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SUMMARY

Tumor necrosis factor (TNF) induces systemic inflammatory response syndrome (SIRS), and severe SIRS can
serve as a model for studying animal death caused by organ failure. Through strategic cecectomy, we
demonstrate that necroptosis in the cecum initiates the death process in TNF-treated mice, but it is not
the direct cause of death. Instead, we show that it is the cardiac dysfunction downstream of cecum damage
that ultimately leads to the death of TNF-treatedmice. By in vivo and ex vivo physiological analyses, we reveal
that TNF and the damage-associated molecular patterns (DAMPs) released from necroptotic cecal cells
jointly target cardiac endothelial cells, triggering caspase-8 activation and subsequent cardiac endothelial
damage. Cardiac endothelial damage is a primary cause of the deterioration of diastolic function in the heart
of TNF-treated mice. Our research provides insights into the pathophysiological process of TNF-induced
lethality.

INTRODUCTION

Tumor necrosis factor (TNF) is a multifunctional cytokine impli-

cated in various biological processes, including cellular prolifer-

ation, inflammatory responses, and cell death (apoptosis and

necroptosis).1 Experimental injection of exogenous TNF induces

systemic inflammatory response syndrome (SIRS), mimicking

part of the acute systemic inflammation and tissue damage

seen in human patients following infection, trauma, thermal

injury, or surgery.2,3

While TNF induces inflammatory cytokines such as

interleukin-6 (IL-6),4 IL-1b,5 IL-17,6 and interferon (IFN)-a/b,7 which

are implicated in TNF-induced SIRS pathology, studies show that

cytokine levels do not always correlate with survival in TNF-

induced SIRS.8 Instead, tissue damage has been proposed to

play a significant role in TNF-induced SIRS pathology.2,8–10

TNF-induced tissue damage affects multiple organs, including

the intestines, lungs, kidneys, and liver.2,11 Necroptotic cell

death has been identified as a crucial pathological mechanism

in TNF-induced SIRS and animal death. Blocking necroptosis

can diminish TNF-induced animal death,10–12 and simultaneous

impairment of apoptotic and necroptotic pathways fully protects

mice from the lethal effects of TNF.9

The pathological role of necroptosis in TNF-induced SIRS and

animal death has been studied extensively using necroptosis

abolition mouse models or specific necroptosis inhibitors like

necrostatin-1.11–14 Enhanced inflammatory responses and nec-

roptotic cell death, particularly in the liver, have been associated

with exacerbation of SIRS by necroptosis, leading to increased

vascular permeability, coagulation, and multi-organ dysfunc-

tion.8,11,15 According to a recent study,9 preventing TNF-induced

mouse death was successful in Rip3fl/flVillincre/� mice. This high-

lights the critical role of necroptosis in intestinal epithelial cells

(IECs) in TNF-induced mortality. Our prior findings suggest that

RIP3-dependent tissue damage, primarily in the cecum, may

be vital to TNF-induced mouse death.10

Necroptosis releases damage-associated molecular patterns

(DAMPs),16 such as histones, which trigger inflammatory re-

sponses and correlate with mortality in sepsis patients.17–20

Furthermore, TNF-induced dysfunction of goblet and Paneth

cells has been linked to bacterial translocation and mortality in

mice.21 However, recent studies found no connection between

necroptosis and intestinal permeability of microbes in TNF-

treated animals.8 While it is reasonable to assume that DAMPs

from a damaged organ could affect other organs, experimental

evidence supporting this hypothesis is still lacking.
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Cardiac dysfunction is a common feature of SIRS-related

deaths in septic shock patients,22–24 and TNF has been reported

to induce apoptosis in cultured cardiomyocytes and cardiac

dysfunction in vivo.25–28 However, whether these in vitro and

in vivo observations share the same underlying mechanisms

and how TNF induces cardiac dysfunction remains unclear.

In this study, we systematically investigated the pathological

processes underlying TNF-induced mouse death and revealed

a sequence of organ damage triggered by TNF treatment.

Cecum IECs, the cells most sensitive to TNF-induced necropto-

sis, respond first to TNF and release DAMPs into circulation,

mediating inter-organ signaling. The lethal damage occurs in

the heart, where TNF and DAMPs synergistically damage

the cardiac endothelium. TNF- and DAMP/Myd88-mediated

caspase-8 activation is the major driver of endothelium damage.

Thus, TNF-induced mouse death involves a pathological

sequence initiated by cecal cell necroptosis, cecum-cardiac

signal transfer, and the synergy of TNF and DAMPs in triggering

cardiac failure.

RESULTS

Cecectomy protects mice from TNF-induced death
To better understand the pathological process of TNF-induced

animal death, we studied the effects of TNF at 100% lethal

dose (LD100) in C57BL/6J mice. At LD100, Rip3 deficiency pre-

vented mice from TNF-induced death (Figure S1A). Additionally,

the toxic effects triggered by TNF, such as rapid submucosal

edema in the cecum and abundant cecal epithelial cell destruc-

tion and shedding observed in wild-type mice, were significantly

attenuated in Rip3�/� mice.10 Similar results were observed

whenMlkl�/�mice were used (Figures S1B and S1C). Phosphor-

ylation of MLKL on serine 345 (p-MLKL), an essential event in

necroptosis,29 was detected in cecal epithelial cells in wild-

typemice but not inMlkl�/�mice after TNF injection (Figure S1D).

We confirmed here that TNF induces necroptotic cell death in

cecal epithelial cells.

To investigate the role of cecal epithelial cell necroptosis in

TNF-induced lethality, we performed cecectomy on wild-type

mice.30 Mice that underwent the same surgical procedure

without ileocecal junction ligation or cecal excision were used

as the sham group. Mice that underwent cecectomy and sham

mice exhibited similar behaviors and lifespans (Figures S1E

and S1F). Cecectomy prevented mice from TNF-induced death

and ameliorated hypothermia induced by TNF (Figure 1A). In

contrast, cecectomy had no protective effect on lipopolysaccha-

ride (LPS)-induced mouse death (Figures S1G and S1H). This is

consistent with data showing that TNF-induced necroptosis

preferentially damages the cecum, while LPS targets multiple or-

gans/tissues and cells.31,32

To determine whether the protective effects of cecectomy

against TNF-induced death were due to the abrogation of cecal

necroptosis, Mlkl�/� mice and their wild-type littermates were

subjected to cecectomy or sham surgery and treated with

TNF. TNF-induced hypothermia and death were alleviated in

wild-type and Mlkl�/� mice that had undergone cecectomy,

butMlkl knockout and cecectomy did not have an additive effect

in protecting against TNF-induced hypothermia or death (Fig-

ure 1B). Similar results were obtained when Rip3�/� mice and

their wild-type littermates were used (Figure 1C). Collectively,

these data demonstrate that cecal cell necroptosis is a required

initiative event in TNF-induced mouse death.

The death-promoting effect of cecal cell necroptosis is
not linked to the production of the major inflammatory
mediators or intestinal bacterial translocation
TNF is a well-known proinflammatory cytokine, and studies have

shown that TNF-induced death is alleviated in some inflamma-

tory cytokine-deficient mice,4–7,33 but no correlation between in-

flammatory cytokine levels and TNF-induced mouse death has

been reported.8 Thus, we examined serum levels of inflamma-

tory cytokines in TNF-treated cecectomized and sham mice.

While IL-6, IL-1b, IL-18, and IFN-b levels were similar across

TNF-treated mice (Figures S2A–S2D), decreased IFN-g and IL-

22 levels were observed in TNF-treated cecectomized mice

(Figures S2E and S2F). To assess whether the enhanced cyto-

kine response from the cecum correlates with mouse death,

we compared cytokine levels in TNF-treated Mlkl�/� mice and

wild-type littermates. As shown in Figures S2G–S2L, cytokine

levels were comparable between the two groups. We also

examined the serum levels of inflammatory lipid mediators in

TNF-treated mice and found that cecectomy did not cause dif-

ferences (Figures S2M–S2V). Similar results were also obtained

when Mlkl�/� mice and their wild-type littermates were used

(Figures S2W–S2AF). Thus, the protective effect of cecectomy

in TNF-induced death in mice is not associated with the secre-

tion of inflammatory mediators.

The intestinal lumen is rich in microbes, and the translocation

of microbes from the cecum to the blood or abdominal cavity is

widely used to model sepsis in mice.34 Normal villous architec-

ture with increased intraepithelial lymphocytes was observed

in different small intestine sections (duodenum, ileum, and

jejunum) in TNF-treated cecectomized and sham mice, and no

colon damage was observed (Figure S3A). The results were

the same whenMlkl�/� or Rip3�/� mice and their wild-type litter-

mates were examined (Figures S3B and S3C). Importantly, sig-

nificant pathological alterationswere only observed in the cecum

of wild-type mice (Figure S1C). There was an equally small num-

ber of bacterial colonies in cultured blood samples from both the

sham (or wild-type) and cecectomized (Rip3�/� or Mlkl�/�)
groups (Figures S3D–S3F). To determine whether bacterial inva-

sion occurs with prolonged TNF treatment, we administered TNF

(LD50) to Mlkl�/� and wild-type littermates for up to 72 h. We

observed minimal bacterial invasion and no significant differ-

ences between the groups (Figure S3G). Thus, cecal epithelial

cell necroptosis in TNF-treated mice in our experimental condi-

tion does not lead to the entry of microbes from the intestinal

lumen into the blood that causes secondary sepsis.

Cecal cell necroptosis ultimately affects cardiac
function
TNF at LD100 caused certain levels of interstitial pneumonia, im-

mune cell infiltration in the lungs (FiguresS4A–S4C), liver damage

(alanine aminotransferase [ALT] and aspartate transferase [AST]

level), and vascular permeability and coagulation in the liver,

and these were not influenced by cecectomy or deletion of Mlkl
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Figure 1. Cecectomy protects mice from TNF-induced death in an MLKL- or RIP3-dependent manner

(A) Cecectomized or sham wild-type mice were injected intravenously with TNF. The mortality rate and rectal temperature were recorded (n = 10).

(B and C) Same as (A) but for Mlkl�/� mice (B) and Rip3�/� mice (C) and their wild-type littermates (n = 6). Cumulative results of two or three independent ex-

periments are shown. Each symbol represents a representative sample. The survival curve is presented as a Kaplan-Meier plot. The small horizontal lines indicate

the means ± sems. ns, not significant, P > 0.05; * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. The data were analyzed by two-tailed unpaired t tests.

See also Figures S1.
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or Rip3 (Figures S4D–S4H). However, when the cardiac system

was examined, the differencewas apparent. Lead II electrocardi-

ography (ECG) showed continuous deterioration of cardiac func-

tion in TNF-treated shammice, as indicated by a prolonged elec-

trocardiographic interval, a widened QRS complex, and ST

elevation in the late stage (8 h) (Figure 2A). No obvious electrocar-

diographic cycle signals were recorded inmoribundmice. Signif-

icant improvement in cardiac function was observed by ECG in

TNF-treated cecectomized mice, and the lead II ECG waveform

almost returned to normal 24 h after TNF injection (Figure 2A).

Consistent with these findings, echocardiography revealed sig-

nificant improvement in cardiac function in TNF-treated mice

that had undergone cecectomy (Figure 2B; Video S1). We calcu-

lated the left ventricle (LV) volume in the diastole stage and found

that the LV volume decreased continuously in sham mice, while

this decline was mitigated in cecectomized mice at 6 h and 9 h

(Figure 2C). Similar results were obtained for cardiac output

(CO) (Figure 2C). Moreover, a weak heartbeat and continuous

decreases in LV volume and CO were also observed in TNF-in-

jected wild-type mice, and these changes were also strongly

ameliorated in their Mlkl�/� (Figures S5A–S5C) and Rip3�/�

(Figures S5E–S5G) littermates.We also found that the intact ven-

tricular septum (IVS) and left ventricular posterior wall (LVPW)

during the systole stage thickened after TNF injection (Figure 2D).

Although cecectomy alleviated these changes, deletion ofMlkl or

Rip3 slightly affects the TNF-induced increase of the thickness of

the IVS and LVPW (Figures S5D and S5H), suggesting that the

changes in IVSandLVPWwere not related to cecumnecroptosis.

When LV and CO values in a number of mice that were undergo-

ing survival or death were compared, it appears that there might

be a threshold level of LV and CO for survival (Figure S5I). Collec-

tively, cecum epithelial cell necroptosis exacerbated TNF-

induced cardiac dysfunction inmice, and the level of the reduced

CO could be a criterion for forewarning of mouse death, consis-

tent with studies demonstrating that decreased CO can repre-

sent cardiac dysfunction and predict mortality in septic mice or

clinical patients.22,23,35

When cardiomyocytes were compared, no obvious cardiac

structural changes were observed between TNF-treated cecec-

tomized and sham mice (Figure S6A) and between TNF-treated

Mlkl�/� (Figure S6B) or Rip3�/� (Figure S6C) mice and their

wild-type littermates. TNF treatment increased serum cardiac

troponin I levels, a biomarker of cardiomyocyte damage, but ce-

cectomy had no significant effect compared to sham mice (Fig-

ure S6D). Histopathological analysis revealed an increased

space between the cardiomyocytes, and cecectomy did not

affect this change. Local edema and vacuoles were observed

in a small number of cardiomyocytes in the sham mice, and

these changes were slightly attenuated by cecectomy (Fig-

ure S6E). In addition, cardiomyocyte size, measured by wheat

germ agglutinin staining, was slightly increased 6 h after TNF in-

jection, but no differences were observed between the sample

and control mice (Figure S6F). Additionally, TNF treatment did

not cause significant changes in cardiac electrolyte (Na+, K+,

and bicarbonate) levels between cecectomy and sham mice or

between Mlkl�/� and their wild-type littermates (Figure S6G).

ATP production was significantly decreased by TNF treatment,

but no differences were observed between Mlkl�/� and their

wild-type littermates (Figure S6H). Moreover, mice with Tnfr1

deletion in cardiomyocytes (Tnfr1fl/flaMHCCre/�) exhibited com-

parable lethality rates and cardiomyocyte damage as their

wild-type littermates (Tnfr1fl/fl) (Figures S6I and S6J).

Intraperitoneal injection of atropine, a prescription drug used

to treat symptoms of bradycardia, efficiently prevented death

in wild-type mice (Figure 2E). Atropine treatment did not affect

cecal epithelial cell destruction or shedding (Figure 2F), cardio-

myocyte spacing, local edema, or vacuoles (Figure 2G); howev-

er, echocardiography revealed that cardiac function was

improved in atropine-treated mice (Figures 2H–2J). Besides,

the cardiac function of all surviving cecectomy or atropine-

treated mice 48 h after TNF (LD100) administration was restored

to the baseline of untreatedmice (Figures S6K and S6L). The car-

diac function recovery of the survivingmicewas the same in LD50

TNF-treated mice (Figures S6M and S6N). Thus, cecum epithe-

lial cell necroptosis is unlikely to impair cardiac function by

affecting cardiomyocyte damage.

Renal injury in TNF-treated mice links to cardiac
dysfunction
Significant differences in renal damage were also observed be-

tween TNF-treated wild-type mice that had undergone cecec-

tomy and TNF-treated wild-type sham mice. As shown in Fig-

ure S7A, comparable brush border loss in tubular epithelial

cells was observed in both cecectomized and shammice 3 h af-

ter TNF injection. However, renal damagewas increased at 6 and

9 h in TNF-treated sham mice, and slight dilation and vacuoliza-

tion of tubular epithelial cells emerged at 9 h; in contrast, renal

damage was not exacerbated at 6 h or 9 h in TNF-treated cecec-

tomized mice. The concentration of total inorganic phosphate in

serum (Figure S7B), an indicator of renal damage, showed com-

parable results. Mlkl�/� and Rip3�/� mice phenocopied cecec-

tomy mice in TNF-induced renal damage and serum inorganic

phosphate concentration (Figures S7C–S7F). Both cecectomy

and Mlkl or Rip3 deficiency significantly attenuated renal dam-

age at a relatively late time point (9 h and 12 h) after TNF injection

(Figures S7A–S7F), raising the possibility that the renal damage

may be further downstream of cecal necroptosis. The kidney is

sensitive to ischemic injury,36 and cardiac dysfunction causes

kidney damage.37 Therefore, we analyzed TNF-induced renal

damage in mice treated with atropine or left untreated and found

that atropine administration indeed reduced renal damage (Fig-

ure S7G). Thus, renal damage in TNF-treated mice is attributed

not only to cecal necroptosis but also to cardiac dysfunction.

DAMPs released from cecal cell necroptosis participate
in TNF-induced mouse death
To further explore how cecal cell necroptosis exacerbates

cardiac dysfunction, we analyzed the serum proteome of wild-

type mice treated with or without TNF for 6 h. 2417 serum pro-

teins were identified via mass spectrometry (Figure 3A). Among

the TNF-increased proteins, six were histones. Western blotting

with anti-histone 3 antibody confirmed that TNF induced an in-

crease in the serum histone concentration, and this increase

was diminished by cecectomy or Mlkl or Rip3 deficiency in

mice (Figures 3B–3D).
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Figure 2. Cecal cell necroptosis promotes TNF-induced lethal cardiac dysfunction

(A) Electrocardiograms of TNF-treated cecectomized or sham mice at the indicated times.

(B–D) Cardiac function assessed by echocardiography: two-dimensional Mmode (B), left ventricular end diastolic volume (LV vol, d) and cardiac output (CO) (C),

and interventricular septum dimension in systole (IVS, s) and left ventricular posterior wall thickness in systole (LVPW, s) (D) (n = 4–8).

(E) Mortality rate in TNF-treated wild-type mice injected intraperitoneally with atropine or PBS (1 h before and 4 h after TNF) (n = 6).

(F and G) Tissue injury analysis of the cecum (F) and heart (G) in TNF-treated wild-type mice treated with atropine or PBS (n = 4).

(H and J) Cardiac function in TNF-treatedwild-typemicemeasured by echocardiography: two-dimensional Mmode (H), LV vol, d and CO (I) and IVS, s and LVPW,

s (J) (n = 4).

Scale bars: 50 mm (F) and 1 mm and 50 mm (G). Cumulative results from two or three independent experiments are shown. Each symbol represents a repre-

sentative sample. The survival curve is presented as a Kaplan-Meier plot. The small horizontal lines indicate the means ± sems. ns, not significant, P > 0.05; *, P

<0.05; **, P <0.01; ***, P <0.001; ****, P < 0.0001. The data were analyzed by two-tailed unpaired t tests. See also Figures S2–S7 and Video S1.
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Since DAMPs such as histones can be toxic when they reach a

high level in vivo,38 the increase of DAMPs to a non-lethal level in

TNF-treated mice might synergize with TNF to promote animal

death. In this case, administering a non-lethal dose of

histone could potentially substitute for the cecum damage in

TNF-induced mouse death. Indeed, intravenous injection of a

Figure 3. DAMPs released from cecal cell necroptosis promote TNF-induced mouse death

(A) Serum proteome analysis of TNF-treated wild-type mice (n = 3).

(B–D) Western blotting for histone 3 in serum samples with total serum proteins as loading control.

(E-G) TNF-treated cecectomized or sham mice (E, n = 8), Mlkl�/� mice (F, n = 8), and Rip3�/� mice (G, n = 5) and their wild-type littermates were injected with

histones or BSA. Mortality rate and rectal temperature were recorded. Survival curves (Kaplan-Meier plot) and mean ± SEM are shown.

Cumulative results from two or three independent experiments are shown. Each symbol represents a representative sample. The survival curve is presented as a

Kaplan-Meier plot. The small horizontal lines indicate the means ± sems. ns, not significant, P > 0.05; *, P <0.05; **, P <0.01; ***, P <0.001; ****, P < 0.0001. The

data were analyzed by two-tailed unpaired t tests. See also Figure S7.
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non-lethal dose of histone after TNF injection resulted in hypo-

thermia and the death of mice that had undergone cecectomy

(Figure 3E), while administration of the same concentration of

BSA had no effect (Figures 3E and S7H). Supplementation of a

non-lethal dose of histone to TNF-treated Mlkl�/� or Rip3�/�

mice also triggered hypothermia and mouse death (Figures 3F

and 3G). Thus, TNF-induced mouse death should result from

the synergy of TNF and the DAMPs released by TNF-induced

necroptosis of cecal cells.

Histones synergize with TNF to cause lethal cardiac
dysfunction
Since necroptosis in the cecum is required for cardiac dysfunction

in TNF-treatedmice, we testedwhether administering a non-lethal

dose of histone affects cardiac function in TNF-treated mice. His-

tone administered after TNF injection caused similar cardiac

dysfunction in both cecectomized and shammice, whereas treat-

ment with the same concentration of histones alone did not cause

any significant cardiac dysfunction (Figures 4A and 4B). More-

over, histone administration decreased the LV volume and CO

to similar extents in both TNF-treated sham mice and cecectom-

izedmice, while the same concentration of histone alone had only

slight effects on cardiac function (Figures 4C–4E; Video S2). No

significant structural changes were observed in the hearts of

TNF-treated mice, regardless of whether they were administered

histones (Figure 4F). Similar results were obtained when Mlkl�/�

mice and their wild-type littermates were used (Figures S7I–

S7M). Thus, histones in the circulation can synergize with TNF

to impair cardiac function. These findings suggest that DAMPs

released from necroptotic cecal cells in TNF-treated mice syner-

gize with TNF to impair cardiac function.

DAMPs act via various sensing/activation pathways to
synergize with TNF in triggering mouse death
Since histone administration can restore the sensitivity of cecec-

tomized,Mlkl�/�, andRip3�/�mice to TNF-inducedmouse death,

we explored how endogenously produced DAMPs function in

TNF-treated mice. It is well known that Toll-like receptors

Figure 4. Histones can bypass cecectomy and synergize with TNF in promoting cardiac dysfunction
(A) ECG of TNF-treated cecectomized or sham wild-type mice injected with histones, recorded at 8 or 24 h (or when moribund).

(B) Same as (A) but with mice receiving histones only (n = 6).

(C–F) Cecectomized or shammice treatedwith TNF and histones or BSA. Cardiac functionwasmeasured 8 h post-TNF (n= 4) (C). Shown are quantitative analysis

of LV vol, d and CO (D), IVS, s, and LVPW, s (E), and representative H&E staining of the heart (F).

Cumulative results of two or three independent experiments are shown. Mean ± SEM is indicated by small horizontal lines. Each symbol represents a repre-

sentative sample. The small horizontal lines indicate themeans ± sems. ns, not significant,P > 0.05; *, P <0.05; **,P <0.01; ***,P <0.001; ****, P < 0.0001. The data

were analyzed by two-tailed unpaired t tests. See also Figure S7 and Video S2.
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Figure 5. Cecal cell necroptosis-promoted lethal cardiac dysfunction is primarily mediated by Myd88

(A) Mortality rate of TNF-treated Myd88�/� mice and Myd88+/+ mice (n = 10).

(B and C) Mortality rates in TNF-treated Myd88�/� with cecectomy or sham surgery (B) and Myd88�/�Rip3�/� mice (C) and their wild-type littermates (n = 6).

(D) Histological analysis and scoring of cecal tissues from TNF-treated mice (n = 8).

(E) Histological changes in hearts of TNF-treated Myd88�/� mice and Myd88+/+ mice.

(legend continued on next page)
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(TLRs) recognize many DAMPs and pathogen-associated molec-

ular patterns (PAMPs),39 and reductions in TNF-induced death in

Tlr2�/�, Tlr4�/�, and Tlr9�/� mice have been reported in some

studies.40,41 However, deletion of Tlr2, Tlr4, or Tlr9 alone in mice

did not significantly protect against TNF-induced death in our ex-

periments (Figures S8A–S8C). This is not surprising, given that

each of these receptors can sense only a few DAMPs.39 We

then generated Tlr2�/�Tlr4�/� and Tlr2�/�Tlr4�/�Tlr9�/� mice.

Although no significant differences in mouse survival were

observed between knockout mice and their wild-type littermates,

the mortality rate of the Tlr2�/� Tlr4�/� and Tlr2�/� Tlr4�/� Tlr9�/�

mice tended to be decreased (Figures S8D and S8E). Since

signaling through many DAMP receptors involves the adaptor

protein Myd88, we then assessed the survival rate of TNF-treated

Myd88�/� mice and found that their survival rate was significantly

increased (Figure 5A). In contrast, deficiency of Trif, another

important adaptor protein,42 did not exert any protective effects

against TNF-induced death (Figure S8F). Moreover, compared

with Myd88�/� mice, Myd88�/�Trif�/� mice did not exhibit addi-

tional protection against TNF-induced death (Figure S8G). Thus,

the activation of variousMyd88-dependent pathways participates

in TNF-induced mouse death.

To further determine whether the DAMPs released from nec-

roptotic cecal cells act via the Myd88 pathway to elicit a

death-promoting effect, we compared TNF-induced mortality

rates betweenMyd88�/� mice and their wild-type littermates af-

ter cecectomy or sham surgery. As shown in Figure 5B,

compared with wild-type mice that had undergone cecectomy,

no additional protective effect was observed in Myd88�/� mice

that had undergone cecectomy. Moreover, we generated

Myd88�/�Rip3�/� mice and found that Myd88 and Rip3

deficiency had no additional effect in protecting against TNF-in-

duced death (Figure 5C). Thus,Myd88 and cecal cell necroptosis

are on the same axis in promoting mouse death.

Myd88 deficiency blocks TNF-induced cardiac
dysfunction
Cardiac dysfunction occurs downstream of cecal cell necropto-

sis in TNF-treated mice. Thus, we aimed to determine how the

Myd88-mediated cellular response contributes to the patholog-

ical changes induced by TNF treatment in mice. TNF injection

induced rapid epithelial cell death and submucosal edema of

comparable severity in the cecum of both wild-type and

Myd88�/� mice (Figure 5D), and the release of major inflamma-

tory lipid mediators and cytokines was almost comparable be-

tween wild-type and Myd88�/� mice (Figures S8I–S8U). These

data indicate that Myd88 is not required for TNF-induced cecal

epithelial damage or inflammatory responses.

When the heart was analyzed, we did not find significant dif-

ferences in heart structure between TNF-treated Myd88�/�

mice and their wild-type littermates (Figure 5E). However, sig-

nificant differences in their ECG were observed (Figure 5F),

and echocardiography revealed that the LV volume and CO

were significantly bigger in Myd88�/� mice than in their wild-

type littermates 8 h after TNF injection (Figures 5G–5I; Video

S2), indicating that Myd88 signaling promotes cardiac dysfunc-

tion in TNF-treated mice. Consistent with the findings regarding

cecal damage, the serum histone 3 concentration in TNF-

treated Myd88�/� mice and their wild-type littermates was

not significantly different (Figure 5J). Importantly, histone

administration failed to restore the sensitivity of Myd88�/�

mice to TNF, which was demonstrated by the fact that

Myd88�/� mice still exhibited resistance to hypothermia and

death after histone administration (Figures 5K and S8H).

Thus, Myd88 mediates the histone-elicited cellular response,

leading to the deterioration of cardiac function.

TNF and histones cooperate to affect cardiac function
To further verify whether TNF and histones directly influence

cardiac function, Langendorff perfusion experiments were per-

formed.43 ECG of isolated hearts was performed with a

32-channel multi-electrical array, and TNF and/or histones

were added to the perfusate to observe their effects on the heart

(Figure 6A). TNF administration alone did not cause significant

changes in perfused wild-type hearts even with a very high

dose (Figures S9A–S9C), but when a low dose (5 mg/mL) of his-

tones was added to the perfusate containing a low dose of TNF

(0.3 mg/mL), a prolonged ECG interval, a widened QRS complex,

and ST elevation were observed, and cardiac arrest occurred

within 20 min, confirming that TNF and histones cooperate to

cause cardiac dysfunction (Figures 6B and 6C). The addition of

histones to the TNF-containing perfusate also caused severe

cardiac dysfunction in perfused Rip3�/� mouse hearts but

not perfused Myd88�/� mouse hearts, confirming that Myd88

signaling in the heart is required for TNF- and histone-induced

cardiac dysfunction (Figures 6B and 6C).

We also analyzed the activity time recorded by each electrical

array detector. Consistent with the ECG results, equal activity

times were observed in the hearts of the wild-type, Myd88�/�,
and Rip3�/� mice when PBS was added to the perfusate, and

TNF administration had no significant influence on the activity

time (Figure 6D). However, the activity time recorded by several

detectors was significantly increased in both wild-type and

Rip3�/� mouse hearts after histone administration, and this

change caused by histone administration was efficiently blocked

by Myd88 deficiency (Figure 6D). Similar changes in the

(F) ECG results of TNF-treated Myd88�/� mice and Myd88+/+ mice at the indicated times.

(G–I) ECG results of TNF-treatedMyd88�/�mice andMyd88+/+mice at the indicated times (G), LV vol, d and CO (H), and IVS, s and LVPW, s (I) were quantitatively

analyzed (n = 5).

(J) Serum histone 3 levels in TNF-treated mice with total serum proteins as loading control.

(K) Mortality rate and rectal temperature of TNF-treated Myd88�/� mice and Myd88+/+ mice (n = 4) injected with histones or BSA.

Scale bars: 100 mm (D) and 1mm (E). Cumulative results from two or three independent experiments are shown.Mean±SEM is indicated by small horizontal lines.

Each symbol represents a representative sample. The survival curve is presented as a Kaplan-Meier plot. The small horizontal lines indicate the means ± sems.

ns, not significant, P > 0.05; *, P <0.05; **, P <0.01; ***, P <0.001; ****, P < 0.0001. The data were analyzed by two-tailed unpaired t tests. See also Figures S8 and

Video S2.
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Figure 6. Myd88 is essential for the synergy of TNF and histones in inducing cardiac dysfunction in vitro

(A) Workflow of the in vitro Langendorff perfusion experiments.

(B–D) Representative examples of electrocardiogram tracings (B) and single electrocardiogram tracings (C) and the active time and dispersion time (D) of

perfused wild-type, Myd88�/�, and Rip3�/� mouse hearts.

Cumulative results from two or three independent experiments are shown. See also Figure S9.
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Figure 7. Myd88-caspase-8 axis in cardiac endothelial cells is essential for the lethal cardiac dysfunction in TNF-treated mice

(A)Myd88�/� mice andMyd88+/+mice were injected with TNF. Shown are cleaved caspase-8 (C-C8) signals in cardiac tissue from TNF-injectedMyd88�/� mice

and Myd88+/+ mice.

(B) Cardiac vascular permeability in TNF-injected Myd88�/� mice and Myd88+/+ mice assessed by Evans blue assay.

(legend continued on next page)
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dispersion time were also observed, as a significantly increased

dispersion time was recorded by most detectors in both wild-

type and Rip3�/� mouse hearts after histone administration but

not in Myd88�/� mouse hearts (Figure 6D). Moreover, the addi-

tion of the same concentration of histones alone to the perfusate

did not cause significant changes in the ECG results in wild-type,

Myd88�/�, or Rip3�/� mouse hearts (Figures S9D and S9E), and

the activation time and dispersion time were also comparable

between wild-type, Myd88�/�, and Rip3�/� mouse hearts (Fig-

ure S9F). Collectively, these results suggest that the heart is a

direct target of TNF and histones, consistent with the findings

obtained in mice injected with TNF or TNF and histones (Fig-

ures 2, 3, and 4).

Myd88-dependent DAMP signaling in cardiac
endothelial cells occurs via caspase-8 to synergize with
TNF signaling in inducing cardiac dysfunction
Although not as primary as the necroptotic pathway in mediating

TNF-induced mouse death, the apoptotic (caspase-8) pathway

coordinates with the necroptotic pathway to promote in vivo

toxicity of TNF.9 At LD100, TNF-induced mouse death is primarily

mediated by the cecum-heart axis, while higher TNF doses can

induce cell death in other organs that may also initiate mouse

death. Simultaneous deletion of Casp8 and Rip3 blocks TNF-

inducedmouse death,9 even with doses up to 5 times LD100 (Fig-

ure S10A). ECG waveforms, echocardiography data, LV volume,

and CO were similar between TNF-treated Casp8�/�Rip3�/�

mice and untreated Casp8�/�Rip3�/� mice (Figures S10B–

S10E), and hearts from these mice were resistant to TNF- and

histone-induced cardiac dysfunction in ex vivo Langendorff

perfusion experiments (Figures S10F–S10K). No or very

slight damage was observed in the cecum of TNF-treated

Casp8�/�Rip3�/� mice (Figure S10L). These findings indicate

that deletion of both Casp8�/� and Rip3�/� blocks all damage

in both the executor and initiator organs.

Caspase-8 activation can be measured with an antibody spe-

cific for caspase-8 cleaved at D374 (C-C8), and necroptotic

pathway activation can be detected with an anti-p-MLKL

antibody.44 We examined cardiac C-C8 and p-MLKL levels in

TNF-treated Myd88�/� mice and their wild-type littermates.

C-C8 signals were observed in wild-type mouse cardiac tissues;

most of these signals appeared to be in endothelial cells, and the

C-C8 signals were barely detectable inMyd88�/�mouse cardiac

tissues (Figure 7A), suggesting that caspase-8 activation is

downstream of Myd88. Indeed, Myd88-dependent caspase-8

activity has been observed in some pathological processes.45–47

In contrast, we did not detect p-MLKL signals in the hearts of

TNF-treated wild-type or Myd88�/� mice (Figure S10M). The

damage of cardiac endothelial cells was supported by the in-

crease of cardiac vascular permeability to Evans blue in TNF-

treated wild-type mice but much less severe in Myd88�/� mice

(Figure 7B).

Since Myd88-dependent C-C8 signals, but not p-MLKL sig-

nals, were detected most likely in cardiac endothelial cells

(Figures 7A and S10M), and the Rip3�/� mouse heart responded

similarly to TNF and histones as the wild-type mouse heart in the

Langendorff perfusion experiment (Figures 6B–6D), caspase-8

rather than RIP3/MLKL is likely downstream of Myd88 to

mediate the cardiac dysfunction. To verify the pathological role

of caspase-8, Caspase8fl/flRip3fl/flTie2Cre/� (endothelial cell-spe-

cific knockout) mice and Caspase8fl/flRip3fl/flaMHCCre/� (cardio-

myocyte-specific knockout) mice were generated. As shown in

Figure 7C, obvious and comparable C-C8 signals were observed

in cardiac tissues from TNF-treated Caspase8fl/flRip3fl/fl mice

and Caspase8fl/flRip3fl/flaMHCCre/� mice but barely observed in

Caspase8fl/flRip3fl/flTie2Cre/� mice. These data supported the

role of caspase-8 in cardiac endothelial cells. Consistent

with this, TNF and histones impaired cardiac function to a

similar extent in Caspase8fl/flRip3fl/fl mouse hearts and Caspa-

se8fl/flRip3fl/flaMHCCre/� mouse hearts in the Langendorff perfu-

sion experiment, but Caspase8fl/flRip3fl/flTie2Cre/� mouse hearts

showed resistance (Figures S11A–S11C). The same dose of his-

tones alone did not cause any ECG changes (Figures S11D–

S11F). Since Tie2Cre/� mice have been reported to have

leakage of hematopoietic stem cells,48 we also generated Cas-

pase8fl/flRip3fl/flVavCre/� mice and found that the response of

the Caspase8fl/flRip3fl/flVavCre/� mouse heart to TNF and his-

tones was similar to that of the wild-type mouse heart in the Lan-

gendorff perfusion experiment (Figure S11). Thus, caspase-8 ac-

tivity downstream of Myd88 in cardiac endothelial cells appears

to play a key role in cardiac dysfunction of TNF-treated mice.

To confirm that cardiac endothelial cells are the major

targeting cells of DAMPs in TNF-induced mouse death, we

generated Myd88fl/flTie2cre/� mice and found that these mice

were indeed protected from TNF-induced death (Figure 7D). In

contrast, the mortality rates ofMyd88fl/flVavcre/�mice (Figure 7E)

and Myd88fl/flaMHCCre/� mice (Figure 7F) were comparable

to those of their wild-type littermates after TNF treatment. Lan-

gendorff perfusion experiments revealed that, opposite to

Myd88 fl/fl and Myd88fl/flaMHCCre/- mouse hearts, Myd88fl/fl

Tie2cre/� mouse hearts were resistant to TNF and histone-

induced severe cardiac dysfunction (Figures 7G–7I), while the

same dose of histones alone did not cause any cardiac dysfunc-

tion (Figures S12A–S12C). Thus, Myd88 functions in cardiac

endothelial cells to promote TNF-induced lethal cardiac

dysfunction and mouse death. Collectively, we can summarize

(C) Immunohistochemical staining for C-C8 in heart sections from TNF-injected Caspase8fl/flRip3fl/fl, Caspase8fl/flRip3fl/flTie2cre/�, and Caspase8fl/fl

Rip3 fl/flaMHCcre/� mice (n = 6).

(D–F) Mortality rates in TNF-injected Myd88fl/flTie2cre/� (D, n = 8), Myd88fl/flVavcre/� (E, n = 10), and Myd88fl/flaMHCcre/� (F, n = 7) mice and their wild-type lit-

termates.

(G–I) ECG results from Langendorff perfusion experiments: representative traces (G), single ECG tracings (H), and active and dispersion times (I) in Myd88 fl/fl,

Myd88fl/flTie2cre/� and Myd88fl/flaMHCcre/- mouse hearts.

Scale bars: 20 mm (A and C). Cumulative results from two or three independent experiments are shown. Each symbol represents a representative sample. The

survival curve is presented as a Kaplan-Meier plot. The small horizontal lines indicate the means ± sems. ns, not significant, P > 0.05; *, P <0.05; **, P <0.01; ***, P

<0.001; ****, P < 0.0001. The data were analyzed by two-tailed unpaired t tests. See also Figures S10–S12.
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the signaling course of TNF-induced mouse death as follows:

TNF induces necroptosis of cecal IECs, and the DAMPs released

from necroptotic cecum synergize with TNF, leading to injury of

cardiac endothelium, which causes lethal cardiac dysfunction

and mouse death, and the Myd88-caspase-8 axis mediates

the effects in cardiac endothelial cells.

DISCUSSION

Animal models using TNF superfamily members, such as TNF

and FasL, have provided valuable insights into the mechanisms

underlying mouse death mediated by intrinsic mediators.2,49 Fas

ligation results in rapid and severe liver damage, but its connec-

tion to systemic collapse has not been explored experimentally,

although hemorrhage has been proposed as a possible cause of

lethality.50 TNF is known to induce SIRS, and it has been

commonly assumed that excessive SIRS leads to animal death.

However, the findings that TNF-induced necroptosis initiates

TNF-triggered mouse death11 and that Rip3fl/flVillincre/- mice9 or

IEC-specific Tnfr1 knockout mice51 are resistant to TNF-induced

death suggest the linkage of necroptosis-mediated organ dam-

age and TNF-induced lethality. Cecum injury was observed in a

very early study of TNF,2 and our previous research showed that

the cecum damage is primarily due to RIP3-dependent necrop-

tosis,10 a finding supported by multiple other studies.52–56 Our

cecectomy experiments unequivocally demonstrate that cecal

cell necroptosis initiates TNF-induced mouse death (Figure 1).

Furthermore, we show that DAMPs released from necroptotic

cecal cells synergize with TNF to induce lethal cardiac failure

(Figures 3, 4, and S7H–S7M), indicating a sequential organ fail-

ure process in TNF-inducedmouse death, where specific organs

act as initiators and executors of the lethal process.

The sensitivity of the cecum to TNF-induced necroptosis

in vivo may be attributed to its unique histological structure or

extracellular environment, potentially involving exposure to

chyme or aerobic bacteria. The detection of cecal epithelial

cell death does not exclude the possibility of other forms of

cell death occurring at levels too low to be detected. The contri-

bution of the death of other cells is possible, since cecectomy

only mildly restored LV volume and CO in TNF-treated mice,

but almost complete restoration can be observed in Caspase8

and Rip3 double-knockout mice (Figures 2 and S10). Another

consideration is that cecal epithelial cells may die too quickly

for detection when using short-term LD100 TNF treatment. This

may not be the case, as no IEC death, apart from cecal cells,

was detected, evenwith prolonged LD50 TNF treatment. Instead,

TNF with a dose much higher than LD100 can cause quick dam-

age in intestines in addition to cecal epithelia in both wild-type

and cecectomized mice. The lethal DAMPs need not be solely

released by the cecum to accelerate animal death, as higher

TNF levels can induce cell death in other parts of the intestines,

which could also serve as major sources of DAMPs. Under these

conditions, injury to other parts of the intestines could also act as

initiators of acute animal death. DAMPs appear to be more

crucial in interfering with cardiac function, since high-dose TNF

alone did not significantly impact perfused hearts ex vivo

(Figures S9A–S9C). Given that endothelial cells are sensitive to

both TNF and DAMPs and that Tnfr1 deficiency on cardiomyo-

cytes had no effect in in vitro Langendorff perfusion experiments

(Figures S12D-S12F), TNF and DAMPs likely synergize on endo-

thelial cells rather than on cardiomyocytes directly. Our ECG and

echocardiography analyses demonstrate bradycardia, myocar-

dial ischemia, and a progressive reduction in CO in TNF-treated

mice (Figures 2A–2D). Interestingly, both cecectomy and the ge-

netic deletion of Rip3 or Mlkl in mice improved cardiac function

(Figures 2A–2D and S5A–S5H). Atropine was found to effectively

enhance mouse survival by rescuing cardiac function

(Figures 2E–2J), demonstrating that cardiac dysfunction is the

primary cause of mouse death. By using histones to mimic the

effect of DAMPs, we confirmed the synergistic effect of TNF

and TNF-induced DAMPs in triggering lethal cardiac dysfunction

in vivo (Figures 3E–3G, 4, and S7H–S7M) and ex vivo (Figure 6).

Furthermore, histone administration bypassed the requirement

for cecal cell necroptosis in inducing death in TNF-treated

mice. DAMPs are recognized by various receptors, with Myd88

acting as a common adaptor (Figures 5A–5D and S8A–S8H). Us-

ing cell-type-specific deletion of Myd88 or Casp8 in mice, we

demonstrated that the lethal effect of DAMPs occurs via the

Myd88-caspase-8 axis. Given that caspase-8 is a downstream

effector of TNF signaling, the primary cause of TNF-induced

mouse death likely involves the synergistic effect of TNF and

DAMPs via caspase-8, leading to damage in cardiac endothelial

cells (Figure 7).

It is noteworthy that some pathological changes in the hearts

of TNF-treated mice differ from those observed in LPS- or cecal

ligation puncture (CLP)-treated mice. Unlike the CLP model,

which shows early diastolic dysfunction followed by late-stage

cardiomyocyte damage, immune cell infiltration, and systolic

dysfunction,24,35,57,58 TNF-treated mice exhibited slight cardio-

myocyte damage without immune cell infiltration (Figures 4 and

S6). Consistently, necroptosis elimination did not protect against

LPS- or CLP-induced mouse death.13 TNF-induced mouse

death may thus serve as a model for studying the continuous

deterioration of diastolic function in vivo.

It is known that administration of sufficient histones alone can

cause rapid mouse death, likely due to physical/chemical dam-

age to lung epithelia.38,59 Non-lethal doses of histones activate

innate immune responses via TLRs.40,59 Other DAMPs besides

histones likely play a role in TNF-induced death, as the combined

deletion of Tlr2, Tlr4, and Tlr9 had an additive protective effect

(Figures S8A–S8E). We detected TNF-induced serum release

of HMGB1, a well-known DAMP, by ELISA, but blocking

HMGB1by genetic deletion, neutralizing antibody orRage (ama-

jor receptor for HMGB1) deficiency failed to prevent TNF-

induced lethality at LD100. HMGB1 may still participate in the

TNF-induced process of mouse death but be dispensable for

mouse death. Endothelial cell necroptosis-induced vascular hy-

perpermeability and coagulation in the liver have been proposed

asmajor contributors to TNF-induced death in Rip1 kinase-dead

mutant mice (Rip1D138N/D138Nmice).8 Although we observed liver

vascular hyperpermeability and endothelial coagulation in TNF-

treated mice, these changes were comparable between wild-

type mice and death-resistant mice (cecectomized, Rip3�/� or

Mlkl�/� mice) (Figure S4), suggesting that liver changes may

not be the primary cause of TNF-induced mouse death under

our experimental conditions.
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The transduction of DAMP signals by circulating extracellular

histones to distal organs has been observed in several

studies.60,61 Non-microbial factors in the intestinal mesenteric

lymph after hemorrhagic shock have been reported to recreate

lung injury via TLR4 activation, with many of these toxic gut-

derived factors identified as DAMPs, such as histones.38,59,62

Our study demonstrates that DAMPs serve as signal molecules

for inter-organ communication in TNF-induced mouse death.

The strength of the synergy between TNF and DAMPs, along

with their impact on vital organs, determines the survival or death

of TNF-treated mice.

Our findings shed light on the role of inter-organ communica-

tion in driving TNF-induced mortality in mice, revealing a strong

correlation between circulating DAMPs (especially histones) and

cardiac dysfunction andmortality in clinically septic or critically ill

patients.18,63 It also provides valuable insights into the mecha-

nisms of inflammatory disorders and potentially guide the devel-

opment of targeted therapies.

Limitations of the study
Since the aim of this study is the pathological process of TNF-

induced animal death, we used an LD100 dose of TNF to ensure

that all mice analyzed were undergoing the process of death.

However, we shall mention that a lower dose of TNF, such as

an LD50 dose, may result in a slower dying process, which could

differ from the quick death induced by LD100 TNF. This study also

has not addressed the potential role of cecum necroptosis in

non-lethal dose TNF-challenged mice. It has been reported

that neutralization of histone benefits severe SIRS.38 Currently,

we lack an effective method to evaluate the contribution of the

other DAMPs to TNF-induced lethality. TNF has been reported

to induce necroptosis of epithelial cells in other parts of the intes-

tine.11,16,38 At present, we do not know whether the published

study overlooked the cecum or whether the cecum was not

more sensitive to TNF-induced necroptosis. There could be var-

iations among different studies fromdifferent laboratories. More-

over, numerous DAMPs have been identified across various

levels of disease progression64,65; their interactions with

PAMPs are not addressed in this study.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-p-MLKL (S345) antibody Abcam Cat# ab196436; RRID: AB_2687465

anti-cleaved caspase8 antibody Cell Signaling Technology Cat# 9429S; RRID: AB_2068300

anti-histone3 antibody Proteintech Cat# 17168-1-AP; RRID: AB_2716755

anti-mouse/rabbit IgG Vector laboratories Cat# MP-7500; RRID: AB_2336534

biotinylated anti-mouse/rabbit IgG Vector laboratories Cat# BA-1400; RRID: AB_2336187

horseradish peroxidase (HRP)-conjugated

goat anti-rabbit antibody

Thermo Fisher Scientific Cat# 31460; RRID: AB_228341

Chemicals, peptides, and recombinant proteins

mouse TNF-a (referred as TNF in the

manuscript)

Novoprotein Cat# CF09

calf thymus histones Sigma-Aldrich Cat# H5505; CAS: 9064-47-5

bovine serum albumin (BSA) Sigma-Aldrich Cat# A1933; CAS: 9048-46-8

lipopolysaccharide (LPS) Sigma-Aldrich Cat# L3024

Isoflurane Veteasy Cat# R510-22-8

Penicillin Sangon Biotech Cat# A600135; CAS: 69-57-8

mouse IL-6 ELISA kit eBioscence Cat# 88-7064-88

mouse IL-1b ELISA kit Proteintech Cat# KE10003

mouse IL-18 ELISA kit Elabsciences Cat# E-EL-M0730

mouse IFN-b ELISA kit Elabsciences Cat# E-EL-M0033

mouse IFN-g ELISA kit eBioscence Cat# BMS609

mouse IL-22 ELISA kit BioLegend Cat# 436304

mouse cTn-1 ELISA kit Cusabio Cat# CSB-E08421m

Hematoxylin MXB Biotechnologies Cat# CTS-1096

Eosin ZSGB-BIO Cat# ZLI-9613

periodic acid Thermo Fisher Scientific Cat# 87007

schiff reagent Abcam Cat# ab150680

sodium citrate Sigma Cat# W302600; CAS: 6132-04-3

tween 20 Sigma Cat# P1379-6X; CAS: 9005-64-5

normal horse serum Vector laboratories Cat# S-2012-50

FITC-conjugated wheat germ agglutinin

(FITC-WGA)

Invitrogen Cat# W11261

Hoechst 33258 Thermo Fisher Scientific Cat# H3569

NuPAGETM 12% Bis-Tris Protein Gel Invitrogen Cat# NP0343BOX

polyvinylidene difluoride (PVDF) membrane Millipore IPVH00010

ECL Western Blotting Detection Reagent Ncmbio Cat# P10300

enhanced chemiluminescence system GE Healthcare Amersham Imager 600

coomassie blue Sangon Biotech Cat# A600038; CAS: 6104-58-1

ultrasonic couplant Jinya Cat# TM-100

methanol Sigmac Cat#322415; CAS: 67-56-1

prostaglandin E2 Cayman Chemical Cat# 314010; CAS: 34210-10-1

prostaglandin D2 Cayman Chemical Cat# 12010; CAS: 41598-07-6

prostaglandin F2a Cayman Chemical Cat# 16010; CAS: 551-11-1

thromboxane B2 Cayman Chemical Cat# 19030; CAS: 54397-85-2

leukotriene B4 Cayman Chemical Cat# 20110; CAS: 71160-24-2

lipoxin A4 Cayman Chemical Cat# 90410; CAS: 89663-86-5

(Continued on next page)

18 Cell Reports 43, 114778, October 22, 2024

Article
ll

OPEN ACCESS



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

5-HETE Cayman Chemical Cat# 34230; CAS: 70608-72-9

12-HETE Cayman Chemical Cat# 34570; CAS: 54397-83-0

15-HETE Cayman Chemical Cat# 34720; CAS: 54845-95-3

5,12-HETE Cayman Chemical Cat# 35260; CAS: 79056-01-2

Dithiothreitol (DTT) Sigma-Aldrich Cat# D0632; CAS: 3483-12-3

Iodoacetamide (IAA) Sigma-Aldrich Cat# I1149; CAS: 144-48-9

Formic acid (FA) Sigma-Aldrich Cat# 695076; CAS: 64-18-6

triethylammonium bicarbonate Sigma-Aldrich Cat# 18597; CAS: 64-18-6

Evans Blue Sigma-Aldrich Cat# E2129; CAS: 314-13-6

ATP Assay Kit Beyotime Cat# S0027

chloroform Sigma-Aldrich Cat#: C2432; CAS: 67-66-3

Deposited data

Serum mass spectrometry data This paper PRIDE database, ProteomeXchange

identifiers: PXD048104

Experimental models: Organisms/strains

C57BL/6J mice Jackson Laboratory Strain # 000664

Vavcre/- mice Jackson Laboratory Strain # 008610

Tie2cre/- mice Jackson Laboratory Strain # 008863

Tlr4�/� mice Jackson Laboratory Strain # 029015

Tlr9�/� mice Jackson Laboratory Strain # 014534

Trif�/� mice Jackson Laboratory Strain # 005037

Myd88 fl/fl mice Jackson Laboratory Strain # 008888

Mlkl�/� mice Wu et al., 2013 N/A

Rip3�/� mice Newton, K., 2004 N/A

Caspase8�/� mice Zhang et al., 2021 N/A

Caspase8fl/fl mice Beisner et al., 2005 N/A

aMHCcre/- mice Wang et al., 2005 N/A

Myd88�/� mice This paper N/A

Tlr2�/� mice This paper N/A

Tnfr1fl/fl mice This paper N/A

Rip3fl/fl mice This paper N/A

Oligonucleotides

genotyping primer for Mlkl�/� mice #1:

50-agcccaaagaggcagcacaaatc -30
This paper N/A

genotyping primer for Mlkl�/� mice #2:

50-aaacttccaaatatgggacttcttg-30
This paper N/A

genotyping primer for Rip3�/� mice #1:

50-cgctttagaagccttcaggttgac-30
This paper N/A

genotyping primer for Rip3�/� mice #2:

50-gcaggctctggtgacaagattcatgg-30
This paper N/A

genotyping primer for Rip3�/� mice #3:

50-ccagaggccacttgtgtagcg-30
This paper N/A

sgRNAs used to target Myd88 exons #1:

50-cggccgccacgggcgtccga-30
This paper N/A

sgRNAs used to target Myd88 exons #2:

50-cccttggtcgcgcttaacgt-30
This paper N/A

genotyping primer for Myd88�/� mice #1:

50-ggctggcaggagacttaa-30
This paper N/A

genotyping primer for Myd88�/� mice #2:

50-acttcagctccttcagtatatc-30
This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

sgRNAs used to target Tlr2 exons #1:

50-ggaaaggggcccgaaccagg-30
This paper N/A

sgRNAs used to target Tlr2 exons #2:

50-ccacaagcgggacttcgttc-30
This paper N/A

genotyping primer for Tlr2�/� mice #1:

50-cgccctttaagctgtgtctc-30
This paper N/A

genotyping primer for Tlr2�/� mice #2:

50-ttggctcttctggatcttgg-30
This paper N/A

genotyping primer for Tlr2�/� mice #3:

50-acccaaaacacttcctgctg-30
This paper N/A

genotyping primer for Tlr4�/� mice #1:

50-gcaagtttctatatgcattctc-30
This paper N/A

genotyping primer for Tlr4�/� mice #2:

50-cagggctgctttcctcctag-30
This paper N/A

genotyping primer for Tlr4�/� mice #3:

50-aggcattgtgttagtacagga-30
This paper N/A

genotyping primer for Tlr9�/� mice #1:

50-caccaatgcctttcagaacc-30
This paper N/A

genotyping primer for Tlr9�/� mice #2:

50-gccatctgagcgtgtacttg-30
This paper N/A

genotyping primer for Trif�/� mice #1:

50-acctcagcctctcattattc-30
This paper N/A

genotyping primer for Trif�/� mice #2:

50-gtccaactaatagccactgt-30
This paper N/A

genotyping primer for Myd88 fl/fl mice #1:

50-gttgtgtgtgtccgaccgt-30
This paper N/A

genotyping primer for Myd88 fl/fl mice #2:

50-gtcagaaacaaccaccaccatgc-30
This paper N/A

genotyping primer for Rip3fl/fl #1: 50-
gaaagaaagtcgggattgg-30

This paper N/A

genotyping primer for Rip3fl/fl mice #2:

50-agagtagtgcctgctgtt-30
This paper N/A

genotyping primer for Caspase8fl/fl mice #1:

50-ataattcccccaaatcctcgcatc-30
This paper N/A

genotyping primer for Caspase8fl/fl mice #2:

50-ggctcactcccagggcttcct-30
This paper N/A

genotyping primer for Tnfr1fl/fl mice #1: 50-
gttggactaggttgcttaga-30

This paper N/A

genotyping primer for Tnfr1fl/fl mice #2:

50-gagcaccatcacctacataa-30
This paper N/A

genotyping primer for Vavcre/- #1:

50-agatgccaggacatcaggaacctg-30
This paper N/A

genotyping primer for Vavcre/- mice #2:

50-atcagccacaccagacacagagat -30
This paper N/A

genotyping primer for aMHCcre/- mice #1:

50-atgacagacagatccctcctatctcc-30
This paper N/A

genotyping primer for aMHCcre/- mice #2:

50-ctcatcactcgttgcatcatcatcgac-30
This paper N/A

genotyping primer for Tie2cre/- mice #1:

50-ccacacacgtgcacatataga-30
This paper N/A

genotyping primer for Tie2cre/- mice #2:

50-gcgtttaagtaatgggatggtc-30
This paper N/A

Software and algorithms

GraphPad Prism 10 GraphPad Software Inc. https://www.graphpad.com/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
All the mice were housed and fed in a specific pathogen-free facility on a 12-h light-dark cycle (lights on 8 a.m. to 8 p.m.) at the Lab-

oratory Animal Center of Xiamen University. The room temperature was 22�C–24�C, and the room humidity was 50–70%. All themice

were backcrossed with wild-type C57BL/6Jmice for at least 6 generations. Unless stated otherwise, bothmale and female mice (10–

12 weeks old) were used in this study, and the experimental and control animals were cohoused. Mice that reached the ethical

endpoint (body temperature below 23.6�C) were euthanized with carbon dioxide.66 All the mouse experiments were approved by

the Animal Care and Use Committee of Xiamen University (XMULAC20210072).

METHOD DETAILS

TNF-induced SIRS
Age- and sex-matchedmice (10–12 weeks) were injected intravenously withmouse TNF-a (referred as TNF in themanuscript) diluted

in endotoxin-free PBS at a dose of 0.4 mg/g (LD100) unless especially indicated (0.2 mg/g as LD50). Rectal temperature was measured

every 3 or 4 h as indicated in the figure legends.

For histone or BSA administration, purified calf thymus histones or BSAwere injected intravenously 4 h after TNF injection at a dose

of 20 mg/g. Mice were sacrificed at the indicated time or when the body temperature dropped below 23.6�C according to ethical

guidelines.

LPS-induced sepsis
Age- and sex-matched mice (10–12 weeks) were injected intraperitoneally with LPS diluted in endotoxin-free PBS at a dose of

25 mg/g.67 The mice were sacrificed at the indicated time or when the body temperature dropped below 23.6�C according to the

ethical guidelines.

Cecectomy
Cecectomy was performed as described previously.30 Briefly, 5-7 weeks-old mice were anesthetized continuously with isoflurane.

The abdomen was shaved, and the skin was disinfected with 75% alcohol. A 0.5 to 1.0 cm incision was made along the lower

abdomen. The cecum was gently exteriorized and placed on a sterile drape rinsed in saline. The cecum was then ligated at the

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Adobe Illustrator Adobe Inc. N/A

ImageJ NIH https://imagej.nih.gov/ij/

ZEN3.9 ZEN Microscopy Software https://www.zeiss.com.cn/microscopy/

products/microscope-software/zen.html

PEAKS Studio X Pro Bioinformatics Solutions, Inc., Waterloo https://www.bioinfor.com/download-

peaks-studio/

EMapRecord 5.0 software MapingLab Ltd., UK https://www.mappinglab.cn/product/

emaprecord-acquisition

SPSS (version 27.0) IBM https://www.ibm.com/support/pages/

downloading-ibm-spss-statistics-27

Other

absorbance microplate reader BioTek Cat# ELX800

fluorescence microscope Olympus Corporation Cat# IX51

multiple-channel physiological signal

collecting and processing instrument

Chengdu Instrument factory Cat# RM6240B

high-resolution echocardiography system Visual Sonics Cat# Vevo 2100

Labconco CentriVap� Labconco Cat# 7970010

ultrahigh-pressure nanoflow

chromatography system (Elute UHPLC)

Bruker

hybrid TIMS quadrupole time-of-flight mass

spectrometer (TimsTOF Pro)

Bruker

32-channel electrophysiological mapping

system

MappingLab Cat# EMS32-USB-1003/1003CS

automatic biochemical analyzer Mindray Cat# BS240-VET
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ileocecal junction and excised carefully. Sterile PBS was then used to irrigate the residual ingesta on the incision surface to avoid

leakage of the cecal contents into the peritoneal cavity. After surgery, the exteriorized intestines were placed back in the abdominal

cavity, and themice were intraperitoneally injectedwith 0.5mL of 10mg/kg penicillin to prevent infection. Finally, the abdominal mus-

cle layers and skin were separately sutured with 4-0 sutures, and 1mL of saline was administered via subcutaneous injection into the

neck. Each surgery was completed within 6 min, and the intestine was kept moist with saline during the whole process. In the sham

group, the same surgical procedure, including exteriorization of the cecum for 2 min, was performed except ligation at the ileocecal

junction and cecum removal.

All the surgical mice were kept on a thermostatic blanket at approximately 37�C for 2 h for recovery, and the surgical incision sites

were monitored daily for 2 weeks.

Detection of bacteria in blood
The animals were anesthetized with 2% isoflurane, and bloodwas obtained via cardiac puncture. The samples were serially diluted in

sterile PBS, blood lysates were cultured on agar plates without antibiotics for 48–72 h at 37�C, and colonies were counted.

Collection of serum
Blood was collected from the retro-orbital vein of mice and incubated at 37�C for 30 min. The coagulated blood was centrifuged at

2000x g for 20 min, and the supernatant was collected. The collected supernatant was centrifuged at 5000x g for another 5 min, and

the supernatant was carefully collected as the serum sample. Centrifugation was performed at 4�C, and the serum samples were

aliquoted and stored in a �80�C ultralow temperature freezer for future analysis.

ELISA
The serum concentrations of inflammatory cytokines (IL-6, IL-1b, IL-18, IFN-b, IFN-g, and IL-22) or biomarkers (cTn-1) were

measured following the manufacturer’s protocol. An absorbance microplate reader was used to measure the absorbance for

ELISA. The ELISA kits used in this study were as follows: mouse IL-6 ELISA kit, mouse IL-1b ELISA kit, mouse IL-18 ELISA kit, mouse

IFN-b ELISA kit, mouse IFN-g ELISA kit, mouse IL-22 ELISA kit and mouse cTn-1 ELISA kit.

Histopathology
Mice were euthanized with carbon dioxide, and tissues or organs were soaked in 10% formalin, dehydrated through graded alcohols

and xylene and embedded in paraffin wax. The paraffin samples were sectioned at a thickness of 5 mm. Fixed sections were pro-

cessed and then stained with hematoxylin and eosin (H&E) based on a routine protocol. The degree of cecal damage was assessed

by a method described previously,68 and the average score of four fields per sample was used as the damage score.

For periodic acid-Schiff staining, kidney tissue sections were first stained with 1% periodic acid, then stained with Schiff reagent

and hematoxylin. The proportion of renal tubule damage in 8 fields per sample was determined.

For immunohistochemical staining, as described previously,44 paraffin-embedded sections were incubated in antigen retrieval

buffer (10 mmol/L sodium citrate buffer (pH 6.0) containing 0.05% Tween 20. The sections were blocked with 2.5% normal horse

serum. Some sections were incubated with an anti-p-MLKL (S345) antibody (Abcam, dilution 1:1500) at 4�C overnight, followed

by antibody detection using the Horse Anti-Mouse/Rabbit IgG (Vector laboratories) 1h at room temperature. Some sections were

incubated with anti-cleaved Caspase8 antibody (CST, dilution 1:200) at 4�C overnight, followed by antibody detection using bio-

tinylated anti-mouse/rabbit IgG (Vector laboratories) for 1h at room temperature.

Representative images were captured and processed using identical settings on a Leica DM2500 microscope at Xiamen

University.

Wheat germ agglutinin (WGA) staining
Paraffin-embedded sections (5 mm thick) were stained with FITC-conjugated wheat germ agglutinin (WGA, 10ug/mL) to visualize the

cell membrane, and Hoechst 33258 was used to stain the nuclei. Sections were observed under a fluorescence microscope (203),

and images were captured. The areas of more than 150 myocytes were counted and averaged to obtain the cardiomyocyte size for

each group. The investigators were blinded to the groups during WGA staining and determination of the myocyte size.

Western blotting
Serum samples were diluted ten times and mixed with an equal volume of 2x SDS sample buffer. A total of 20 mL per sample was

separated on a NuPAGE 12% Bis-Tris Protein Gel (Invitrogen) and then transferred to a polyvinylidene difluoride (PVDF) membrane

(Millipore). The membrane was then blocked with 5% milk for 1 h at room temperature and then incubated with Histone3 antibody

(Proteintech, dilution 1:1000) overnight at 4�C. After being washed 3 times with 1x TBST buffer, the membrane was incubated with a

horseradish peroxidase (HRP)-conjugated goat anti-rabbit antibody (Thermo, dilution 1:10000) for 1 h at room temperature. The

membrane was then washed 3 times. The protein bands were visualized with ECL Western Blotting Detection Reagent, and images

were acquired with an enhanced chemiluminescence system. Another 20 mL per sample was separated on a NuPAGE 12% Bis-Tris

Protein Gel and stained with Coomassie blue to show the total serum protein concentration as loading controls.
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Electrocardiography (ECG)
Electrocardiograms were recorded as described previously.69 Briefly, mice were lightly anesthetized with 1% isoflurane and placed

on a warm platform. Electrodes were positioned on the sole of each foot for lead II ECG. Electrocardiogram waveforms were re-

corded by an RM6240B multiple-channel physiological signal collecting and processing instrument.

Echocardiography
Mouse cardiac echocardiography was performed with a high-resolution echocardiography system following a previously described

protocol.70 Briefly, themouse chest was depilated with depilatory cream, and themice were anesthetized with inhaled isoflurane and

maintained at 37�C on a heating pad. An ultrasonic couplant was smeared on the chest skin, and real-time ultrasonography was per-

formed with a detector. All measurements were the average over six consecutive cardiac cycles. The following parameters were

measured and calculated by an echocardiography system: left ventricular fractional shortening (LVFS), left ventricular ejection frac-

tion (LVEF), heart rate (HR), cardiac output (CO), left ventricular internal dimension (LVID) in diastole and systole (LVID, d and LVID, s,

respectively), left ventricular end diastolic and systole volume (LV vol, d and LV vol, s, respectively), left ventricular posterior wall

(LVPW) thickness in diastole and systole (LVPW, d and LVPW, s, respectively), and the interventricular septum (IVS) dimension in

diastole and systole (IVS, d and IVS, s, respectively).

Cardiac electrolyte and ATP analysis
To prepare samples for analysis, the blood in the heart was quickly cleared, and the heart was rapidly frozen using liquid nitrogen. For

electrolyte analysis, the frozen cardiac tissues were lysed, and the concentrations of Na+, K+, and bicarbonate in the lysate were

measured using an automatic biochemical analyzer (BS240-VET, Mindray).

For ATP analysis, 100mg of frozen cardiac tissue was added to pre-cooledmethanol (1 mL). The tissue was ground, and the lysate

was mixed with chloroform (1 mL) and ddH2O (400 mL), followed by vortexing for 20 s. After centrifugation at 15,000 g for 15 min at

4�C, 450 mL of the aqueous phasewas collected and dried at 4�C. The sediment was resuspended in 20–40 mL of ddH2O, and the ATP

concentration was measured using an ATP Assay Kit (S0027, Beyotime).

Eicosanoid level analysis
One hundredmicrolitres of collected serumwasmixedwith 500 mL of coldmethanol, stored at�80�Covernight, and then centrifuged

at 15000x g for 10min. The supernatant was transferred to a new tube and lyophilized in Labconco CentriVap. The lyophilized powder

was stored at�80�C and resolved with 70%methanol for analysis as needed. Eicosanoid and docosanoid levels in the samples were

quantified by the QTRAP-6500 plus system (SCIEX). Synthetic standards were purchased fromCayman Chemical (prostaglandin E2,

prostaglandin D2, prostaglandin F2a, thromboxane B2, leukotriene B4, lipoxin A4, 5-HETE, 12-HETE, 15-HETE, 5, 12-HETE).

Protein digestion and iTRAQ labeling
Collected serum samples were denatured with 8 M urea. Disulfide bonds were reduced by 10 mM DTT, and the samples were alky-

lated by 40mM IAA. The samples were diluted with 50mMNH4HCO3 to achieve a final urea concentration of 2M. Trypsin was added

at a protein: trypsin ratio of 50:1 to digest the serum proteins for 12–18 h at 37�C. FA was then added to the peptide mixture to a final

concentration of 1%. The acidifiedmixture was then centrifuged at 12000 rpm, and the supernatants were separated on SepPak C18

columns (Waters). The desalted peptides were divided into 100 mg aliquots, lyophilized to complete dryness, and stored at�80�C for

future analysis. The peptides were labeled with iTRAQ reagents (Applied Biosystems, Foster City) according to the manufacturer’s

instructions (400 mg in total for 4 plex). Briefly, 100 mg aliquots of dried peptides were reconstituted with 30 mL of 0.5 M triethylam-

monium bicarbonate. One tube of iTRAQ reagent (114, 115, 116, or 117) was reconstituted with 70 mL of ethanol and added to each

peptide solution. The reaction was allowed to proceed for 1 h at room temperature. Derivatized peptides were combined, dried by

vacuum centrifugation, and desalted on SepPak C18 columns (Waters). The iTRAQ-labeled peptides were lyophilized to complete

dryness and stored at �80�C until further analysis. The labeled peptides were fractionated by using SCX StageTips.

TimsTOF Pro mass spectrometry
Liquid chromatography was performed on an ultrahigh-pressure nanoflow chromatography system. Peptides were separated on a

reversed-phase column (40 cm3 75 mm i.d.) packed with 1.8 mm 120 Å C18 material (Welch, Shanghai) at 50�Cwith a pulled emitter

tip. Solution A was 0.1% FA in H2O, and solution B was 0.1% FA in ACN. The gradient time was 60 min, and the total run time was

75 min, which included washing and equilibration. Peptides were separated with a linear gradient of 0%–5% solution B within 5 min,

followed by an increase to 30% solution B within 55 min and to 35% solution B within 5 min, a washing step with 95% solution B and

re-equilibration. The liquid chromatography system was coupled online to a hybrid TIMS quadrupole time-of-flight mass spectrom-

eter via a CaptiveSpray nanoelectrospray ionization source. Data-dependent data acquisition was performed in PASEFmodewith 10

PASEF scans per topN acquisition cycle. Singly charged precursors were excluded by their position in them/z-ionmobility plane, and

precursors that reached a ‘target value’ of 20,000 a.u. were dynamically excluded for 0.4 min. All the raw files (.d) were analyzed by

PEAKS Studio X Pro (Bioinformatics Solutions, Inc., Waterloo). The proteome ofM. musculus (UP000000589), which included com-

mon contaminants and decoys and contained 34269 entries, was downloaded from UniProt (reviewed sequences only). Carbami-

domethylation of cysteines (+57.02 Da) and iTRAQ-modified N-terminal and lysine side chains of tryptic peptides (+304.2 Da)
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were selected as fixed modifications, and oxidation of methionine (+15.99 Da) and iTRAQ-modified tyrosine (+304.2 Da) were set as

variable modifications for the analysis. Only 1 missed cleavage was allowed, and the majority of peptides had no missed cleavages.

The precursor and fragment mass tolerances were set to 15 ppm and 0.05 Da, respectively.

Langendorff perfusion experiments
Langendorff perfusion experiments were carried out following a widely used protocol.71 Tyrode’s perfusion buffer (128.2 mM NaCl,

4.7 mM KCl, 1.05 mM MgCl2, 1.19 mM KH2PO4, 1.3 mM CaCl2, 20 mM NaHCO3 and 11.1 mM glucose, pH = 7.4) was equilibrated

with 5%CO2 and 95%O2 at 37
�C for at least 30 min before use. Mice were injected intraperitoneally with heparin (120 IU per mouse)

and anesthetized via inhaled isoflurane (2%) 15min after heparin injection. Mouse hearts were then rapidly excised in chilled Tyrode’s

perfusion buffer. After being cannulated on a Langendorff perfusion apparatus, the heart was retrogradely perfused via the aorta with

Tyrode’s perfusion buffer at 37�C. A 32-channel multi-electrical array was tightly attached to the left ventricle to record ECG data

ex vivo, and the data were recorded and analyzed with EMapRecord 5.0 software. Drugs were sequentially added to the perfusion

buffer as described in the manuscript at the following final concentrations: PBS: 0.1%; TNF: 0.3 mg/mL; and histones: 5 mg/mL.

Vascular permeability assay
Vascular permeability wasmeasured by an Evans Bluemethod.72 Evans Blue solution (4mg/mL) was injected intravenously at a dose

of 40 mg/g 7.5 h after TNF administration. Thirty minutes later, mice were anesthetized via 1% isoflurane inhalation, and the heart was

flushed with 1x PBS through the apex. Place the heart in aluminum foil in an oven at 56�C for two days to dry. Then, the heart sample

was immersed with formamide at a dose of 8 mL per 1g of dry tissue in an Eppendorf tube, and subsequently placed into the oven at

56�C for another two days. The amount of extracted Evans Blue dye in formamide was assessed by spectrophotometry at 620 nm on

an absorbance microplate reader.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed with GraphPad Prism (version 8.02) and SPSS (version 27.0). An unpaired two-tailed Student’s t

test was used to compare differences between the indicated groups except for differences in cecal damage severity and renal dam-

age severity, whichwere analyzedwith theWilcoxon signed-rank test, and the p valuewas calculated. Mouse survival is presented as

a Kaplan-Meier plot andwas analyzedwith a log rank (Mantel–Cox) test. The data are presented as themean ±SEM. The significance

of differences between groups is indicated in the figure as follows: ns: pR 0.05; *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001.

All the images presented in the manuscript are representative of a minimum of three independent experiments. The investigators

were blinded to the groups during the experiments and outcome assessment.
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