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Abstract

Objective: Recent publications have shown that mitochondrial dynamics can govern the 

quality and quantity of extracellular mitochondria subsequently impacting immune phenotypes. 

This study aims to determine if pathologic mitochondrial fission mediated by Drp1/Fis1 

interaction impacts extracellular mitochondrial content and macrophage function in sepsis-induced 

immunoparalysis.

Design: Laboratory investigation.

Setting: University laboratory.

Interventions: Using in vitro and murine models of endotoxin tolerance, we evaluated changes 

in Drp1/Fis1-dependent pathologic fission and simultaneously measured the quantity and quality 

of extracellular mitochondria. Next, by priming mouse macrophages with isolated healthy and 

damaged mitochondria, we determined if damaged extracellular mitochondria are capable of 

inducing tolerance to subsequent endotoxin challenge. Finally, we determined if inhibition of 

Drp1/Fis1-mediated pathologic fission abrogates release of damaged extracellular mitochondria 

and improves macrophage response to subsequent endotoxin challenge.
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Results: When compared to naïve macrophages (NM), endotoxin tolerant macrophages (ETM) 

demonstrated Drp1/Fis1-dependent mitochondrial dysfunction and higher levels of damaged 

extracellular mitochondria (MTG+events/50μl: ETM=2.42×106±4391 vs NM=5.69 ×105±2478; 

p<0.001). Exposure of naïve macrophages to damaged extracellular mitochondria (MH) induced 

cross tolerance to subsequent endotoxin challenge while healthy mitochondria (MC) had 

minimal effect (TNFα (pg/ml): NM=668±3, NM+MH=221±15 and NM+Mc=881±15; p<0.0001). 

Inhibiting Drp1/Fis1-dependent mitochondrial fission using P110, a selective inhibitor of Drp1/

Fis1 interaction, improved extracellular mitochondrial function (extracellular mitochondrial 

membrane potential, JC-1(R/G) ETM=7±0.5 vs ETM+P110=19.±2.0; p<0.001) and subsequently 

improved immune response in endotoxin tolerant macrophages (TNFα (pg/ml); ETM=149±1 

vs ETM+P110=1150±4; p<0.0001). Similarly, P110-treated endotoxin tolerant mice had lower 

amounts of damaged extracellular mitochondria in plasma (represented by higher extracellular 

mitochondrial membrane potential, TMRM/MT-G: ET=0.04±0.02 vs ET+P110=0.21±0.02, 

p=0.03) and improved immune response to subsequent endotoxin treatment as well as cecal 

ligation and puncture.

Conclusions: Inhibition of Drp1/Fis1-dependent mitochondrial fragmentation improved 

macrophage function and immune response both in vitro and in vivo models of endotoxin 

tolerance. This benefit is mediated, at least in part, by decreasing the release of damaged 

extracellular mitochondria, which contributes to endotoxin cross tolerance. Altogether, these data 

suggest that alterations in mitochondrial dynamics may play an important role in sepsis-induced 

immunoparalysis.
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INTRODUCTION

Advances in immune phenotyping have demonstrated significant variability in patients’ 

immune response to acute infection, ranging from a hyper-inflammatory state associated 

with hemodynamic instability to profound immune-suppression and indolent end organ 

dysfunction (1,2,3). Currently, management of sepsis is focused on early source control 

along with supportive care for the clinical sequalae of the hyper-inflammatory state, which 

manifests as early hemodynamic instability (4). However, a more inclusive concept of 

‘immune dysregulation’, which better reflects the dynamic nature of the host response to 

acute infection (5), has taken forefront in sepsis literature and highlights the impact of 

sepsis-induced immunoparalysis on late-stage morbidity and mortality (6).

Recent focus on cellular bioenergetics, has highlighted the impact of impaired mitochondrial 

dynamics on sepsis induced mitochondrial dysfunction (7,8,9,10). In particular, pathologic 

mitochondrial fragmentation, which is mediated through dynamin related protein 1 (DRP-1) 

hyperactivation and interaction with mitochondrial adaptor fission 1 (Fis1), has been 

linked to end organ failure in sepsis (11,12). Recently, Drp1/Fis1-dependent mitochondrial 

fragmentation has been shown to lead to the extracellular release of dysfunctional 

mitochondria in animal models of neurodegeneration (13). However, the link between 
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altered mitochondrial dynamics and extracellular mitochondrial content has not been 

explored in the context of sepsis induced immune-dysregulation.

Accordingly, using an in vitro and murine endotoxin tolerance models, as well as 

clinical samples from septic patients, we characterized changes in mitochondrial dynamics 

and subsequent extracellular mitochondrial content in sepsis-induced immunoparalysis. 

Furthermore, using a previously validated heptapeptide (P110) that selectively inhibits 

the binding of activated Drp1 to Fis1 (14), we determined whether blocking Drp1/Fis1-

mediated excessive mitochondrial fission decreases release of dysfunctional mitochondria 

and improves macrophage function in endotoxin tolerance.

METHODS

In Vitro endotoxin tolerance model

Peritoneal derived murine macrophage cell line, RAW-264.7 cells (ATCC®-TIB-71™), 

were cultured in Dulbecco’s Minimal essential Media (DMEM) (Corning-Cat#10013CV) 

supplemented with 10% fetal bovine serum (Gemini Bio-products). Cells were used at 

passage numbers between 6 and 14 for experiments. Bone marrow derived macrophages 

(BMDM) were attained from 6-week-old C57BL/6 mice using published protocol (15). 

These cells were incubated in media ± 10 ng/ml LPS (Sigma, Cat#L4391) for 16 hours 

to induce tolerance(16). The cells were then washed and treated with 1000 ng/ml LPS for 

1–24 hours depending on the experimental requirement (16). Peptide P110 was used at 1μM 

concentration per previous protocols (11,12). Detailed methods for each in vitro assay are 

listed in the Supplementary Methods section.

Murine Endotoxin tolerance model

In vivo endotoxin tolerance was performed using both LPS and Cecal ligation and puncture 

models(17,18). All animals received humane care in accordance with the Veterinary Service 

Center at Stanford University (AICUC protocol # 303321).

LPS model: BALB/c mice, 5–7 weeks of age, were acclimated for 1-week prior 

to procedures. Mice were initially treated with 1 mg/kg of LPS intraperitoneally for 

18 hours to induce tolerance (17). Endotoxin-naïve (EN) and endotoxin-tolerized (ET) 

mice were subsequently treated with 10 mg/kg of LPS intraperitoneally (Fig. 5A). Drp1/

Fis1 interaction was pharmacologically inhibited using peptide P110 at 0.5 mg/kg/day 

intraperitoneally per previous protocols (11,12). Control mice were treated with the same 

volume of pyrogen-free saline at the same time points. Plasma samples were collected 90 

minutes after high dose endotoxin treatment to measure pro inflammatory cytokines TNF-α 
and IL-6 using commercially available ELISA (enzyme-linked immunosorbent assay) kits. 

Extracellular mitochondria were quantified in each treatment group 24 hours after high 

dose endotoxin treatment using flow cytometry. Methods for isolation and quantification of 

extracellular mitochondria as well as ELISA are detailed in supplementary methods section.

Cecal ligation and puncture (CLP) model: C57BL/6 mice, 5–7 weeks of age, were 

acclimated for 1-week prior to procedures. Endotoxin tolerance was induced by pre-treating 

mice with 5 mg/kg of LPS intraperitoneally 18 hours prior to CLP surgery (Fig. 5B) (18). 
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Peptide P110 was administered at 0.5mg/kg intraperitoneally to a subset of the animals 

per previous protocols (11,12). CLP surgery was performed by making a 1-cm midline 

laparotomy incision to expose the cecum and adjoin intestine. The cecum was then ligated 

tightly 5 mm from its base and subsequently punctured once with a sterile 18-gauge needle 

on the anti-mesenteric border. The bowel was then returned to the peritoneal cavity, and the 

abdominal incision was closed with a 4.0 silk suture. Similar to the LPS model, TNF-α and 

IL-6 levels were quantified using ELISA and extracellular mitochondria quantity and quality 

were measured using flow cytometry. Detailed methods found in supplementary.

Patient samples

Blood samples were attained from a cohort of septic and healthy children enrolled in 

a immunophenotyping study at Nationwide Children’s Hospital (19). The samples from 

septic children and healthy controls were collected under protocols approved by the 

Nationwide Children’s Hospital Institutional Review Board (protocol ID: IRB10–00028, 

IRB11–00565). Innate immune function was assessed in all subjects through measurement 

of their whole blood ex vivo LPS-induced tumor necrosis factor (TNF)-α production 

capacity (TNFα response). A TNFα response >1,000 pg/ml is typical of healthy controls, 

while a TNFα response <200 pg/ml has been used to characterize critical illness-induced 

immune suppression (immunoparalysis) (19,20). Plasma from these patients was used to 

quantify extracellular mitochondrial DNA and protein. Quantification is described in detail 

in the Supplementary Methods.

RESULTS

Inhibition of Drp1/Fis1-mediated mitochondrial fragmentation limits mitochondrial 
dysfunction and improves endotoxin-tolerance.

Using a previously-validated rationally designed peptide (P110), which selectively 

inhibits Drp1/Fis1 interaction (11,12,13,14), we evaluated the impact of pathologic 

mitochondrial fragmentation on cellular respiration and immune function in the setting 

of endotoxin tolerance (16). Results from our in vitro model (Fig. S1A) demonstrated 

that P110-treated endotoxin tolerant macrophages (ETM +P110) had decreased Drp1 

activation, represented by lower mitochondrial localization of Drp1, (Drp1 normalized 

to VDAC1: Control = 0.17±0.02 vs ETM = 0.49±0.05 vs ETM+P110 = 0.29±0.01; 

p = 0.025) (Fig. 1A, S2A–D). P110-treated endotoxin tolerant macrophages also had 

approximately 60% decrease in mitochondrial ROS (MitoSox; ETM=0.029±0.002 vs 

ETM+P110=0.010±0.001; p<0.0001) and associated decrease in oxidative post translational 

modifications (s-nitrosylation; ETM=0.69±0.09 vs ETM+P110=0.34±0.04; p=0.03) (Fig. 

1B, S3A–B). P110-treated endotoxin tolerant macrophages had also improved mitochondrial 

membrane potential (JC1 (R/G) (ETM+P110=38.8±1.5 vs ETM=12.0±0.4; p<0.0001) (Fig. 

1C) as well as improved cellular respiration on seahorse oximetry (Basal respiration 

(pmol/min/μg): ETM+P110=6.8±6.2 vs ETM=3.3±0.8, p=0.03; Maximum respiration 

(pmol/min/μg): ETM+P110=14.1±2.3 vs ETM=6.1±1.3, p=0.03; and ATP-dependent 

respiration (pmol/min/μg): ETM+P110=4.4±0.6 vs ETM=1.5±0.3, p=0.01) (Fig. 1D, S3C).
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Next, we evaluated the impact of inhibiting Drp1/Fis1 interaction on immune function. 

P110-treated endotoxin tolerant macrophages had appropriate immune response to acute 

endotoxin stimulation, represented by increased TNFα and IL-6 production (TNFα (pg/

ml): ETM+P110=1150±4 vs ETM=149±1; p<0.0001; IL-6 (pg/ml): ETM+P110=128±7 vs 

ETM=0.0; p<0.001), increased phagocytosis (bioparticle uptake (%): ETM+P110=68±2 

vs ETM=9±4; p<0.0001) and increased nitric oxide production (NO2- (μM): 

ETM+P110=0.093±0.004 vs ETM=0.053±0.004; p<0.0001) (Fig. 2A–D). Evaluation of 

canonical signaling pathways, which mediate endotoxin tolerance (21,22) demonstrated 

that P110-treated endotoxin tolerant macrophages had an appropriate increase in 

NFκB activation and nuclear localization following LPS stimulation (NFκΒ/Histone-

H3: ETM+P110=0.381±0.08 vs ETM=0.1233±0.001; p=0.01). Furthermore, P110-treated 

endotoxin tolerant macrophages had a significant decrease in IRAK-M (IRAK-M/β-actin: 

ETM+P110=0.9±0.1 vs ETM=1.9±0.1; p<0.0001), which is a key serine/threonine kinase 

known to regulate endotoxin tolerance (22) (Fig. 2E).

These results were validated in vivo using two different murine models of endotoxin 

tolerance (ET) (17,18). P110-treated endotoxin tolerized mice (ET+P110) had an 

appropriate pro-inflammatory response to acute LPS stimulation (TNFα (pg/ml): 

ET+P110=1453±91 ET=134±16; p<0.0001; IL-6 (pg/ml): ET+P110=2216±107.3 vs 

ET=342±41; p<0.0001) (Fig 3A–C) as well as to cecal ligation and puncture (TNFα 
(pg/ml): ET+P110=510±18 vs ET=46±10; p<0.0001; IL-6 (pg/ml): ET+P110=2842±19 vs 

ET=86±40; p<0.0001) (Fig 3D–F).

Pharmacological inhibition of Drp1/Fis1-mediated mitochondrial fragmentation attenuates 
the release of damaged mitochondria to the extracellular milieu in endotoxin tolerance 
model.

Recently, our group as well as others have demonstrated that excessive mitochondrial 

fission mediates release of damaged mitochondria in response to cytotoxic cues (13,23) 

and that mitochondrial biproducts can mediate endotoxin cross tolerance by activating 

different pattern recognition receptors (24). Accordingly, we sought to determine whether 

the protective effect of P110 is mediated by decreasing the release of damaged 

extracellular mitochondria to induce endotoxin cross tolerance. We first quantified the 

amounts of extracellular mitochondria in our in vitro and in vivo models of endotoxin 

tolerance. When compared to naïve macrophages (NM), endotoxin tolerant macrophages 

(ETM) had higher amounts of extracellular mitochondria, quantified by using flow 

cytometry (MTG+events/50μl: ETM=2.42×106±4,000 vs ENM=5.7×105±2,500; p<0.001), 

as well as mitochondrial byproducts, including mitochondrial proteins (VDAC1/μl (A.U.): 

ETM=360±20 vs NM=209±13, p<0.01; Tim23/μl (A.U.): ETM=207±13 vs NM=47±4; 

p<0.001) and mitochondrial DNA (mtDNA/nucDNA: ETM=60±6 vs NM=32±5; p=0.02) 

(Fig. S4B–F). These findings were further validated in murine models, demonstrating that 

endotoxin tolerant (ET) mice have more cell free mitochondria in plasma when compared 

to endotoxin naïve (EN) mice (LPS model: MTG+events/50μl: ET=2.9×104±9,700 

vs EN=5.600±3, p=0.02; CLP model: MTG+events/50μl: ET=1.04×105±34,000 vs 

EN=3.03×104±8188, p=0.04) (Fig. S5B,D).
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To determine the clinical relevance of these findings, we quantified extracellular 

mitochondrial content in a pilot cohort of septic children who were stratified by immune 

function, using whole blood ex-vivo TNFα response (19). Per previous literature, TNFα 
response below 200 pg/ml was used to classify patients as immunoparalyzed (IP) (19,25) 

(Fig S6A). Our results demonstrated an increase in extracellular mitochondrial protein 

(VDAC1/μl (A.U.): IP=2.1×105±5,800 vs IC=8.0×104±1,000 p=0.03) (Fig S6B–D) as well 

as extracellular mitochondrial DNA (mtDNA/nucDNA: IP=6.6±1.4 vs IC=2.4±0.4; p=0.01) 

(Fig S6B–E) in the plasma of immunoparalyzed (IP) septic patients, when compared to 

immunocompetent (IC) septic patients.

When evaluating extracellular mitochondrial morphology using electron microscopy, 

our results demonstrated significant distortion of mitochondrial architecture, suggestive 

of mitochondrial damage in endotoxin-tolerant macrophages following high dose LPS 

stimulation (Fig. 4A, S7A–B). This is further supported by the lower membrane potential of 

extracellular mitochondria from endotoxin-tolerant macrophages (ETM) when compared to 

naïve macrophages (NM) (JC-1(R/G): ETM=6.9±0.5 vs NM=14.3±0.3; p=0.03) (Fig. 4B). 

Similarly, extracellular mitochondria found in the plasma of endotoxin tolerant (ET) mice 

demonstrated a significant decrease in membrane potential when compared to endotoxin 

naïve (EN) mice in both LPS and CLP models (LPS model: TMRM/MT-G: ET=0.13±0.02 

vs EN=0.22±0.02, p=0.03; CLP model: TMRM/MT-G: ET=0.04±0.02 vs EN=0.30±0.05; 

p<0.01) (Fig. 4C–D, S5A,C).

Finally, we evaluated the impact of P110 treatment on the quantity and function of 

extracellular mitochondria in our models of endotoxin tolerance. Results from these 

experiments demonstrated that extracellular mitochondria from P110-treated endotoxin 

tolerant macrophages had a higher mitochondrial membrane potential in vitro (JC-1(R/G): 

ETM+P110=19±2 vs ETM=6.9±0.5; p<0.001). This was further validated in the murine 

models, which demonstrated improved extracellular mitochondrial membrane potential in 

P110-treated endotoxin tolerant mice (LPS model: TMRM/MT-G: ET+P110=0.24±0.02 vs 

ET=0.15±0.02, p=0.02; CLP model: TMRM/MT-G: ET+P110=0.21±0.02 vs ET=0.04±0.02; 

p=0.03) (Fig. 4B–D). However, as we found before in a model of neuroinflammation (13), 

P110 treatment did not significantly impact the amounts of extracellular mitochondria (LPS 

model: MTG+ events/50 μl: ET+P110=2.3×104±8,000 vs ET=2.9×104 ±9,700, p=0.6; CLP 

model: MTG+ events/50 μl: ET+P110=6.3 ×104±13,000 vs ET=1.04 ×105±34,000; p=0.3) 

(Fig S5B,D).

Damaged extracellular mitochondria induce tolerance to subsequent endotoxin exposure.

Since our results suggest that inhibition of Drp1/Fis1-mediated pathologic fission influences 

the quality of extracellular mitochondria, we sought to determine if damaged extracellular 

mitochondria can induce endotoxin tolerance. We first pre-treated naïve macrophages with 

cell supernatant from healthy cells as well as cells that had mitochondrial damage (Fig 5A). 

Mitochondrial damage was induced using two independent mechanisms: LPS treatment, 

S(L) and hydrogen peroxide treatment, S(H) (Fig S8A–B) (26), to address potential 

confounding due to LPS transfer in the supernatant.
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Our results demonstrated that naïve macrophages treated with supernatant from damaged 

cells, (S(L) or S(H)), developed tolerance to subsequent endotoxin challenge, represented 

by decreased TNFα and IL-6 production compared to macrophages pre-treated with 

supernatant from healthy cells (S(C)) (TNFα (pg/ml): S(L)=98±3 vs S(H)=113±2 

vs S(C)=668±3, p<0.0001; IL-6 (pg/ml): S(L)=29±7 vs S(H)=66±5 vs S(C)=496±48, 

p<0.0001) (Fig. 5B–C). To address the possibility that other cellular biproducts found in 

transferred supernatant can induce tolerance, we treated naïve macrophages with isolated 

healthy (MC) and damaged (MH) mitochondria and subsequently challenged these cells 

with endotoxin (Fig S8C). Results from this experiment demonstrated that treatment with 

damaged mitochondrial (MH) prior to endotoxin challenge, induced tolerance phenotype 

while treatment with healthy mitochondria (MC) had minimal detrimental impact (TNFα 
(pg/ml): MH=221±15 vs MC=881±15; p<0.0001) (Fig. S8D).

Multiple mitochondrial biproducts have been implicated in mediating cross tolerance to 

endotoxin (27,28). In particular, methylated CpG of mitochondrial DNA (mtDNA) has been 

shown to mediate cross tolerance (24). To determine if pathologic fission-mediated release 

of mtDNA is a key driver of tolerance in our model, we removed extracellular mtDNA by 

deoxyribonuclease (DNase) treatment in our supernatant transfer experiment (represented 

by nomenclature S(H)-ΔDNA in Fig 5A). Similarly, to understand the effect of intact 

extracellular mitochondria, we removed mitochondria from the supernatant prior to transfer 

(represented by nomenclature S(H)-Δmito in Fig 5A), using high speed centrifugation and 

filtration. Results from this experiment demonstrated that DNase treatment of supernatant 

(S(H)-ΔDNA) partially reversed tolerance to subsequent LPS challenge, whereas removal of 

mitochondria by centrifugation and filtration (S(H)-Δmito) led to a near complete reversal 

of tolerance (TNFα (pg/ml); S(H)=115±3 vs S(H)-ΔDNA=318±7 vs S(H)-Δmito=626±5; 

p<0.01; IL-6 (pg/ml); S(H) =115±3 vs S(H)-ΔDNA=318±7 vs S(H)-Δmito=625±5; p=0.04) 

(Fig. 5B–C).

DISCUSSION

Although mitochondrial dysfunction has been previously associated with immunoparalysis 

in the sepsis literature (29,30), the role of altered mitochondrial dynamics and its impact 

on extracellular mitochondrial content has not been fully explored in this context. As 

a result of their bacterial ancestry, mitochondria contain structural elements that are 

recognized by pathogen recognition receptors (PRR) of the innate immune system (31). 

These PRRs, which respond to mitochondrial biproducts, have also been shown to mediate 

cross tolerance to endotoxin (32). Thus, the presence of extracellular mitochondria and 

associated biproducts in the circulation of septic patients likely contributes to the immune 

dysregulation, which is often observed. Our results demonstrate that Drp1/Fis1-dependent 

pathologic mitochondrial fragmentation is a key upstream mechanism in the release of 

damaged mitochondria and associated biproducts. Furthermore, we demonstrate that loss of 

structural and functional integrity of extracellular mitochondria plays a significant role in its 

immunogenicity. Finally, selective inhibition of Drp1/Fis1 interaction with P110 reverses 

the impairments in macrophage bioenergetics, decreases the release of dysfunctional 

mitochondria and limits the endotoxin tolerance phenotype, both in vitro as well as in animal 

models of sepsis.
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Drp1/Fis1-dependent mitochondrial dysfunction mediates endotoxin tolerance through 
damaged extracellular mitochondria

While the link between metabolism and immune response is widely appreciated, less is 

known regarding the impact of mitochondrial dynamics on immune phenotypes. Recent 

publications have shown that mitochondria confer specific morphologies in accordance 

to the immune cell activation state (13,33,34). Furthermore, modifying key regulators 

of mitochondrial fission and fusion machinery influences immune cell metabolism by 

augmenting mitochondrial health (24,34). Our current findings, which demonstrate that 

inhibition of Drp1/Fis1-mediated pathologic fission improves cellular respiration and 

immune function in endotoxin-tolerant macrophages, further supports the importance of 

mitochondrial dynamics in innate immune metabolism. Additionally, our findings show that 

Drp1/Fis1-mediated pathologic fission can promote the release of damaged mitochondria 

and associated biproducts, thus identifying an alternate mechanism by which alterations in 

mitochondrial dynamics could modulate innate immune phenotypes.

At this time, the mechanisms which mediates mitochondrial release to the extracellular 

space are still under investigation. Passive release of cellular byproducts has been well 

described in the setting of cell death (necrosis, necroptosis, pyroptosis) (35,36,37). However, 

our data demonstrate that the release of mitochondria from macrophages is occurring in a 

cell death-independent manner (S1H), suggesting an active process. Recent evidence has 

demonstrated that mitochondrial release can occur via direct exocytosis or via extracellular 

vehicles (EVs), (38,39), both of which are feasible mechanisms in innate immune cells and 

thus require further investigation.

The structural and functional integrity of extracellular mitochondria influences immune 
response

In addition to increased abundance, we found that released mitochondria from endotoxin 

tolerant macrophages have significant impairments in structural and functional integrity, 

confirmed by measuring mitochondrial membrane potential and with electron microscopy 

(Fig. 4, S7). While these damaged extracellular mitochondria were found to have detrimental 

impact on macrophage function, healthy extracellular mitochondria had minimal detrimental 

effect (Fig. S8C–D). Furthermore, Drp1/Fis1 inhibition improved the structural and 

functional integrity of extracellular mitochondria (Fig 4B–D), with minimal effect on the 

amounts of extracellular mitochondria (Fig. S5B,D). Altogether, these findings suggest that 

structural and functional integrity of extracellular mitochondria play a role in eliciting an 

immune response. We believe this to be a notable finding since the impact of extracellular 

mitochondria has been debated in recent literature, with publications demonstrating both 

a protective (10,40) and detrimental role (41,42) in various animal models. Based on our 

results, we speculate that the integrity and functional status of the extracellular mitochondria 

is one of the key variables, which determine their impact.

Limitations and future directions:

Although our study suggests that Drp1/Fis1-dependent mitochondrial fragmentation is an 

important mediator of macrophage dysfunction in endotoxin tolerance, there are limitations 

to our study. One fundamental limitation arises from the immortalized, as well as primary 
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murine, cell lines utilized within these experiments. RAW-264.7 cells, as well as bone 

marrow-derived macrophages were selected for this study as they have been extensively 

used in sepsis models and to avoid inter subject variability that can influence inflammatory 

response in ex vivo models of human monocytes (43,44). However, we recognize that future 

clinical studies are necessary to validate our findings in septic patients. We also recognize 

that, while there is significant pre-clinical efficacy and safety data for peptide P110 (45), 

future studies are necessary to validate this therapeutic target.

Conclusion

Our findings suggest that inhibition of Drp1/Fis1-dependent pathological mitochondrial 

fission improves macrophage function in vitro and in our murine models of endotoxin 

tolerance. This correlates with a decrease in the release of damaged mitochondria to the 

extracellular milieu, and with endotoxin cross-tolerance. Thus, treatments that abrogate 

pathological fission and improve the quality of extracellular mitochondria may have 

therapeutic potential in sepsis as well as other inflammatory disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Pharmacological inhibition of Drp1/Fis1 interaction abrogates mitochondrial damage 
in endotoxin tolerant macrophages.
In vitro endotoxin tolerance model using RAW264.7 cells. Cells were pre-treated with 

low dose LPS (10ng/ml) for 16 hrs. to induce tolerance. Subsequently, macrophages 

were treated with high dose LPS (1000ng/ml). P110 treatment was given along with low 

dose LPS. (For experimental schematic see Supplemental figure S1A.) (A) Mitochondrial 

localization of Drp1 was measured by quantifying Drp1 in the mitochondrial enriched 

fraction (N=4). VDAC1, an outer mitochondrial membrane protein, was used as the 

loading control. Quantification of mitochondrial Drp1, presented as a ratio to VDAC1 in 

mitochondria-enriched lysate. (B) Mitochondrial ROS burden was measured by as a ratio of 

MitoSOX™ fluorescence to DAPI staining (N=6). (C) Mitochondrial membrane potential 

was measured by JC-1 fluorometric dye (N=6). (D) Cellular respiration was measured by 

changes in oxygen consumption rate, using Seahorse XF-24e to calculate basal respiration, 

ATP-dependent oxygen consumption, maximum respiration and spare respiratory capacity 
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(N=4), all presented in pmol/min/μg of protein. Analysis was performed using one-way 

ANOVA along with Tukey’s multiple comparisons test. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; 

****p ≤ 0.0001 and n.s. denoting not significant. N represents the number of independent 

experiments.

Mukherjee et al. Page 13

Crit Care Med. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Pharmacological inhibition of Drp1/Fis1 interaction improves immune function in 
endotoxin tolerant macrophages.
Assessment of immune function in the endotoxin tolerant macrophages following P110 

treatment was performed by measuring (A) TNFα production (N=6); (B) IL-6 production 

(N=3); (C) nitric oxide production (N=5); and, (D) phagocytotic capacity (N=5). (E) 
Evaluation of IRAK-M levels in total cell lysates as well as NF-κB nuclear localization 

by western blot. IRAK-M levels was quantified as a ratio of IRAK-M to β-actin in total 

cell lysate while NF-κB nuclear localization was quantified as a ratio of NF-κB to histone 

H3 in nuclear enriched lysate. Analysis was performed using one-way ANOVA along with 

Tukey’s multiple comparisons test. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 and ****p ≤ 0.0001. 

N represents the number of independent experiments.
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Figure 3. Pharmacological inhibition of Drp1/Fis1 interaction improves immune response in 
endotoxin tolerance mouse model.
(A) Schematic of endotoxin tolerance mouse model using LPS ± P110. BALB/C mice were 

first treated with LPS (1mg/kg) ± P110 for 18hrs. to induce tolerance. Mice subsequently 

received high dose LPS (10mg/kg) and pro inflammatory response was evaluated. (B). 
TNFα (N=4) and (C) IL-6 levels (N=4) levels quantified using ELISA. Results were 

validated using an alternate endotoxin tolerance mouse model. (D) As displayed on the 

schematic, C57BL/6J mice were treated with LPS (5mg/kg) ± P110 for 18hrs to induce 

tolerance. Mice subsequently underwent cecal ligation and puncture. Pro-inflammatory 

cytokines E) TNFα levels (N=5) and (F) IL-6 (N=5) were measured in mouse plasma 

6 hours after CLP surgery. Analysis was performed using one-way ANOVA along with 

Tukey’s multiple comparisons between each treatment group. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 

0.001 and ****p ≤ 0.0001. N represents the number of independent experiments.
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Figure 4. Pharmacological inhibition of Drp1/Fis1 interaction limits release of damaged 
mitochondria to the extracellular milieu in cultured macrophages as well as mouse model of 
endotoxin tolerance.
(A) Evaluation of extracellular mitochondria from our in vitro endotoxin tolerance model 

using electron microscopy. Three representative images are shown from each treatment 

group. Scale bar: 500 nm. (B) Membrane potential of extracellular mitochondria, collected 

from equal volumes of cell supernatants across all conditions and assessed using JC-1 

fluorescent dye (N=3). Quantification of JC-1 was done as a ratio of Red (polarized) to 

green (depolarized) florescence. In vivo results were validated using both LPS (C) and CLP 

(D) model of endotoxin tolerance, in which extracellular mitochondrial membrane potential 

was evaluated using TMRM fluorescent dye by flow cytometry. Extracellular mitochondrial 

membrane potential normalized to total number of mitochondria and quantified as a ratio of 

TMRM positive events to Mitotracker-Green positive events (N=4). *p ≤ 0.05; **p ≤ 0.01; 

***p ≤ 0.001; ****p ≤ 0.0001. N represents the number of independent experiments. EM 

image analysis was performed in a semi-automated platform by researcher who was blinded 

to the treatment conditions.
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Figure 5. Damaged extracellular mitochondria mediate endotoxin tolerance.
(A) Schematic of supernatant transfer experiments: Cell supernatant was collected form 

healthy macrophages (S(C)), as well as macrophages which incurred mitochondrial damage 

by 1000 ng/ml LPS (S(L)) or 0.5 mM H2O2 (S(H)). To characterize impact of extracellular 

mitochondria, the S(H) supernatant underwent filtration and high-speed centrifugation 

(S(H)-Δmito) for removal of intact mitochondria. Additionally, to characterize impact of 

extracellular mtDNA, the S(H) supernatant underwent DNAase digestion to remove mtDNA 

(S(H)-ΔDNA). These different conditioned media were used to treat naïve macrophages 

for 16 hours before exposing them to high dose LPS (1000 ng/ml) for 6 hours. Pro-

inflammatory cytokine production in response to high dose LPS treatment was evaluated by 

quantifying (B) TNFα (N=3) and (C) IL-6 levels (N=3) by ELISA. Analysis was performed 

using one-way ANOVA along with Tukey’s multiple comparisons between each treatment 

group.*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. N represents the number of 

independent experiments.
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