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Abstract 

Sepsis-induced acute respiratory distress syndrome (ARDS) is a life threatening 

disease that is associated with high mortality rates, and high hospital costs. The body’s 

widespread and aggressive inflammatory response to infection plays a central role in 

this condition, as it results from a rampant generation of inflammatory cytokines and 

reactive oxygen species in response to pathogen associated molecular patterns 

(PAMPs) and damage associated molecular patterns (DAMPs). Despite the seriousness 

of this condition, successful treatment strategies and effective biomarkers remain 

elusive. Here we aim to mimic a state of sepsis-induced ARDS in vitro and examine the 

response of extracellular mitochondria under these conditions. Additionally we aim to 

examine the proteomic profile of the extracellular mitochondrial pellet in a state of 

oxidative stress compared to control. Finally we aim to demonstrate that extracellular 

mitochondria are present in an in vivo model of sepsis-induced ARDS using a porcine 

model. From this work we are able to conclude that cells release mitochondrial DNA in 

response to both lipopolysaccharide and hydrogen peroxide treatments, however the 

mechanism by which this occurs remains unclear. Extracellular mitochondrial DNA is 

also present in an in vivo porcine sepsis-induced ARDS model. From proteomic 

analysis of the extracellular mitochondrial pellet by liquid chromatography - mass 

spectrometry, we found 16 proteins to be significantly (P<0.10) up-regulated and 2 

proteins to be significantly down-regulated. We hope to apply the profile of extracellular 

mitochondria we have built to eventually identify a novel biomarker of sepsis-induced 

ARDS. 
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Introduction 

The Root of the Problem: Sepsis 

Sepsis is defined as life-threatening organ dysfunction caused by a dysregulated 

host response to infection according to the Society of Critical Care Medicine and the 

European Society of Intensive Care Medicine.1 Contributing over 200,000 total deaths in 

the United States each year alone, it is a condition that requires ongoing research for 

new treatment strategies.2 Sepsis can lead to a devastating condition known as Acute 

Respiratory Distress Syndrome, also known as ARDS. ARDS occurs when the immune 

system responds to the infection in such a way that damages the pulmonary 

alveolar-capillary barrier, leading to inadequate oxygenation of the blood and 

non-cardiogenic pulmonary edema.3 Despite the seriousness of these conditions, 

therapies to treat them are limited. Additionally, biomarkers that can be used to predict 

morbidity and mortality in these patients are lacking. The current treatment strategies for 

ARDS focus on delivering an adequate amount of oxygen to the body. Some treatments 

include use of the high-flow nasal cannula, invasive mechanical ventilation, prone 

positioning, and extracorporeal membrane oxygenation, also known as ECMO.4 

 

The Mechanism of Sepsis Induced ARDS 

Under normal conditions, the lungs are able to perform gas exchange by means 

of the alveolus, which is protected by the alveolar-capillary barrier that allows for a liquid 

to air interface.3 When this barrier is compromised in the condition of ARDS the lung is 

no longer able to perform gas exchange, thus leading to inadequate oxygenation of the 
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blood, or hypoxemia. In the instance of sepsis-induced ARDS, this barrier can be 

compromised due to a pulmonary infection like pneumonia or an infection originating 

from another organ.3 The rampant immune response to the infection, while attempting to 

clear the source of the infection, is also detrimental to the alveolar capillary barrier. 

Pattern Recognition Receptors (PRRs), which are cytosolic protein receptors, play a 

role in the innate immune system response to an infecting pathogen. PRRs recognize 

PAMPs or pathogen associated molecular pattern molecules such as lipopolysaccaride 

which leads to innate immune system activation.3,6 PRRs also recognize DAMPs or 

damage associated molecular patterns which are intracellular components released 

from damaged cells. These molecules include DNA, RNA, and mitochondrial DNA, or 

mtDNA.3,7-10 These pathways lead to a cycle of injury due to the release of 

pro-inflammatory mediators such as TNFɑ, IL1𝛽, and IL-6  and further injure the alveolar 

capillary barrier.3,11 See Figure 1.  
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Figure 1: Pathogenesis of sepsis-induced ARDS. Immune system mediators and 
pathogens can enter the lungs from the circulation or from the airspace. This leads to 
the compromise of the  alveolar capillary barrier. Reproduced with permission from 
Englert et. al. (2019) See Appendix A. 
 
Oxidative Stress in ARDS 
 
While sepsis results from the body’s immune response to infection by the increased 

release of inflammatory cytokines, another important mediator of alveolar damage are 

Reactive Oxygen Species, ROS.5 Under normal conditions, the body strives to have a 

normal balance between antioxidants and ROS. When this balance shifts due to the 

activation of the immune system, damage occurs and fluid begins to accumulate in the 

interstitial space. See figure 2. 

 

Figure 2: The Generation of Cytokines and ROS in the Alveoli. Inflammatory cells 
are able to enter the alveoli via the damaged alveoli-capillary barrier, this leads to 
cytokine and ROS production. Reproduced with permission from Kellner et. al. (2017) 
See Appendix B. 
 
This damage to the barrier allows neutrophils to migrate into the alveolus where they 

become activated and secrete proinflammatory cytokines and ROS, further perpetuating 
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damage in the lungs.5 This generation of ROS is incredibly damaging to the lungs as it 

can react with nitric oxide free radicals, leading to the generation of peroxynitrite that 

can injure the lungs directly.28 There is a cycle of damage in ARDS. Inflammatory 

responders generate cytokines and ROS, that leads to the damage of tissues, which 

then further activates the immune system. Using what we know about the role of 

oxidative stress in sepsis-induced ARDS, we want to mimic that in our work using 

hydrogen peroxide, or H2O2 to induce it. 

 

Lipopolysaccharide Involvement in Sepsis 

Lipopolysaccharide, or LPS, is a component of the bacterial wall of gram negative 

bacteria. As discussed, LPS is a pathogen associated molecular pattern. The 

recognition of this molecule by the immune system is a powerful mediator in sepsis as it 

signifies the presence of a bacterial infection. LPS has traditionally been used in the 

laboratory setting to mimic the onset of sepsis, and this is what we aim to do in our work 

as well. 

 

Current Biomarkers of ARDS 

With the body’s immune response to sepsis being the key in ARDS development, most 

of the current biomarkers for development of this condition involve inflammatory 

proteins. In recent studies, the identification of hyperinflammatory and hypoinflammatory 

“subphenotypes” seen in ARDS patients has been of much interest.12, 13, 26. The 

biomarkers assessed in these subphenotypes are all linked to a patient’s inflammatory 
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response, which is hyperactive in sepsis-induced ARDS, as shown in Figure 1. 

Biomarkers such as IL-9, IL-18, IFN-γ, ANG1/2 and PAI-1 have been shown to be 

associated with increased inflammation and mortality rates.14, 26 This suggests that a 

proinflammatory predisposition in certain patients may be an early predictor of poor 

outcomes related to ARDS. The perpetuated activation of the innate immune system in 

the condition of ARDS is the common ground for the current biomarkers of both ARDS 

progression and poor outcomes. In examining the literature on the main focus of this 

work, extracellular mitochondria, it has been seen that cell-free mtDNA acts as a 

damage associated molecular pattern (DAMP).15-19 As examined previously, DAMPs 

lead to the activation of the innate immune system and further perpetuate the damaging 

cycle of sepsis induced ARDS. It has been shown that increased levels of mitochondrial 

DNA collected from ICU patient’s plasma samples were associated with increased 

incidence of sepsis, ARDS, and most importantly ICU mortality.20 Using this information, 

this work aims to provide more insight into the role of extracellular mitochondria in the 

condition of sepsis-induced ARDS. 

 

The Background of Extracellular Mitochondria 

Everyone has heard the term “The Mitochondria is the Powerhouse of the Cell” at some 

point in a basic biology course. This is true as under normal conditions, intracellular 

mitochondria regulate certain cell processes such as energy (ATP) production, calcium 

signalling, and cell death.21 While mitochondria play a crucial role intracellularly, this 

work attempts to shed light on this question: what role do they play extracellularly? More 
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importantly, what role do they play in the pathogenesis of sepsis induced ARDS? It has 

been seen in recent works that mitochondrial components can be loaded into 

extracellular vesicles, which have been identified in a number of normal physiological 

processes, like cell communication.23 These mitochondria may be taken up by recipient 

cells with nonfunctional mitochondria.22 See Figure 3.  

 

Figure 3: “Loading of Mitochondrial Components in Extracellular Vesicles” 
Cellular components including mitochondria are packaged into extracellular vesicles 
and received by surrounding cells. Reproduced from Mitochondria Know No 
Boundaries: Mechanisms and Functions of Intercellular Mitochondrial Transfer 
 by Torralba, Baixauli and Sánchez-Madrid under the creative commons attribution 
license CC by 4.0 (2016) 
 

In a recent work, it has been shown that cell-free, respiratory competent, mitochondria 

exist in the blood of healthy individuals.24 While more investigation is needed to 

determine the exact function of these circulating vesicles in a non-disease state, it is of 
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great interest in this work given what is known about the inflammatory role of mtDNA in 

a disease state. In another recent work, it was seen in a cell culture model that hypoxia 

greatly increased levels of cell free mitochondrial DNA.25 Given the current information 

available on the role of circulating mitochondrial DNA in inflammation, upregulated in a 

state like ARDS, this work is concerned with asking whether that cells release more 

mitochondria in response to oxidative stress and bacterial infection, and how this 

mitochondria may function as a propagator of disease and as an early predictor of 

mortality in ARDS patients. 

A Note on Coronavirus (COVID-19) 

Given that ARDS is a large contributing factor to the mortality rate of Coronavirus, and 

also due to the timing of this work, it seems fit to discuss the possible implications of our 

findings in light of this pandemic. Coronavirus cases present in a range of mild to severe 

symptoms, though typical symptoms include shortness of breath, dry cough, and fever. 

A new study published in Wuhan, China suggests that over 40% of patients who 

experienced severe symptoms of the virus developed ARDS, which led to death in over 

half of these patients.30 In these patients, it would be interesting to consider what the 

extracellular mitochondria profile would look like. This work could absolutely be 

applicable for these patients as the immune response to the virus is likely similar to that 

of sepsis. The focus of research on extracellular mitochondria could very well play a key 

role in treating and diagnosing a resurgence of COVID-19 or perhaps the emergence of 

a new severe acute respiratory syndrome (SARS) associated virus in the future. 
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Hypothesis 

Given what is currently known about extracellular mitochondria, we aim to continue to 

build on that by the use of a cell culture sepsis and oxidative stress model, and the use 

of mass spectrometry to analyze the contents of extracellular mitochondria. In this work 

we hypothesize that both AC16 cardiomyocyte and HeLa cell lines increase the 

excretion of mitochondria in response to lipopolysaccharide and hydrogen peroxide 

treatments, and we further hypothesize this is true in vivo. We also hypothesize that 

these extracellular mitochondria differ significantly between hydrogen peroxide treated 

HeLa cells versus control in terms of protein expression. 

Specific Aims 

I.  Demonstrate that lipopolysaccharide and hydrogen peroxide cause mitochondria 

to be excreted in vitro. 

a. In order to accomplish this, we will use Real Time Polymerase Chain Reaction 

(PCR) to measure the amount of extracellular mitochondria of AC16 and HeLa 

cells over 5 hours in response to LPS and H2O2. 

II. Determine whether extracellular mitochondrial protein expression differs in 

response to H2O2 

a. In order to accomplish this, we will analyze the changes in protein content of the 

extracellular mitochondrial fraction excreted from HeLa cells in response to H2O2. 

III. Demonstrate that extracellular mitochondria are present in vivo using a porcine 

model of sepsis-induced ARDS 
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Materials and Methods 

Cell Culture 

Our HeLa and AC16 cells were purchased from American Type Culture Collection 

(ATCC). Cells are thawed in a water bath at 37°C . The cells are then placed in a 

100mm cell culture plate (Corning, Tewksbury, MA) along with growth medium. the 

growth medium is DMEM (Dulbecco’s Modified Eagle Medium) (ThermoFisher, 

Waltham, MA), that contains 1% of 5000 units/mL of penicillin and 5000 µg/mL of 

streptomycin (ThermoFisher, Waltham, MA), and 10% of fetal bovine serum (FBS) for 

HeLa cells, or 12.5% FBS for AC16 cells (ThermoFisher, Waltham, MA). The cells are 

incubated at 37°C  in a humidified (5% CO2) incubator.  The cells are grown to about 

90% confluency then are split into 6-well plates (Corning, Tewksbury, MA) with 2 mL of 

medium in each well. The cells are incubated again until they reach about 90% 

confluency in the 6-well plates. At this time, the cells are treated with 

Lipopolysaccharide (LPS) or Hydrogen Peroxide (H2O2) (Sigma Aldrich, St. Louis, MO). 

 

Cell Treatment 

Cells are treated in 6-well plates (Corning, Tewksbury, MA). Each well corresponds to 

the length of treatment (control, 1 hours, 2 hours, 3 hours, 4 hours, 5 hours). The plate 

is removed from the incubator once per hour to add the treatment to the corresponding 

well. The 5 hour time point is treated first, followed by 4, and so on. At the end of the 

experiment, media is collected and placed into 2 mL tubes (Eppendorf, Hauppauge, NY) 

then is used to isolate the extracellular mitochondrial pellet. Cells were dosed with LPS 
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at a concentration of 1 μg/mL. 2 μL of 1 mg/mL LPS in solution was added to each well 

to achieve this concentration. Cells were dosed with hydrogen peroxide at a 

concentration of 150 μM. To accomplish this, 11.2 μL 30% H2O2 is added to 9.88 mL of 

1x Phosphate Buffered Saline (PBS) (Corning, Tewksbury, MA), 30 μL of this solution is 

added to the 2 mL (15 μL/mL) well for treatment. 

 

Isolation of Mitochondrial Pellet From Conditioned Medium 

The medium-containing 2 mL tubes following cell treatment are placed in a 5430 R 

Centrifuge Machine (Eppendorf, Hauppauge, NY) and centrifuged at 2,000 x g at 4°C 

for 20 minutes. The pellet is discarded and the supernatant is placed in a new 2 mL 

tube. The supernatant is centrifuged at 10,000 x g at 4°C for 30 minutes. The 

supernatant is discarded and the pellet is washed with 200 μL of 1x PBS (Corning, 

Tewksbury, MA) at 10,000 x g at 4°C for 30 minutes. The supernatant is discarded and 

the pellet is kept for DNA isolation. 

 

DNA isolation 

DNA isolation is achieved through the use of the DNeasy Blood and Tissue Kit (Qiagen, 

Germantown, MD). The manufacturer’s protocol for cultured cells was followed. Isolated 

DNA is used for further analysis via real-time PCR. Leftover DNA can be stored at 

-30°C. 
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Primer Design  

Four primers have been designed and ordered for our study (Integrated DNA 

Technologies, Coralville,  IA)  for PCR analysis of human and porcine mitochondrial 

DNA. For porcine DNA, 16s rRNA 210 base pair and 300 base pair forward and reverse 

primers were used. The sequence for the 210 base pair reverse primer is as follows: 5’ 

CGT GTG GCC ATT CAT ACA AG - 3’, and the sequence for the forward primer is 5’ 

AGG AGT GCA CCA AGG AAA GA - 3’. The sequence for the 300 base pair reverse 

primer is as follows: 5’-CAC TGA TTG GAA GTA AGA GAC AGT AAA-3’, and the 

sequence for the forward primer is 5’-CAA CCA ATA AAC CAA AAC AAC A-3’. For 

human DNA detection from our experiments on cultured cells, 16s rRNA 490 base pair 

and 230 base pair forward and reverse primers were used. The sequence for the 490 

base pair reverse primer is 5’-ACG TTG GGG CCT TTG CGT AG-3’, and the sequence 

for the forward primer is 5’-GGG ATA ACA GCG CAA TCC TA-3’. The sequence for the 

230 base pair reverse primer is 5’-GGG CTC TGC CAT CTT AAC AA-3’, and the 

sequence for the forward primer is 5’-CAG CCG CTA TTA AAG GTT CG-3’. The 

primers arrived in a frozen pellet. Once thawed they were brought to a stock 

concentration of 100 mM using molecular grade water (G-Biosciences, St. Louis, MO). 

Following this, a working concentration of 10 mM was created from the stock 

concentration and used for real-time polymerase chain reaction (PCR).  

 

 

 

17 



 

Real-Time PCR and Standard Curve Creation 

Real-time PCR was performed using the C1000 Thermal Cycler with the CFX96 

Real-Time System (Bio-Rad, Hercules, California). 2 μL of isolated DNA, 4 μL of the 

appropriate reverse primer (10 mM), 4 μL of the forward primer (10 mM), and 10 μL  of 

PowerUp SYBR Green Master Mix (Applied Biosystems by Thermo Fisher 

Scientific,Waltham, MA ) was added to each well of a 96 well plate (Thermo Fisher 

Scientific, Waltham, MA). Each sample was added to the plate in triplicates, from which 

the average Cq value was used for further analysis. The Real-Time PCR cycling that 

was used is as follows: UDG activation at 50°C for 2 minutes, then Dual-Lock DNA 

polymerase at 95°C for 2 minutes, followed by denaturation at 95°C and 

annealing/extension at 60°C for 40 cycles. A standard curve was created to determine 

the copies of mitochondrial DNA / μL by amplifying a small amount of isolated DNA from 

the experiment. DNA was amplified using regular PCR via a T100 Thermal Cycler 

(Bio-Rad, Hercules, California). The reaction mixture was created by adding 10 μL 5x 

Phusion HF Buffer (ThermoFisher Scientific, Waltham, MA), 1 μL 10 mM dNTPs 

(ThermoFisher Scientific, Waltham, MA), 2.5 μL forward primer, 2.5 μL reverse primer, 1 

μL isolated DNA, and 0.5 μL Phusion DNA Polymerase (ThermoFisher Scientific, 

Waltham, MA) in a 0.2 mL PCR tube (ThermoFisher Scientific, Waltham, MA). For the 

porcine mitochondrial DNA standard curve, the 300 bp 16srRNA forward and reverse 

primers were used. For the human mitochondrial DNA standard curve, the 490 bp 

16srRNA forward and reverse primers were used. Once amplified, the DNA was purified 

using the QIAquick PCR Purification Kit (Qiagen, Germantown, MD) by following the 
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manufacturer's protocol for DNA purification using centrifuge. Following purification, the 

concentration of DNA was measured using a NanoDrop 2000 Spectrophotometer 

(ThermoFisher Scientific, Waltham, MA). The concentration was used to create a 

dilution series of known amounts of copies of DNA starting with 10 copies, then 1000 

copies, 1,000,000 copies, and finally 1,000,000,000 copies. These known amounts 

were then used for Real-Time PCR, for which the protocol is described above. The 16s 

230 bp 16srRNA primer was used in the real time PCR step for human sample standard 

curve creation and the 16s 210 bp 16srRNA primer was used for the porcine standard 

curve. The known amount wells were plotted against their corresponding Cq value in 

Excel to create the standard curve. The standard curve equation for human 

mitochondrial detection was y = -1.478ln(x) + 36.36 and the standard curve equation for 

porcine mitochondrial detection was y = -1.552ln(x) + 36.595. Upon completion of real 

time PCR on the isolated DNA samples, the Cq values were averaged by triplicate and 

plugged into these formulas as Y. The solved value for X indicates the copies of 

extracellular mitochondrial DNA / μL in the sample.  

 

Preparation of the Extracellular Mitochondrial Pellet for Proteomic Analysis 

HeLa cells were cultured as described in the cell culture section. 10 100 mm dishes 

were prepared, 5 for control and 5 to be treated with hydrogen peroxide. When the cells 

reached 90% confluence, the 10% medium was changed to a starving medium 

containing 0.5% FBS, and 1% of 5000 units/mL of penicillin and 5000 µg/mL of 

streptomycin and incubated for 16 hours. The cells were treated with 150 μM of 
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hydrogen peroxide for 2 hours. Following this, the medium was changed back to 10% 

FBS. The cells were incubated for a 24 hour period, after this the medium was collected 

and the extracellular pellet was isolated. Following isolation of the mitochondrial pellet, 

200 μL of 1% Triton X-100 in a fractionation buffer (Sigma Aldrich, St. Louis, MO) was 

added to the pellet and vortexed, it was then incubated on ice for 10 min. The solution 

was centrifuged at 16,000 x g for 10 minutes at 4°C. The supernatant was removed and 

saved. 800 μL of Ice cold 100% acetone (Sigma Aldrich, St. Louis, MO) was added to 

the supernatant and vorteted. The solution was incubated overnight at -20°C. Next it 

was centrifuged for 10 minutes at 15,000 x g. The supernatant was removed and the 

pellet was washed with cold acetone and centrifuged again for 10 minutes at 15,000 x 

g. The supernatant was removed and the pellet was allowed to air dry. 100 μL of 8M 

urea in 50 mM ammonium bicarbonate pH 8-8.5 (Sigma Aldrich, St. Louis, MO) was 

added to the pellet and it was vortexed until the pellet was dissolved. Protein 

concentration was measured using the NanoDrop 2000 Spectrophotometer. Three 

repeats (control and H2O2 treated) of this experiment were sent to The University of 

Arizona Proteomics Consortium where relative protein abundances in the samples were 

analyzed by liquid chromatography-mass spectrometry (LC MS/MS). 

Extracellular Mitochondrial DNA analysis of Porcine Blood 

4 mL of whole pig blood was obtained in EDTA vacutainers (BD, Franklin Lakes, NJ) at 

baseline and at 30 minute time points over a 6 hour period. The 50 kg Yorkshire pig 

(S&S Farms, Ramona, CA) received 70 mcg/kg LPS (Sigma Aldrich, St. Louis, MO) 

intravenously over 2 hours and 30 mcg/kg intratracheally to induce a state of 
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sepsis-induced ARDS. A dual lumen venovenous ECMO cannula was placed and 

clamped off via the right jugular vein, and a swan-ganz catheter was placed through the 

right femoral vein for pressure monitoring.  The whole blood was centrifuged at 1600 x g 

for 20 minutes to separate the plasma and red blood cell layers. The plasma layer was 

removed and then centrifuged at 16,000 x g for 30 minutes. The pellet containing 

extracellular mitochondria was saved and underwent DNA isolation and analysis via real 

time PCR as previously described. The isolated DNA was also analyzed using regular 

PCR using agarose gel (Sigma Aldrich, St. Louis, MO)  and electrophoresis. 2% with 

agarose gel with 5 μL GelRed (Biotium, Fremont, CA) was prepared and allowed to set 

for 20 minutes. The DNA was amplified using the 16s rRNA 210 bp primer set as 

described in the standard curve creation section. 5 μL of each sample of this amplified 

DNA was mixed with 1 μL of 6x Loading Dye (Biotium, Fremont, CA) and loaded into 

the set agarose gel wells. 1x TAE buffer (Sigma Aldrich, St. Louis, MO) was poured into 

the electrophoresis tank (Bio-Rad, Hercules, CA) to cover the gel. The tank was 

subjected to 100 volts until the protein band neared the bottom of the gel. The gel was 

imaged using the Doc XR Universal Hood (Bio-Rad, Hercules, CA).  
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Results 

Real Time PCR of Extracellular Mitochondrial DNA from AC16 and HeLa Cells 

We performed a real time PCR analysis on extracellular mitochondrial DNA that was 

isolated from two separate cell lines, AC16 cells and HeLa cells. AC16 cardiomyocyte 

cells were utilized because we are interested in the cardiovascular specific implications 

of extracellular mitochondria, however HeLa cells typically grow faster and produce 

more extracellular mitochondria per cell. Each well in the 6-well plates we used 

contained about 1.2 x 106 cells. The isolated DNA samples were each 200 μL, meaning, 

based off of the range of mitochondrial DNA copies seen by cell line and treatment, we 

can conclude that LPS treated AC16 cells produced 1 mtDNA copy per 20-60 cells, LPS 

treated HeLa cells produced 1 mtDNA copy per 10-15 cells, H2O2 treated AC16 cells 

produced 1 mtDNA copy per 10-40 cells and H2O2 treated HeLa cells produced 1 

mtDNA copy per 5-10 cells. Standard deviation for each time point was obtained using 

the STDEV.P function in Excel and statistical significance (P<0.05) was measured by 

performing a one-sample t test, comparing each time point to control using Stata.  
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Figure 4: AC16 cells response to LPS treatment. 3 sets of AC16 cells received 1 μg / 
mL of LPS treatment over time and the mitochondrial DNA response was measured 
using a 16srRNA 230 base pair primer set. Statistical significance (P<0.05) is denoted 
by **. 
 

AC16 Cell Line Extracellular Mitochondrial DNA Response to LPS Treatment 
overTime (n=3) 

Time Point Mean DNA copies / uL Standard Deviation P-Value 

Control 97.03 87.35 n/a 

1 Hour 161.23 137.90 0.25 

2 Hours 272.22 115.43 0.05 

3 Hours 284.05 175.04 0.10 

4 Hours 318.57 159.80 0.07 

5 Hours 268.22 161.25 0.10 
Table 1: AC16 cells response to LPS treatment. 3 sets of AC16 cells received 1 μg / 
mL of LPS over time. For this experiment, the two hour time point reached statistical 
significance with a P-Value of 0.05  
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Figure 5: AC16 cells response to H2O2 treatment. 3 sets of AC16 cells received 150 
μM of H2O2 over time and the mitochondrial DNA response was measured using a 
16srRNA 230 base pair primer set. Statistical significance (P<0.05) is denoted by **. 
 
 

AC16 Cell Line Extracellular Mitochondrial DNA Response to H2O2 Treatment 
over Time (n=3) 

Time Point Mean DNA copies / uL Standard Deviation P-Value 

Control 155.50 42.51 n/a 

1 Hour 178.64 65.55 0.30 

2 Hours 206.89 43.85 0.09 

3 Hours 241.89 75.29 0.09 

4 Hours 548.02 244.32 0.05 

5 Hours 301.73 99.10 0.06 
Table 2: AC16 cells response to LPS treatment. 3 sets of AC16 cells received 150 
μM of H2O2 over time. For this experiment, the two hour time point reached statistical 
significance with a P-Value of 0.05  
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Figure 6: HeLa cells response to LPS treatment. 3 sets of HeLa cells received 1 
μg/mL LPS over time and the mitochondrial DNA response was measured using a 
16srRNA 230 base pair primer set.  
 
HeLa Cell Line Extracellular Mitochondrial DNA Response to LPS Treatment over 

Time (n=3) 

Time Point Mean DNA copies / uL Standard Deviation P-Value 

Control 397.32 117.51 n/a 

1 Hour 421.96 85.27 0.33 

2 Hours 367.54 127.38 0.72 

3 Hours 471.26 235.33 0.16 

4 Hours 506.74 203.50 0.22 

5 Hours 615.33 232.39 0.12 
Table 3: HeLa cells response to LPS treatment. 3 sets of HeLa cells received 1 μg / 
mL of LPS over time. No time points reached statistical significance for this experiment. 
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Figure 7: HeLa cells response to H2O2 treatment. 3 sets of HeLa cells received 150 
μM of H2O2 over time and the mitochondrial DNA response was measured using a 
16srRNA 230 base pair primer set.  
 
 
 
 

HeLa Cell Line Extracellular Mitochondrial DNA Response to H2O2 Treatment 
over Time (n=3) 

Time Point Mean DNA copies / uL Standard Deviation P-Value 

Control 670.33 122.58 n/a 

1 Hour 1180.12 481.30 0.19 

2 Hours 559.84 112.71 0.20 

3 Hours 671.63 108.85 0.43 

4 Hours 684.39 94.32 0.43 

5 Hours 1046.04 485.80 0.24 
Table 4: HeLa cells response to H2O2 treatment. 3 sets of HeLa cells received 150 
μM of H2O2 over time. No time points reached statistical significance for this experiment. 
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Proteomic Analysis of H2O2 Treated HeLa Cells 

As seen in the results from real-time PCR on AC16 and HeLa cell lines, HeLa cells 

produced more mitochondrial DNA copies in response to both LPS and H2O2 treatment. 

Since the most mitochondrial DNA was produced in HeLa cells subjected to H2O2 

treatment, we decided to use that cell line and treatment for our proteomic analysis. A 

two way ANOVA additive model was used to determine significant changes in protein 

expression (P<0.10) from the analysis where treatment (control or treatment) and batch 

(1,2,3) as the two effects in the model where n=3. 16 proteins were found to be 

significantly upregulated and 2 proteins were found to be downregulated in response to 

a 150 μM treatment of H2O2 over a 24 hour period. We separated the upregulated 

proteins by function and determined the following groups: proteins involved with 

calcium, molecular chaperones, transmembrane and transport proteins, and actin or 

actin associated proteins.  

 

Upregulated Proteins Involved with Calcium 

Protein Function P-Value 

Thioredoxin reductase I Redox Homeostasis 0.0521 

Calmodulin-2 Calcium Binding 0.0905 

Protein S100-A6 Calcium sensor & 
modulator 

0.0958 

Annexin A2 Calcium-regulated 
membrane binding 

0.0695 

Table 5: Upregulated Proteins Involved with Calcium. Proteins found to be 
significantly (P < 0.10) upregulated in the extracellular mitochondrial pellet from HeLa 
cells subjected to 150 μM H2O2 treatment. n =3. 
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Upregulated Transmembrane and Transport Proteins 

Protein Function P-Value 

CD97 antigen cell-cell signalling, cell 
adhesion 

0.0652 

4F2 CD98 Heavy Chain Integrin-dependent 
signaling 

0.0878 

Phosphatidylethanolamine-
binding protein 1 

ATP binding, enzyme 
binding 

0.0665 

Basigin Transmembrane 
glycoprotein 

0.0344 

Large Neutral Amino Acids 
transporter 

Amino acid transport 0.0111 

Neutral amino acid 
transporter 

Amino Acid Transport 0.0526 

Glia-derived nexin Proteinase Inhibitor 0.0183 
Table 6: Upregulated Transmembrane and Transport Proteins. Proteins found to be 
significantly (P < 0.10) upregulated in the extracellular mitochondrial pellet from HeLa 
cells subjected to 150 μM H2O2 treatment. n=3. 
 

Molecular Chaperone Upregulated Proteins  

Protein Function P-Value 

Heat Shock protein 
HSP90-alpha 

Molecular Chaperone 0.0904 

Heat shock Cognate 
71kDa protein 

Molecular Chaperone 0.0665 

Table 7: Upregulated Molecular Chaperone Upregulated Proteins. Proteins found to 
be significantly (P < 0.10) upregulated in the extracellular mitochondrial pellet from 
HeLa cells subjected to 150 μM H2O2 treatment. n=3. 
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Actin and Actin Associated Upregulated Proteins 

Protein Function P-Value 

Actin Structural 0.035 

Plastin-3 Actin binding 0.0797 

Gelsolin Calcium regulated actin 
binding 

0.054 

Table 8: Upregulated Actin and Actin Associated Upregulated Proteins. Proteins 
found to be significantly (P < 0.10) upregulated in the extracellular mitochondrial pellet 
from HeLa cells subjected to 150 μMH2O2 treatment. n=3. 
 

Downregulated Proteins 

Protein Function P-Value 

Protein AHNAK2 Calcium Signaling 0.0507 

Annexin A5 Anticoagulant 0.0679 
Table 9: Downregulated Proteins Found in Proteomic Analysis. Proteins found to 
be significantly (P < 0.10) downregulated in the extracellular mitochondrial pellet from 
HeLa cells subjected to 150 μM H2O2 treatment compared to control. n=3. 
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Real-Time PCR of Extracellular Mitochondrial DNA Obtained From Porcine Blood 

After collecting the data concerning extracellular mitochondrial DNA expression in vitro, 

we wanted to see what this expression looked like in vivo. While we can see a clear 

upregulation of extracellular mitochondrial DNA levels at time points 3.5, 4, and 4.5 in 

the porcine blood in a state of sepsis-induced ARDS, we’re unable to confirm statistical 

significance without more repetitions of this experiment. Despite this, we can propose 

from this data that extracellular mitochondrial DNA is present in the porcine blood when 

the animal is treated with LPS, visualized here using both regular and real time PCR. 

 
Figure 8: Regular PCR Analysis of Extracellular Mitochondrial DNA Levels in 
Porcine Blood. Mitochondrial DNA response was measured using a 16srRNA 210 
base pair primer set 

 
Figure 9: Real Time PCR analysis of Mitochondrial DNA Levels in Porcine Blood 
in a State of Sepsis-Induced ARDS. This is obtained from one porcine experiment. 
Mitochondrial DNA response was measured using a 16srRNA 210 base pair primer set.  
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Discussion 

HeLa and AC16 cell treatment 

Our aim was to show that both HeLa cells and AC16 cells excrete mitochondrial DNA in 

response to both LPS and H2O2 treatment. LPS treatment was performed to mimic the 

hallmark of sepsis, bacterial infection. The H2O2 treatment was performed to mimic the 

state of oxidative stress that cells undergo during sepsis. We were able to see that both 

of these treatments do, in fact, cause cells to release mitochondrial DNA. Statistically 

significant findings include a significant increase of extracellular mitochondrial DNA  at 

hour 2 in the AC16 cell line response to LPS, and at hour 4 in the AC16 cell line 

response to H2O2. While n=3 for all real time PCR data obtained from cell culture, more 

repetitions of these experiments may be necessary to confirm the significance of this 

data. One concept this data caused us to consider is whether the cellular response to 

LPS is mediated by ROS. More investigation would be needed to determine if this is 

true, however the apparent similarities between the cellular responses to LPS and H2O2 

warrants further investigation.  

Proteomic Analysis 

In our analysis of the extracellular mitochondrial pellet by liquid chromatography - mass 

spectrometry, 16 proteins were found to be statistically significant (P<0.10) to be 

upregulated in response to oxidative stress and 2 proteins were found to be 

downregulated. First, the molecular chaperones, heat shock protein HSP 90-alpha and 

heat shock cognate are both found on the surface of extracellular vesicles. This is 

consistent with the idea of mitochondria being packaged into vesicles and sent out of 
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the cell. The upregulated transmembrane and transport proteins, including CD97 

antigen, 4F2 CD98 heavy chain, phosphatidylethanolamine-binding protein 1, basigin, 

and the amino acid transporters,  also support this, as these proteins may be apart of 

the membrane of the actual extracellular vesicles. Actin and actin-associated proteins 

like Plastin-3 and Gelsolin may play a structural role in the extracellular vesicles. Finally, 

it has been reported that oxidative stress causes an influx of calcium into the 

cytoplasm.29 This may be why several upregulated proteins involved with calcium 

including thioredoxin reductase I, calmodulin-2, protein S100-A6, and annexin A2 were 

seen in our proteomic analysis of the extracellular mitochondrial pellet in response to 

H2O2. As for the down regulated proteins seen, Protein AHNAK2 and Annexin A5, it is 

unclear why this is so, more investigation may be needed to determine an answer. 

Porcine Sepsis-Induced ARDS Model 

From the data that we collected using a porcine model of sepsis-induced ARDS, we 

saw three peaks in extracellular mitochondrial DNA at 3.5 hours, 4 hours, and 4.5 

hours. While we cannot confirm statistical significance from this data, it coincides with 

the peaks at 4 and 5 hours from our cell culture studies. This suggests that extracellular 

mitochondrial DNA may peak in this time frame after the onset of sepsis. The decrease 

may be due to degradation or perhaps there is a mechanism of reuptake by neighboring 

cells as suggested by our proteomic analysis. This data however does show that 

extracellular mitochondrial DNA does exist in the state of sepsis-induced ARDS in vivo. 

We plan to repeat this experiment to confirm this data, but this pilot data is promising. 
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Moving forward, we hope to obtain a conclusive profile of extracellular mitochondrial 

DNA, and what exactly its function is in the body’s response to sepsis.  

 

Future Directions 

The role of extracellular mitochondria in a state of sepsis-induced ARDS is incredibly 

exciting and warrants further investigation. Unfortunately, due to the spread of 

COVID-19 in the United States, my role in this project was cut short. Nonetheless, we 

hope to continue to build upon the work presented here. As stated, we hope to confirm 

our preliminary in vivo data by obtaining two more porcine models to have n=3. We 

would also like to use a mouse model of sepsis induced ARDS to measure extracellular 

mitochondrial DNA as well as other damage associated molecular patterns. 

Additionally, we hope to obtain a proteomic analysis via liquid chromatography - mass 

spectrometry for AC16 cells to compare to the data we have obtained from that of HeLa 

cells. The proteomic data we’ve obtained from HeLa cells could indicate the formation of 

extracellular vesicles containing mitochondria. Knowing what we know about 

mitochondrial DNA as a damage associated molecular pattern, we would like to further 

investigate whether this is true in live mitochondria leaving cells or only for mitochondrial 

DNA released from dead cells. We could do this by treating cells with mtDNA or live 

mitochondria and measure the inflammatory response between the two via real-time 

PCR. We would also like to eventually examine extracellular mitochondria in humans, 

utilizing blood samples from cardiopulmonary bypass or from sepsis-induced ARDS 

patients receiving ECMO as a treatment.  This could be accomplished by drawing 

33 



 

several sets of peripheral blood for time points like pre-operative, pre-bypass, on 

bypass pre-cross clamp, post cross-clamp removal, post bypass termination, and 24 

hours following surgery. Comparing the extracellular mitochondria profile over the 

course of an open-heart surgery would be really interesting as the induction of 

cardio-pulmonary bypass plays a central role in the activation of many inflammatory 

pathways, much like sepsis-induced ARDS. If we were wanting to look specifically at 

blood from the lungs, we could obtain blood from a left ventricular vent. This vent 

receives blood from the bronchial circulation, so while it wouldn’t directly be from the 

alveolus, it would be the closest we could get. One drawback, however, of collecting 

blood from bypass patients is the large blood-to-air interface that the blood undergoes in 

the heart-lung machine. This interface further activates the blood so it would add 

another factor of inflammation that may contribute to the extracellular mitochondrial 

profile. Nonetheless, this would be an interesting project to further the knowledge in this 

field.  Collecting peripheral blood from human ECMO patients at various time points 

receiving treatment for sepsis-induced ARDS would eliminate the issue of the 

blood-to-air interface. Doing this would be the theoretical next step after obtaining all 

runs of data from the porcine model to apply this work to humans as these two models 

closely coincide. After continuing to build upon the foundation this work has created in 

the laboratory, obtaining data from humans to validate our studies would be ideal. We 

hope to use the knowledge we have obtained here to better equip our healthcare 

workers to treat and manage sepsis-induced ARDS. 
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Conclusion 

We have investigated the expression of extracellular mitochondria in sepsis-induced 

ARDS with this project. We have satisfied Aim 1, showing that extracellular 

mitochondrial DNA is produced by both AC16 cells and HeLa cells in response to both 

LPS and H2O2 treatments. We showed that the protein expression of extracellular 

mitochondria differs in H2O2 treated HeLa cells versus control, satisfying aim 2. Upon 

analyzing the data, we saw the upregulation of several proteins associated with calcium, 

transmembrane proteins and transporters, actin and actin associated proteins, and 

molecular chaperones, possibly indicating mitochondria being packaged into 

extracellular vesicles. We satisfied aim 3 by showing that extracellular mitochondrial 

DNA is produced in vivo using a porcine model of sepsis induced ARDS. We hope to 

confirm our in vivo data by repeating the experiment twice more to achieve n=3. This 

project lays groundwork for further investigation of extracellular mitochondrial 

expression in this disease state. We hope to apply the profile of extracellular 

mitochondria we have built to create a novel biomarker of sepsis-induced ARDS.  
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Appendix A: Rights to reproduce Figure 1 in this work.  

37 



 

 

 

Appendix B: Rights to reproduce figure 2 in this work.  
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