0 ± 2.3a 23.0 ± 2.5 20.0 ± 1.7 33.4 ± 3.1a 30.1 ± 2.5a 24.0 ± 2.0a

Ejection fraction (%) 63.8 ± 6.3 40.1 ± 3.2a 43.5 ± 4.1a 61.3 ± 5.2 61.7 ± 5.3 18.2 ± 2.1ab 20.6 ± 3.2ab 33.4 ± 2.3ab

Cardiac output (ml/min) 6.5 ± 0.5 4.7 ± 0.3a 5.2 ± 0.3a 6.3 ± 0.4 5.4 ± 0.5 2.4 ± 0.3ab 2.5 ± 0.1ab 3.4 ± 0.2ab

Young adult and old mice were subjected to CLP or sham procedure. Cardiac function was analyzed 1–4 days following CLP. Data are expressed as mean ± SE.

n= 6 in each group.
aP < 0.05 vs. respective sham.
bP < 0.05 vs. young adult at the same time point.
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plasma of WT and TLR2 KO mice of different age. Levels of TNF-

α, IL-1β, IL-6 and MCP-1 in the myocardium and plasma were

markedly increased following CLP in WT mice, particularly one

day following CLP, and old mice had much higher levels than

young adult mice (Figure 4). At this time point, IL-6 levels in

the myocardium and plasma of old mice were approximately 3

folds of those in young adult mice. The levels of TNF-α, IL-1β

and MCP-1 in the myocardium and plasma also had significant

age differences (Figure 4). The levels of inflammatory cytokines

subsequently declined in both young adult and old WT mice.

Four days after CLP, the levels of inflammatory cytokines in the

myocardium and plasma of young adult WT mice were close to

the sham control levels. However, the levels in old WT mice

remained significantly higher than those in their sham controls

(Figure 4). Apparently, aging-related hyper-inflammatory

response is correlated with worse cardiac dysfunction and high

mortality in old WT mice with sepsis.

TLR2 KO reduced inflammatory cytokine levels in the

myocardium and plasma of both young adult and old mice with

sepsis (Figure 4). However, the decline was more pronounced in

old animals. For example, old TLR2 KO mice displayed a greater

than 50% reduction in myocardial and plasma levels of IL-6

from the levels in old WT mice at 1 day after CLP. In contrast,

young adult TLR2 KO mice had a 25%–27% reduction in IL-6

levels in the myocardium and plasma from the levels in young

adult WT mice at 1 day after CLP (Figure 4). The levels of

TNF-α, IL-1β and MCP-1 in the myocardium and plasma also

exhibited greater reduction in old TLR2 KO mice when

compared to young adult TLR2 KO mice. It is noteworthy that

TLR2 KO markedly diminished the difference in the

inflammatory activity between old and young adult septic mice.

Thus, TLR2 mediates the inflammatory response to sepsis and

occupies a major role in elevating the inflammatory activity in

old septic mice.
TLR2 KO attenuates cardiac dysfunction
and reduces mortality in old septic mice

There was no notable variance in heart function observed

between old WT mice and old TLR2 KO mice subjected to sham
Frontiers in Cardiovascular Medicine 05
treatment. Cardiac function was markedly improved in old TLR2

KO mice following CLP (Table 2). In comparison to old WT

mice, old TLR2 KO mice had better developed pressure (62 ± 6

vs. 50 ± 5 mmHg; P < 0.05), ejection fraction (26 ± 3 vs. 18 ±

2.0%; P < 0.05) and cardiac output (3.1 ± 0.3 vs. 2.4 ± 0.3 ml/min;

P < 0.05) one day after CLP. At 2 and 4 days after CLP, old

TLR2 KO mice displayed greater recovery of LV function than

old WT mice. The cardiac function parameters in old TLR2 KO

mice had recovered to levels slightly lower than baseline 4 days

after CLP (Table 2).

Previous study found that anti-TLR2 treatment improved

survival in young mice with severe sepsis (15). In the present

study, we found that TLR2 KO improved cardiac function in old

septic mice, resulting in an improved survival rate. Compared to

the 50% survival rate in old WT mice after CLP, the survival rate

in old TLR2 KO mice was improved to 75% (Figure 5). Thus,

TLR2-mediated myocardial hyper-inflammation is responsible for

the worse cardiac dysfunction and higher mortality in old septic

mice.
Old mice display greater myocardial
inflammatory activity and cardiac
dysfunction following TLR2 stimulation

To determine the role of elevated myocardial TLR2 level

in aging-related exacerbation of myocardial inflammatory

activity and cardiac dysfunction in sepsis, we determined

myocardial inflammatory response to TLR2 agonist and

associated cardiac functional change in young adult and old WT

mice. After administration of the specific TLR2 agonist

Pam3CSK4 (2.5 µg/ g, iv), we examined LV function and

myocardial levels of inflammatory cytokines at 24, 48 and 96 h.

Figure 6A shows that myocardial levels of TNF-α, IL-1β, IL-6

and MCP-1 in both young adult and old mice increased at 24

and 48 h in response to the TLR2 agonist. Notably, old mice had

much higher levels of these inflammatory cytokines in the

myocardium at 24 and 48 h in comparison with young adult

mice. Thus, increased levels of TLR2 in the myocardium of old

mice enhance myocardial inflammatory activity following TLR2

stimulation.
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FIGURE 3

TLR2 level is elevated in multiple organs of old mice. Immunoblotting and densitometric analysis revealed higher levels of TLR2 in the heart, liver and
kidney of old mice in comparison to young adult mice. Data are presented as box-and-whiskers plots where the upper and lower borders of the box
represent the upper and lower quartiles; the horizontal line inside the box represents the median; the upper and lower whiskers represent the
maximum and minimum values of nonoutliers; and the + sign represents the mean, n= 4–5; *P < 0.05 vs. young adult.
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Cardiac dysfunction correlated to myocardial production of

cardiodepressant cytokines. Ejection fraction and cardiac output

decreased at 24 and 48 h after the exposure to Pam3CSK4, and

old mice had worse cardiac function (Figure 6B). Interestingly,

cardiac function was recovered after 96 h in both young adult

and old mice as myocardial cytokine levels was normalized. It

appears that aging enhances myocardial inflammatory response

to TLR2 stimulation, and elevated concentrations of

cardiodepressant cytokines in the myocardium resulted in greater

cardiac function deficit in old mice.
Frontiers in Cardiovascular Medicine 06
Discussion

Sepsis is defined as a systemic inflammatory response syndrome

triggered by an infection (16). The incidence of sepsis is greater in

the elderly population, and elderly patients with sepsis often have

more severe organ dysfunction and higher mortality rate (3).

While the higher mortality in older septic patients is closely

associated with organ dysfunction, the underlying mechanism

responsible for aging-related susceptibility to organ dysfunction

remains incompletely understood. The present study found that
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FIGURE 4

TLR2 KO results in a greater reduction of the inflammatory activity during sepsis in old mice. WT young adult and old mice, as well as TLR2 KO young adult
and old mice were subjected to CLP or sham procedure. TNF-α, IL-1β, IL-6 and MCP-1 in the myocardium (A) and plasma (B) were analyzed using ELISA.
Old WT mice had a greater increase in the levels of inflammatory cytokines at all of the time points following CLP. TLR2 KO attenuated the inflammatory
response to sepsis in both young adult and old septic mice and markedly diminished the age-related difference in cytokine levels following CLP. Data are
presented as box-and-whiskers plots where the upper and lower borders of the box represent the upper and lower quartiles; the horizontal line inside the
box represents the median; the upper and lower whiskers represent the maximum and minimum values of nonoutliers; and the + sign represents the
mean, *P < 0.05 vs. corresponding sham; #P < 0.05 vs. corresponding young adult of the same strain; †P < 0.05 vs. WT of the same age. n= 6 in each
group.

Zhai et al. 10.3389/fcvm.2023.1293866
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TABLE 2 TLR2 KO improves cardiac function following CLP in old mice.

WT sham WT
CLP 1 day

WT
CLP 2 days

WT
CLP 4 days

TLR2 KO sham TLR2 KO
CLP 1 day

TLR2 KO
CLP 2 days

TLR2 KO
CLP 4 days

Heart rates (bpm) 435 ± 41 420 ± 42 410 ± 52 430 ± 21 446 ± 41 454 ± 38 445 ± 51 450 ± 43

Developed pressure (mmHg) 82.4 ± 5.1 50.5 ± 5.2ab 54.3 ± 4.3ab 67.4 ± 4.4ab 82.5 ± 7.4 62.5 ± 6.5ab 65.4 ± 5.8ab 70.2 ± 5.5

End-systolic volume (ul) 8.1 ± 0.7 27.3 ± 3.2ab 24.0 ± 2.1ab 16.0 ± 1.3ab 8.3 ± 0.7 19.5 ± 2.2ab 15.5 ± 1.3ab 12.0 ± 2.0ab

End-diastolic volume (ul) 20.0 ± 1.7 33.4 ± 3.1a 30.1 ± 2.5a 24.0 ± 2.0a 21.4 ± 1.6 25.5 ± 3.1b 22.5 ± 3.0b 22.0 ± 2.1

Ejection fraction (%) 61.7 ± 5.3 18.2 ± 2.1ab 20.6 ± 3.2ab 33.4 ± 2.3ab 62.1 ± 5.2 26.0 ± 3.1ab 31.5 ± 3.2ab 45.7 ± 4.2ab

Cardiac output (ml/min) 5.4 ± 0.5 2.4 ± 0.3ab 2.5 ± 0.1ab 3.4 ± 0.2ab 5.5 ± 0.7 3.1 ± 0.3ab 3.2 ± 0.2ab 4.5 ± 0.2ab

Old WT and TLR2 KO mice (18–20 month old) were subjected to CLP or sham procedure. Cardiac function was analyzed 1–4 days following CLP. Data are expressed as

mean ± SE.

n= 6 in each group.
aP < 0.05 vs. respective sham.
bP < 0.05 vs. WT old at the same time point.

FIGURE 5

TLR2 KO decreases mortality rate during sepsis in old mice. WT old mice and TLR2 KO old mice were subjected to CLP. Mortality was reduced to 25%
during the 4-day period in TLR2 KO old mice compared to WT old mice with a 50% mortality. *P < 0.05 vs. WT old, n= 12 in each group.

Zhai et al. 10.3389/fcvm.2023.1293866
CLP-induced sepsis caused greater cardiac dysfunction in old mice

in comparison to young adult mice, resulting in a high mortality.

Noticeably, worse cardiac dysfunction and mortality in old septic

mice were associated with excessive inflammatory activity

correlated to elevated TLR2 levels. Knockout of TLR2 attenuated

myocardial and systemic inflammatory activity, significantly

improved cardiac performance and decreased mortality in old

septic mice. Thus, elevated TLR2 level/activity mediates inflamm-

aging, resulting in exaggerated inflammation and cardiac

dysfunction during sepsis in old mice. TLR2 appears to be a

therapeutic target for suppressing inflammatory activity and

protecting cardiac function in old subject in sepsis.

Elderly patients with sepsis frequently develop multiple organ

failure that accounts for a poor prognosis (17). While heart

failure is a significant risk factor for mortality in sepsis (18), the

impact of aging on septic cardiac dysfunction is not well defined.

We observed in the present study that moderate sepsis induced

by CLP causes cardiac dysfunction in both young adult mice and

old mice. However, old mice exhibit more severe cardiac

dysfunction with much lower LV ejection fraction and cardiac

output when being subjected to such moderate sepsis. The

impact of aging on cardiac dysfunction observed in this sepsis
Frontiers in Cardiovascular Medicine 08
model is similar to that observed in endotoxemia models

(10, 19). As a result, 50% of old septic mice die while all young

adult septic mice survive following an identical CLP protocol. It

is noteworthy that old mice die in the first 2 days of sepsis when

their LV ejection fraction is declined to 20% or lower, and no

death occurs after 2 days when cardiac function is improving.

Apparently, severe cardiac dysfunction and related ischemic

injury/dysfunction in other organs are the major cause of death

in old septic mice.

Our previous study found that the myocardium of old mice has

higher level of TLR2 (13), and the present study confirmed this

observation and identified elevated TLR2 levels in the liver and

kidney. Based on these findings, we tested the hypothesis that

elevated TLR2 levels augment inflammatory activity in sepsis and

thereby results in worse cardiac dysfunction. Clearly, old septic

mice have greater levels of inflammatory cytokines, including

TNF-α, IL-1β, IL-6 and MCP-1, in the myocardium and plasma

at all time points examined. These inflammatory cytokines,

particularly TNF-α, IL-1β and IL-6, are well known

cardiodepressant factors (9, 11), and TNF-α and IL-1β

synergistically depress myocardial contractility (20, 21). Greater

MCP-1 level is also correlated with worse cardiac dysfunction.
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FIGURE 6

Aging exaggerates the inflammatory activity and worsens cardiac dysfunction caused by TLR2 stimulation. Young adult and old WT mice were treated with
the specific TLR2 agonist Pam3CSK4 (2.5 µg/ g, iv) or normal saline. TNF-α, IL-1β, IL-6 and MCP-1 in the myocardium were analyzed using ELISA, and
cardiac function was assessed using microcatheter 1, 2 and 4 days after treatment. (A). Myocardial levels of inflammatory cytokines increased in both
young adult and old mice at 1 and 2 days after administration of TLR2 agonist, and old mice displayed a greater increase in comparison to young
adult mice. (B) Ejection fraction and cardiac output decreased in young adult and old mice at 1 and 2 days after administration of TLR2 agonist in
comparison to control levels, and old mice had worse cardiac function in comparison to young adult mice. Data are presented as box-and-whiskers
plots where the upper and lower borders of the box represent the upper and lower quartiles; the horizontal line inside the box represents the
median; the upper and lower whiskers represent the maximum and minimum values of nonoutliers; and the + sign represents the mean, *P < 0.05 vs.
corresponding control, #P < 0.05 vs. young adult at the same time point. n= 6 in each group.
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Our previous study demonstrates that MCP-1 promotes monocyte

infiltration to the myocardium in old endotoxemic mice and

thereby mediates worse cardiac dysfunction (10). In addition,

lowering MCP-1 level could decrease the levels of other

inflammatory mediators and improve survival rate in sepsis

(22, 23). Thus, all of the four inflammatory cytokines play a

mechanistic role in cardiac dysfunction caused by sepsis.

Augmented production of these cardiodepressant factors is

responsible for the worse cardiac performance in the old septic mice.

In clinical settings, efforts to treat sepsis and septic shock by

targeting the acute inflammatory response with anti-

inflammatory agents have not resulted in improved patient

outcomes (24). It is crucial to note that most patients in these

clinical trials were gerontal patients. The immune system of the

elderly differs from that of younger adult patients, including

alterations in the innate immunity (25). Therefore, understanding

of the mechanism of aging-related pathobiology of sepsis will

lead to the development of effective strategies to inhibit

inflammatory response in elderly subjects.

The results of the present study show that TLR2 KO has a

greater effect on the production of inflammatory mediators in

old mice. While both young adult and old TLR2 KO mice have

reduced levels of TNF-α, IL-1β, IL-6 and MCP-1 in the

myocardium and plasma after CLP compared to age-matched

WT mice, old TLR2 KO mice exhibited a much greater

reduction in inflammatory mediators compared to young adult

TLR2 KO mice. Thus, TLR2 plays an important role in

exacerbation of the inflammatory activity in sepsis.

Accompanying the significant reduction of cytokine production,

LV performance is markedly improved in old TLR2 KO mice at

24 h after CLP compared to old WT mice. Cardiac output is

30% greater in old TLR2 KO mice in comparison to old WT

mice. The improved cardiac function in old TLR2 KO mice

resulted in higher survival rate (75% vs. 50% in old WT mice)

during the 4-day period after CLP. These findings not only

demonstrate the role of TLR2 in mediating the inflammatory

activity and cardiac dysfunction in old septic mice, but also

support the notion that cardiac dysfunction is a major risk factor

for death. These findings provide preclinical evidence that TLR2

blockers is beneficial for sepsis patients, especially in the elderly.

It should be noted that LV performance is not recovered to the

baseline level 4 days after CLP in old TLR2 KO mice. This suggests

that TLR2-independent mechanism(s) also contribute to aging-

related cardiac dysfunction in septic mice. In this regard, we

observed in a previous study that old mice exhibit myocardial

hyper-inflammatory response and exacerbated cardiac

dysfunction when being exposed to endotoxin (Li X, Aging in

press). It is likely that inflamm-aging involves the alteration of

other TLRs, including TLR4. A recent report shows that older

rats (7 month old) have greater oxidative stress in multiple

organs, including the heart, following CLP (26). Thus, inhibition

of TLR2 alone would attenuate, rather than abrogate, cardiac

dysfunction in old septic subject.

TLR2 is a component of the innate immune system and plays a

crucial role in mediating inflammatory response to polymicrobial

sepsis. Released PAMPs and DAMPs during sepsis bind to the
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TLR2 receptor on monocytes, macrophages and other pro-

inflammatory cells, initiating an intracellular signaling pathway

leading to NF-κB activation, assembly of the inflammasome, and

the subsequent generation of inflammatory cytokines (27).

However, excessive activation of theTLR2 signaling pathway

contributes to tissue damage, organ failure, and even mortality

during sepsis. Previous studies have shown that aging is an

independent predictor of mortality in sepsis (4, 28), and elevated

TLR2 activity in the aging heart exacerbates myocardial

inflammatory activity (13). In the current study, we observed that

TLR2 activity was greater in the hearts of old WT mice

compared with young WT mice when using a specific TLR2

agonist, PAM3CSK4, to stimulate this innate immune receptor.

Both young and old mice showed increased levels of TNF-α, IL-

1β, IL-6 and MCP-1 in the myocardium at 24 and 48 h after the

treatment. However, old WT mice exhibited greater

inflammatory activity. As a result, old WT mice had worse

ejection fraction and cardiac output at these time points.

Interestingly, myocardial levels of inflammatory mediators and

LV function parameters returned to the baseline levels 4 days

after the exposure to PAM3CSK4. This indicates that a single

dose of TLR2 agonist elicits an inflammatory response lasting for

a shorter time while sepsis induces a longer-lasting inflammatory

response through sustained TLR2 stimulation by bacterial

products. Nevertheless, elevated TLR2 levels in old mice play a

major role in exacerbation of inflammatory activity and cardiac

dysfunction following TLR2 stimulation. Together, the results

demonstrate that inflamm-aging involves elevation of TLR2 level

in vital organs and higher TLR2 levels drives greater

inflammatory activity. The findings support the concept that

elevated TLR2 level exacerbates the inflammatory activity to drive

the severity of cardiac dysfunction in old subjects with sepsis.

It is noteworthy that myocardial cytokine levels after CLP in

TLR2 KO old mice are higher than sham controls and

Pam3CSK4-treated old mice. This observation indicates that

TLR2-independent mechanism is involved in inducing and/or

maintaining myocardial inflammation in sepsis. In this regard,

polymicrobial sepsis also induces the activation of TLR4, TLR9

and RAGE (29–32). These pattern-recognition receptors could

play a role in elevation of cytokine levels. Future studies are

needed to identify TLR2-independent mechanism that

contributes to aging-related exacerbation of inflammation in sepsis.

It should be noted that the present study has focused on the

impact of aging on the host with an emphasis on innate

immunity. Two recent studies (33, 34) have reported that aging

alters the stability and/or potency of gut bacteria, and such an

effect of aging might modulate the severity of sepsis caused by

bacteria of gut origin. Further studies are warranted to identify

the factors from gut bacteria of old subjects that exacerbate

sepsis severity.
Conclusion

Elevated levels of TLR2 in multiple organs of old mice augment

the expression of cardiodepressant cytokines TNF-α, IL-1β, IL-6
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and MCP-1 during sepsis, leading to greater cardiac dysfunction

and high mortality. TLR2 KO markedly attenuates the

inflammatory activity in old septic mice, diminishing the age-

related difference in inflammatory activity. This effect of TLR2

KO results in improved cardiac function at all time points during

sepsis in old mice and reduces their mortality. In addition, old

WT mice exhibit greater myocardial inflammatory activity and

cardiac dysfunction following an exposure to TLR2 agonist.

Thus, elevated levels of TLR2 in multiple organs, including the

heart, drive sepsis severity in old mice. Modulation of the level

or activity of TLR2 in old septic subjects may improve their

outcome.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The animal study was approved by Institutional Animal Care

and Use Committee of the University of Colorado Denver. The

study was conducted in accordance with the local legislation and

institutional requirements.
Author contributions

YZ: Data curation, Formal Analysis, Investigation, Methodology,

Writing – original draft, Writing – review & editing. QY: Data
Frontiers in Cardiovascular Medicine 11
curation, Investigation, Methodology, Writing – review & editing.

ET: Data curation, Investigation, Methodology, Writing – review &

editing. LA: Data curation, Methodology, Writing – review &

editing. DF: Supervision, Writing – review & editing. XM:

Conceptualization, Funding acquisition, Project administration,

Supervision, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article.

This work was supported in part by the Veterans

Administration grant I01BX0051631 and National Institute of

Health grant R01GM129641.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Dombrovskiy VY, Martin AA, Sunderram J, Paz HL. Rapid increase in
hospitalization and mortality rates for severe sepsis in the United States: a trend
analysis from 1993 to 2003. Crit Care Med. (2007) 35(5):1244–50. doi: 10.1097/01.
CCM.0000261890.41311.E9

2. Haas LE, Boumendil A, Flaatten H, Guidet B, Ibarz M, Jung C, et al. Frailty is
associated with long-term outcome in patients with sepsis who are over 80 years
old: results from an observational study in 241 European ICUs. Age Ageing. (2021)
50(5):1719–27. doi: 10.1093/ageing/afab036

3. Martin-Loeches I, Guia MC, Vallecoccia MS, Suarez D, Ibarz M, Irazabal M, et al.
Risk factors for mortality in elderly and very elderly critically ill patients with sepsis: a
prospective, observational, multicenter cohort study. Ann Intensive Care. (2019) 9
(1):1–9. doi: 10.1186/s13613-018-0477-4

4. Nasa P, Juneja D, Singh O, Dang R, Arora V. Severe sepsis and its impact on
outcome in elderly and very elderly patients admitted in intensive care unit.
J Intensive Care Med. (2012) 27(3):179–83. doi: 10.1177/0885066610397116

5. Rajaee A, Barnett R, Cheadle WG. Pathogen-and danger-associated molecular
patterns and the cytokine response in sepsis. Surg Infect. (2018) 19(2):107–16.
doi: 10.1089/sur.2017.264

6. Matsumoto H, Ogura H, Shimizu K, Ikeda M, Hirose T, Matsuura H, et al. The
clinical importance of a cytokine network in the acute phase of sepsis. Sci Rep. (2018)
8(1):1–11. doi: 10.1038/s41598-018-32275-8

7. Lang CH, Pruznak AM, Frost RA. TNF-α- mediates sepsis-induced impairment
of basal and leucine-stimulated signaling via S6K1 and eIF4E in cardiac muscle. J Cell
Biochem. (2005) 94(2):419–31. doi: 10.1002/jcb.20311

8. Geri G, Vignon P, Aubry A, Fedou A-L, Charron C, Silva S, et al. Cardiovascular
clusters in septic shock combining clinical and echocardiographic parameters: a post
hoc analysis. Intensive Care Med. (2019) 45(5):657–67. doi: 10.1007/s00134-019-
05596-z

9. Pathan N, Hemingway CA, Alizadeh AA, Stephens AC, Boldrick JC, Oragui EE,
et al. Role of interleukin 6 in myocardial dysfunction of meningococcal septic shock.
Lancet. (2004) 363(9404):203–9. doi: 10.1016/S0140-6736(03)15326-3

10. Slimani H, Zhai Y, Yousif NG, Ao L, Zeng Q, Fullerton DA, et al. Enhanced
monocyte chemoattractant protein-1 production in aging mice exaggerates cardiac
depression during endotoxemia. Crit Care. (2014) 18(5):1–10. doi: 10.1186/s13054-
014-0527-8

11. Kumara A, Thota V, Dee L, Olson J, Uretz E, Parrillo J. Tumor necrosis factor
alpha and interleukin 1-beta are responsible for in vitro myocardial cell depression
induced by human septic shock serum. J Exp Med. (1996) 183(3):949–58. doi: 10.
1084/jem.183.3.949

12. Dickson K, Lehmann C. Inflammatory response to different toxins in experimental
sepsis models. Int J Mol Sci. (2019) 20(18):4341. doi: 10.3390/ijms20184341

13. Zhai Y, Ao L, Yao Q, Fullerton DA, Meng X. Elevated expression of TLR2 in
aging hearts exacerbates cardiac inflammatory response and adverse remodeling
following ischemia and reperfusion injury. Front Immunol. (2022) 13:891570.
doi: 10.3389/fimmu.2022.891570

14. Pacher P, Nagayama T, Mukhopadhyay P, Bátkai S, Kass DA. Measurement of
cardiac function using pressure–volume conductance catheter technique in mice and
rats. Nat Protoc. (2008) 3(9):1422–34. doi: 10.1038/nprot.2008.138

15. Lima CX, Souza DG, Amaral FA, Fagundes CT, Rodrigues IPS, Alves-Filho JC,
et al. Therapeutic effects of treatment with anti-TLR2 and anti-TLR4 monoclonal
antibodies in polymicrobial sepsis. PLoS One. (2015) 10(7):e0132336. doi: 10.1371/
journal.pone.0132336
frontiersin.org

https://doi.org/10.1097/01.CCM.0000261890.41311.E9
https://doi.org/10.1097/01.CCM.0000261890.41311.E9
https://doi.org/10.1093/ageing/afab036
https://doi.org/10.1186/s13613-018-0477-4
https://doi.org/10.1177/0885066610397116
https://doi.org/10.1089/sur.2017.264
https://doi.org/10.1038/s41598-018-32275-8
https://doi.org/10.1002/jcb.20311
https://doi.org/10.1007/s00134-019-05596-z
https://doi.org/10.1007/s00134-019-05596-z
https://doi.org/10.1016/S0140-6736(03)15326-3
https://doi.org/10.1186/s13054-014-0527-8
https://doi.org/10.1186/s13054-014-0527-8
https://doi.org/10.1084/jem.183.3.949
https://doi.org/10.1084/jem.183.3.949
https://doi.org/10.3390/ijms20184341
https://doi.org/10.3389/fimmu.2022.891570
https://doi.org/10.1038/nprot.2008.138
https://doi.org/10.1371/journal.pone.0132336
https://doi.org/10.1371/journal.pone.0132336
https://doi.org/10.3389/fcvm.2023.1293866
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Zhai et al. 10.3389/fcvm.2023.1293866
16. Devi Ramnath R, Weing S, He M, Sun J, Zhang H, Singh Bawa M, et al.
Inflammatory mediators in sepsis: cytokines, chemokines, adhesion molecules and
gases. J Organ Dysfunction. (2006) 2(2):80–92. doi: 10.1080/17471060500435662

17. Vosylius S, Sipylaite J, Ivaskevicius J. Determinants of outcome in elderly
patients admitted to the intensive care unit. Age Ageing. (2005) 34(2):157–62.
doi: 10.1093/ageing/afi037

18. Merx M, Weber C. Sepsis and the heart. Circulation. (2007) 116(7):793–802.
doi: 10.1161/CIRCULATIONAHA.106.678359

19. Li J, Zhai Y, Ao L, Hui H, Fullerton DA, Dinarello CA, et al. Interleukin-37
suppresses the inflammatory response to protect cardiac function in old
endotoxemic mice. Cytokine. (2017) 95:55–63. doi: 10.1016/j.cyto.2017.02.008

20. Cain BS, Meldrum DR, Dinarello CA, Meng X, Joo KS, Banerjee A, et al. Tumor
necrosis factor-alpha and interleukin-1 beta synergistically depress human myocardial
function. Crit Care Med. (1999) 27(7):1309–18. doi: 10.1097/00003246-199907000-
00018

21. Kumar A, Haery C, Parrillo JE. Myocardial dysfunction in septic shock. Crit
Care Clin. (2000) 16(2):251–87. doi: 10.1016/S0749-0704(05)70110-X

22. Zhu S, Ashok M, Li J, Li W, Yang H, Wang P, et al. Spermine protects mice
against lethal sepsis partly by attenuating surrogate inflammatory markers. Mol
Med. (2009) 15(7):275–82. doi: 10.2119/molmed.2009.00062

23. Ramnath RD, Ng SW, Guglielmotti A, Bhatia M. Role of MCP-1 in endotoxemia
and sepsis. Int Immunopharmacol. (2008) 8(6):810–8. doi: 10.1016/j.intimp.2008.01.
033

24. Marshall JC. Why have clinical trials in sepsis failed? Trends Mol Med. (2014) 20
(4):195–203. doi: 10.1016/j.molmed.2014.01.007

25. Opal SM, Girard TD, Ely EW. The immunopathogenesis of sepsis in elderly
patients. Clin Infec Dis (2005) 41(Supplement 7):S504–S12. doi: 10.1086/432007
Frontiers in Cardiovascular Medicine 12
26. Margotti W, de Souza Goldim MP, Machado RS, Bagio E, Dacoregio C, Bernades
G, et al. Oxidative stress in multiple organs after sepsis in elderly rats. Exp Gerontol.
(2022) 160:111705. doi: 10.1016/j.exger.2022.111705

27. Sabroe I, Read RC, Whyte MK, Dockrell DH, Vogel SN, Dower SK. Toll-like
receptors in health and disease: complex questions remain. J Immunol. (2003) 171
(4):1630–5. doi: 10.4049/jimmunol.171.4.1630

28. Yang Y, Yang KS, Hsann YM, Lim V, Ong BC. The effect of comorbidity and age
on hospital mortality and length of stay in patients with sepsis. J Crit Care. (2010) 25
(3):398–405. doi: 10.1016/j.jcrc.2009.09.001

29. Chen X, Wang T, Song L, Liu X. Activation of multiple toll-like receptors serves
different roles in sepsis-induced acute lung injury. Exp Ther Med. (2019) 18
(1):443–50. doi: 10.3892/etm.2019.7599

30. Hu D, Yang X, Xiang Y, Li H, Yan H, Zhou J, et al. Inhibition of toll-like
receptor 9 attenuates sepsis-induced mortality through suppressing excessive
inflammatory response. Cell Immunol. (2015) 295(2):92–8. doi: 10.1016/j.cellimm.
2015.03.009

31. Plitas G, Burt BM, Nguyen HM, Bamboat ZM, DeMatteo RP. Toll-like receptor
9 inhibition reduces mortality in polymicrobial sepsis. J Exp Med. (2008) 205
(6):1277–83. doi: 10.1084/jem.20080162

32. van Zoelen MA, Achouiti A, van der Poll T. RAGE during infectious diseases.
Front Biosci. (2011) 3(3):1119–32. doi: 10.2741/215

33. Colbert JF, Kirsch JM, Erzen CL, Langouët-Astrié CJ, Thompson GE, McMurtry
SA, et al. Aging-associated augmentation of gut microbiome virulence capability
drives sepsis severity. mBio. (2023) 14(3):e0005223. doi: 10.1128/mbio.00052-23

34. Mankowski RT, Thomas RM, Darden DB, Gharaibeh RZ, Hawkins RB, Cox MC,
et al. Septic stability? Gut microbiota in young adult mice maintains overall stability
after sepsis compared to old adult mice. Shock. (2021) 55(4):519–25. doi: 10.1097/
SHK.0000000000001648
frontiersin.org

https://doi.org/10.1080/17471060500435662
https://doi.org/10.1093/ageing/afi037
https://doi.org/10.1161/CIRCULATIONAHA.106.678359
https://doi.org/10.1016/j.cyto.2017.02.008
https://doi.org/10.1097/00003246-199907000-00018
https://doi.org/10.1097/00003246-199907000-00018
https://doi.org/10.1016/S0749-0704(05)70110-X
https://doi.org/10.2119/molmed.2009.00062
https://doi.org/10.1016/j.intimp.2008.01.033
https://doi.org/10.1016/j.intimp.2008.01.033
https://doi.org/10.1016/j.molmed.2014.01.007
https://doi.org/10.1086/432007
https://doi.org/10.1016/j.exger.2022.111705
https://doi.org/10.4049/jimmunol.171.4.1630
https://doi.org/10.1016/j.jcrc.2009.09.001
https://doi.org/10.3892/etm.2019.7599
https://doi.org/10.1016/j.cellimm.2015.03.009
https://doi.org/10.1016/j.cellimm.2015.03.009
https://doi.org/10.1084/jem.20080162
https://doi.org/10.2741/215
https://doi.org/10.1128/mbio.00052-23
https://doi.org/10.1097/SHK.0000000000001648
https://doi.org/10.1097/SHK.0000000000001648
https://doi.org/10.3389/fcvm.2023.1293866
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Aging exacerbates cardiac dysfunction and mortality in sepsis through enhancing TLR2 activity
	Introduction
	Materials and methods
	Chemicals and reagents
	Animals
	Cecal ligation and puncture
	Pressure-volume hemodynamic analysis
	Cytokine assay
	Immunoblotting
	Statistical analysis

	Results
	Old mice have severe cardiac dysfunction and high mortality during sepsis
	TLR2 KO results in greater reduction of inflammatory activity in old septic mice
	TLR2 KO attenuates cardiac dysfunction and reduces mortality in old septic mice
	Old mice display greater myocardial inflammatory activity and cardiac dysfunction following TLR2 stimulation

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


