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General Abstract 

 Systemic lupus erythematosus (SLE) is an autoimmune disorder, 

characterized by T cell and B cell dysfunction.  SLE mitochondria have been 

shown to be dysfunctional with increased mass, mitochondrial potential, 

decreased ATP, elevated reactive oxygen species (ROS) and reactive nitrogen 

species (RNS) concentrations, and altered Ca2+ stores. Drug treatments that 

target the mitochondria have shown efficacy in treating SLE.  Here we have 

investigated electron transport chain (ETC) activity in SLE, to better understand 

the causes of mitochondrial dysfunction in SLE.  

 We have found that mitochondrial complexes I and IV of the ETC have 

elevated respiration in SLE compared to healthy controls after both overnight 

resting and anti-CD3/CD28 stimulation.  We have also shown that SLE complex I 

is resistant to NO inhibition of respiration. SLE peripheral blood lymphocytes 

(PBL) have increased S-nitrosylation (SNO) while immunoprecipitated complex I 

had decreased SNO of proteins compared to healthy controls. The drug N-

acetylcysteine (NAC) was able to inhibit complex I activity in SLE, and was found 

to reduce the amount of complex I protein NDUFS3 after 15 minutes as 

measured by western blotting. 

 These results have led us to the conclusion that SLE mitochondrial 

complex I is in an active form which is resistant to SNO and is driving the 

production of ROS and RNS that are associated with SLE.  The drug NAC is able 

to inhibit complex I respiration which may have therapeutic efficacy by reducing 

the ROS and RNS stress in SLE 
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1.1 On Systemic lupus erythematosus: 

Systemic lupus erythematosus (SLE) is an autoimmune disorder, affecting 

more than 320,000 Americans1, with a gender ratio of 9:1 women to men 

respectively. Disease onset generally occurs during child bearing years with most 

cases appearing between the ages of 15-442.  SLE is more common within the 

African American, Asian, and Hispanic populations compared to Caucasians, 

with SLE occurring in 1:1,000 Caucasian women and 1:250 African American 

women in the United States3.  SLE is a complex illness and considered to involve 

both genetic and environmental factors for disease onset.  Twin studies for SLE 

have found disease concordance in 24-57% of monozygotic twins, while only 2-

5% in dizygotic pairs4.  Genetic risk factors for SLE account for two thirds of an 

individual’s chance of developing symptoms19. Genetic factors play three key 

roles in SLE onset; 1) a loss in immune system tolerance, 2) immune 

dysregulation 3) immune complex deposition19. 

Recent genome wide association studies (GWAS) have identified multiple 

single nucleotide polymorphisms (SNP) associated with SLE5,6.  These genes are 

involved with many different pathways within both the innate and adaptive 

immune system.  Some strong genetic links to SLE did come out of these 

studies.  The class III MHC gene C4 is one that came up in these studies and is 

important for the binding of immune complexes7.  However, more work is needed 

to fully understand its role in SLE.  The integrin αM is half of complement receptor 

3 which is important for binding to complement C3 as well as intercellular 

adhesion molecule 1 (ICAM-1)4.  The SNP that was identified by the GWAS is 
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proposed to be important for adhesion and thus may alter immune trafficking.  

Mutations in the type I interferon related gene IRF5 which encodes an IFN-

induced transcription factor may generate a more stable IRF5 protein altering 

cellular response to IFN8. This has lead others to suggest a model where IRF5 

mutation sustains the activation of T cells and lower the threshold for B cell 

activation4,9,10. Within B cells, the B cell signaling genes BLK, BANK and LYN 

were all identified by the GWAS analysis.  Both BLK and LYN have been shown 

to play roles in the propagation of activation signal following B cell receptor 

activation11, while BANK1 is a scaffolding protein important for mediating the 

interaction of LYN and IP(3)R calcium channel and thus the release of 

intercellular Ca2+ upon activation12. Finally GWAS have also identified 

programmed cell death 1 gene PDCD1 which is important in peripheral tolerance 

in both B cells and T cell13. Previous studies have also linked polymorphisms of 

the complex I ND2 protein and ATP6 which are encoded by mtDNA to SLE71. 

Work with mouse models of lupus has uncovered the sle1c2 loci which encodes 

estrogen-related receptor ɣ (Essrg). Expression of this loci led to enhanced lupus 

phenotype in mice and increased mitochondrial biogenesis14.  

Another key component to onset of SLE is the role of environmental 

factors.  These include occupational and non occupational related chemical 

exposure, UV light, hormones and infections15.  There is evidence to suggest that 

these environmental factors lead to the onset of SLE through decreased DNA 

methylation16,17.  Further work has proposed that these environmental triggers 

cause oxidative stress and decreased DNA methylation through inhibiting the 
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function of PKC which reduces ERK activation. Reduced ERK activation reduces 

the ability of DNA methyltransferase 1 to properly transmit the methylation of the 

DNA to the daughter cells, and lead to autoreactive T cells in SLE in part due to 

the reactivation of X linked genes in women such as CD-4015.  With such a huge 

disproportion of individuals diagnosed with SLE being women, the role of the 

hormone estrogen has been looked at in great detail for its role in SLE disease 

progression and severity.  High levels of estrogen have been shown to skew T 

cell differentiation to a Th2 response and modulate cytokine production18.  

Important to this dissertation, estrogen has been shown to regulate mitochondrial 

biogenesis and function19.   

A multi-system disease, SLE presents with a wide array of symptoms.  

When a person meets any 4 of the 11 criteria laid out by the American College of 

Rheumatology over their lifetime, a diagnosis of SLE is reached. These criteria 

are listed in Table 1.  Antinuclear antibodies (ANA) are one of the key hallmarks 

of SLE, and are present in almost all cases.  However, the presence of ANA 

alone does not mean a diagnosis of SLE.  ANA can be found in as much as 2% 

of the female population over the age of 40; and in the sera of individuals with 

other diseases3.  It is important to note that double stranded DNA (dsDNA) 

antibodies are highly specific to SLE20.  

While the causes of SLE are unknown, it is clear that immune cell 

dysfunction plays a large part in disease pathogenesis.  One key factor to the 

onset of SLE is the loss of tolerance within the immune system, most likely due 
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to a disruption in the programmed cell death pathway21, SLE is characterized by 

both B cell and T cell dysfunction.  The role of B cells is quite clear in SLE due to 

the ubiquity of ANA and anti-dsDNA antibodies as key factors in SLE disease 

Table 1: Criteria for the diagnosis of SLE as laid out by the American College of 

Rheumatology.  An individual needs to present with 4 out of the 11 within their lifetime. 

Criteria Description 

1. Malar Rash 
A “butterfly” shaped rash across the cheeks and 
nose 

2. Discoid Rash Raised red patches of skin 

3. Photosensitivity A rash caused by exposure to sunlight 

4. Oral Ulcers 
Ulcers found in the mouth or nose, considered to 
usually be painless 

5. Nonerosive Arthritis 
In two or more joints, accompanied by 
tenderness and swelling 

6. Pleuritis or Pericarditis 
Inflammation to the lining around the lungs or 
heart. 

7. Renal Disorder 
Kidney disorder where protein of cellular cast is 
seen in the urine 

8. Neurological Disorder Seizures and/or psychosis 

9. Hematological Disorder Low white blood cell and/or low platelet count 

10. Immunological Disorder 
Antibodies to: double stranded DNA, Sm nuclear 
protein or cardiolipin 

11. Anti-nuclear Antibody High titers to anti-nuclear antibodies 
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progression and diagnosis.  There is some evidence suggesting the loss of 

tolerance in SLE and the production of ANA by B cells occurs early in the B cell 

maturation process, with Yurasov et al finding as many as 25-50% of mature 

naive B cells were producing self-reactive antibodies before ever participating in 

an immune response22. 

The role of T cells in SLE is one that is in support of the B cell response. 

Disruptions in the T cell fate decision pathway skew T cell populations to one 

which enhances B cell activity23.  SLE patients have increased activity from their 

CD4 T helper cells and a reduction in the function of CD8 cytotoxic T cells.  SLE 

CD4 T cells also have a skewing to a Th2 cytokine profile to drive the B cell 

secretion of antibodies in SLE23.  With enhanced mammalian target of rapamycin 

(mTOR) activity, SLE patients have a decrease in the foxp3+/CD25+ regulatory T 

cell (Treg) population24-26.  The activation of mTOR in SLE T cells leads to a 

decrease in CD3ζ expression due to its downregulation by reactive oxygen 

species (ROS)24,27
.  The CD3ζ is replaced by FCRɣ which leads to altered T cell 

receptor (TCR) activity in SLE T cells28.   

Peripheral blood lymphocytes (PBL), which are mainly comprised of T 

cells, have been shown to have decreased glutathione (GSH)29,30 in SLE.  

Mitochondria in SLE PBL have elevated mass and mitochondrial potential (∆Ψm), 

and are considered to be in a state of mitochondrial hyper polarization (MHP)31.  

This will be covered in more detail later in this chapter.  GSH is a key antioxidant 

in cells comprised of the three amino acids glycine, glutamate and cysteine, with 

pools of GSH found both in the mitochondria and cytosol of the cell.  GSH exists 
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primarily in two states one is the reduced state GSH which can react with ROS or 

disulfide bonds as an electron donor leading to the reduction of the ROS or 

breaking of the disulfide bond to cysteine (Cys) and the formation of oxidized 

glutathione (GSSG)32.  GSSG is reverted back to GSH by glutathione reductase 

and NADPH32.  GSH has been shown to play a role in T cell maturation and 

apoptosis33.  Lower levels of reduced GSH have been linked to disease severity 

in SLE34,35. 

One of the main goals for the treatment of SLE is management of the 

disease.  SLE occurs in cycles where there are alternating periods of quiescence 

and flares.  Outcomes for individuals with lupus range from lasting remission to 

death.  Quality of life is considered poor, due to the fatigue and pain associated 

with SLE.  Treatment options for patients usually contain some type of 

immunomodulator, such as hydroxychloroquine.  Patients are often on some kind 

of immunosupressant to help control the disease as well.  However, the 

management of disease and quality of life for those affected still remains poor 

overall36. 

Recently our laboratory has published a paper showing the efficacy of 

treating SLE with the antioxidant and GSH precursor, NAC30.  NAC has been 

previously approved by the FDA for the intravenous treatment of contrast-

induced nephropathy and acetaminophen-induced liver failure37.  Our study 

found that NAC treatment was well tolerated by patients, reduced disease scores 

as measured by systemic lupus erythematosus disease activity index (SLEDAI) 

significantly within one month of treatment, and they remained significantly 
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decreased throughout the treatment.  Also the British Isles lupus assessment 

group (BILAG) score within one month of treatment was significantly reduced 

throughout treatment.  NAC reduced mTOR activity, enhanced apoptosis, 

expanded the regulatory Treg population and reduced anti-DNA antibody 

production.  NAC has also been shown by other groups to help reduce muscle 

fatigue in individuals with SLE38. The success of NAC for the treatment of SLE 

provides insight to potential novel directions for treatment options for individuals 

suffering from SLE.   

With NAC elevating the level of GSH, which helped to reduce ROS and 

RNS stress within PBL, the possible role of oxidative stress as a driver for SLE 

disease activity cannot be ignored.  This has led us to look deeper into the 

generation of oxidative stress in PBL and how NAC treatment might be helping to 

ameliorate disease activity.  Here we will explore the role mitochondria play 

within the cell as a generator of oxidative stress and how mitochondrial function 

is impacted by oxidative stress. 

1.2 Mitochondria: 

The mitochondria are double membrane organelles that reside in the 

cytosol of all cells; and are composed of an outer mitochondrial membrane 

(OMM) and an inner mitochondrial membrane (IMM) which are separated by the 

inter-membrane space (IMS).  The center of mitochondria is known as the matrix 

and houses the mitochondrial DNA (mtDNA).  This small circular piece of DNA is 

a leftover remnant of the early mitochondria which were once bacteria of the 
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Rickettsia family that, over time, were taken up and incorporated into early 

eukaryotic cells39. Each mitochondrion contains between 2-10 copies of mtDNA, 

which encode 13 protein subunits for the electron transport chain (ETC)40: 7 

complex I proteins, 1 complex III, 3 complex IV proteins and 2 FoF1 ATP 

synthase41.  All are essential for proper enzymatic function of the ETC. The 

mitochondrion does not encode any of its own transcription machinery and many 

of the proteins found within the mitochondrion do not have their genetic 

information encoded there, rather it is all encoded within the nucleus of the cell 

and requires activation of nuclear gene promoters for indirect synthesis of 

mitochondrial proteins42.   

Mitochondria are highly variable in size and shape, based on a cell’s 

metabolic needs and the cell cycle phase.  Mitochondria are moved around the 

cell on the tubulin cytoskeleton to localize them where they are needed.  In T 

cells, mitochondria are moved to the immune synapse upon TCR activation to 

provide Ca2+, ROS, RNS and ATP for signaling35,43. 

The two membranes of the mitochondria vary considerably both in form 

and function.  The OMM is ion permeable due to voltage dependent anion 

channels (VDAC) found across its surface. Many cellular proteins and signaling 

cascades use the OMM as a scaffold for protein complex formations44,45.  The 

IMM is much larger in surface area than the OMM and is highly folded in upon 

itself to form structures know as cristae.  The increased surface area of the IMM 

allows for high efficiency of the many chemical reactions that take place within 
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the matrix46. There is evidence to suggest that the shape and size of the cristae 

affect the mitochondrion function46. 

 Long considered the powerhouse of the cell, one of the earliest known 

functions of the mitochondria is to provide the cell with ATP.  ATP, the driving 

energy force of the cell, is synthesized through the conversion of ADP + Pi using 

the rotating motor-like FoF1 ATP synthase.  To accomplish this task, the 

mitochondria need to create a proton motive force (Δp) from complexes I-IV of 

the ETC.  The Δp is formed from both the ΔΨm gradient and pH gradient that is 

created by the ETC, which transport protons from the matrix across the IMM to 

the IMS.  Electrons can enter the chain first at one of two different proteins. This 

is diagramed in Figure 1.  The first is complex I, NADH dehydrogenase, which 

converts NADH+ to NAD, while moving 4 protons across the IMM.  The second is 

complex II, succinate dehydrogenase, which converts succinate to fumarate+.  

The electrons from both of these are transferred to ubiquinone.  The electrons 

are then transported along the IMM to complex III, cytochrome bc1 complex, 

where they are used to move 2 more protons into the IMS.  Lastly, the electrons 

are transferred to cytochrome c where they are shuttled to complex IV, 

cytochrome c oxidase, which converts ½ of O2 and 2 H+ to form water while 

moving two more protons across the IMM.  This complete process is known as 

mitochondrial respiration.  To maintain an efficient rate of respiration, it is 

important that mitochondria keep the ΔΨm between 100mV and 120mV40.  The 

loss of ΔΨm is an early marker of cell death via apoptosis or necrosis47. 
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Figure 1 

 

 

When cells are unable to properly regulate the ETC, generation of the 

ΔΨm can elevate past normal physiological levels. If the potential goes above 

140mV the ETC, primarily complex I, will begin to generate superoxide (O2
-.), and 

other reactive oxygen species (ROS)40,48. If the cell is unable to bring the ΔΨm 

down; mitochondria then enter a state of MHP.  In a state of MHP the 

mitochondria increase ROS produced through the elevation of respiration by the 

ETC complexes.  The elevated respiration will also lead to the generation of nitric 

Figure 1: Diagram of the electron transport chain. The ETC is comprised of 5 complexes 

referred to as complex I –IV and the FoF1 ATP synthase.  The ETC moves protons through the 

IMM to the IMS and electrons down the ETC to generate a Δp. The Δp is used to generate 

ATP by turning the FoF1 ATP synthase.  The red lines indicate the flow of electrons. 
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oxide (NO)49. The RNS peroxynitrite (ONOO-), is also generated through the 

combination of NO and O2
-50. The prolonged elevation of both ROS and RNS has 

been shown to lead to a decrease in the levels of reduced GSH51.  At low levels 

both NO and ROS can lead to mitochondrial biogenesis, increasing the overall 

mass of the mitochondria.  This overall increase in mitochondrial mass will allow 

for elevated uptake of calcium (Ca2+) from the cytoplasm. These changes lead to 

altered cellular homeostasis and result in altered protein transcription and 

signaling. 

Recently, studies have shown that the role of mitochondria is much more 

diverse than just the generation of ATP.  Within the immune system, 

mitochondria are critical for the generation of nearly 95% of all ROS in non-

phagocytic cells52.  The release and re-absorption of Ca2+ within T cells during 

activation is critical for T cell fate decision; different concentrations of Ca2+ 

activates different isoforms of NFAT, leading to the generation of a Th1 or Th2 

response53-55.  Both ROS and Ca2+ levels are key to proper signaling in B cells as 

well56. Regulation of cell death through apoptosis is in part controlled by the 

mitochondria, through the release of cytochrome c. 

Proper regulation of mitochondrial activity is clearly instrumental in the 

maintenance of cellular functions. mTOR associates with the OMM and regulates 

mitochondrial activity through the mTOR complex 1 (mTORC1) activation of 4E-

BP1 and other transcription factors key in mitochondrial biogenesis24,45.  Studies 

have shown that inhibition of mTORC1 with rapamycin leads to decreased 

mitochondrial biogenesis25. 



20 
 

 

Mitochondrial dysfunction has been linked to many diseases including: 

neurological disorders such as Parkinson’s, skeletal muscular disorders, 

blindness, hearing loss and type II diabetes.  Our laboratory has studied 

mitochondrial function and health within SLE PBL.  Previous studies from our lab 

document dysfunction in SLE mitochondria21,57-59.  The SLE mitochondria are 

enlarged and in a state of MHP, compared to those from healthy individuals.  The 

enlargement of SLE mitochondria leads to altered Ca2+ fluxing within SLE T 

cells35,59.  MHP in SLE has been linked to the elevated ROS levels. Elevation in 

ROS has been shown to increase IL-10 production29 in lupus patients, leading to 

the increased proliferation and growth of ANA-secreting B cells, and enhanced 

FAS-activated apoptosis of SLE T cells60.  The rise in ROS production from MHP 

also leads to decreased antioxidants such as reduced GSH61. 

Given the important role of mitochondria within cells, the need to 

understand the activity and health of mitochondria in both health and under 

disease conditions is clear.  The ability to measure mitochondrial health has been 

significantly enhanced by the creation and use of fluorescent stains and dyes for 

microscopy and flow cytometry.  Mitochondria can be specifically stained with 

cationic dyes in living cells62, mitochondrial mass stains allow for the staining of 

mitochondria to identify localization and size by microscopy and measurement of 

mass by flow cytometry. One of the earliest dyes to be used to study 

mitochondria was rhodamine 123; it specifically stained mitochondria but was 

∆Ψm dependent63.  While specific to mitochondria, rhodamine 123 was a poor 

marker when measuring biogenesis and function.  More recently developed dyes 
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such as MitoTracker Green (MTG) and nonyl acridine orange (NAO) are 

considered to specifically stain mitochondria while being ∆Ψm independent64,65.  

However, both require live cells.  Other dyes such as MitoTracker red (MTR) and 

MitoTracker orange (MTO) can be used to stain mitochondria in fixed cells, but 

both are derivatives of rhodamine. Thus both are poor choices when measuring 

mass of mitochondria while using compounds that can alter the ∆Ψm by flow 

cytometry.  Other dyes such as 3,3′-dihexyloxacarbocyanine iodide (DiOC6) and 

tetramethylrhodamine, methyl ester (TMRM) are regularly used to measure and 

monitor ∆Ψm.  

Most dyes for measuring ROS and RNS levels are not mitochondrial-

specific, so care must be taken when interpreting the results when using these 

dyes.  ROS can be measured by a number of different dyes.  Dihydrorohodamine 

123 (DHR) is converted into rhodamine 123 upon entering into the cell, where it 

localizes to the mitochondria; in the presence of ROS it will become fluorescent.  

Dihydroethidium (HE) reacts with superoxide and forms oxyethidium which 

intercalates into the DNA of the cell and becomes fluorescent. 2’,7’–

dichlorofluorescin diacetate (DCF-DA) is the reduced non- fluorescent form of 

fluorescein.  When DCF-DA interacts with ROS it is cleaved by cellular esterases 

and oxidized to become fluorescent. NO and RNS generation can also be 

monitored. 4-amino-5-methylamino-2′,7′-difluorescein (DAF-FM), is non-

fluorescent until it reacts with NO to become benxotriazole.  It is considered to be 

a good dye for the detection of low levels of NO.  For measuring ONOO-, the dye 

Diaminorhodamine-4M (DAR-4M) is used as it reacts with NO in the presence of 
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O2.  While DAR-4M does react with NO, it has a greater affinity for even low 

concentrations of ONOO- much like DAF-FM to NO, and is thus more suited for 

measuring changes in ONOO- not NO.   DAF-FM, on the other hand does not 

react to changes in ONOO-. 

1.3 Complex I 

 With the documented role of Complex I on the formation of ROS and RNS 

in mitochondrion, as well as its key function in the maintenance of the ΔΨm, I will 

spend much of this dissertation focusing on complex I in SLE.  To better 

familiarize ourselves with complex I, we will take a moment to explain complex I’s 

formation, function, and role in diseases in more detail.   

Complex I is the largest complex of the ETC.  It’s comprised of 45 protein 

subunits encoded both in the mtDNA as well as nuclear DNA42,66,67.  Much of the 

work to understand complex I assembly has been done through the use of blue 

native gel electrophoresis42. It has allowed groups to develop a model, though 

not complete at this time, for the assembly of complex I.  The current model for 

complex I assembly has been nicely diagrammed in the review by Koopman et 

al.42 and starts with the formation of a subcomplex 1, which forms in the matrix 

and consists of NDUFS2 and NDUFS3.  These two proteins are then joined by 

NDUFS7 and NDUFS8 along with assembly factors to form subcomplexes 2 and 

3, which become anchored to the IMM through an unknown process.  The 

addition of many of the membrane-bound proteins comes next, such as ND3, 

which are lipophilic and essential to progress from subcomplex 3. As complex I 
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progresses from subcomplex 4 to 6, more subunits including NDUFA9 are 

added.  Finally, the last of the proteins are added to form the final complex I 

protein.   There is evidence that subcomplexes 2 and 3 can be exchanged with 

fully formed complex I to replace damaged subunits68,69.  

Through the movement of protons and electrons across the IMM and 

down the ETC respectively, complex I also generates ROS such as O2
.-70, 

hydrogen peroxide (H2O2)
70 and hydroxyl radicals (OH.)70 within the mitochondrial 

matrix and can lead to the generation of the RNS ONOO-50 in the presence of 

NO.  Both ROS and RNS have roles for which they can be signaling molecules, 

or cause damage to mtDNA, cardiolipins and proteins.  O2
.- is generated by 

complex I through slip of electrons from complex I as they travel through the 

complex I proteins40.  This has been shown in studies by the use of complex I 

inhibitor rotenone, which blocks the binding of ubiquinone to complex I71.  Studies 

have shown that when rotenone is used to block complex I respiration, 

superoxide builds up within the matrix.  There is evidence that this process 

requires ribose-5’-phosphate and its binding sites on complex I for O2
.- 

generation72.  Further work Chen Y,R et al suggests that a secondary site for O2
.- 

generation could be one of the iron-sulfur (Fe-S) clusters in complex I72. The 

addition of the protein inhibitor p-chloromercuribenzoate, which covalently reacts 

with thiol groups, disrupted the binding of Cys ligands in the Fe-S clusters of 

complex I. At low concentrations of 5µM, p-chloromercuribenzoate blocked 

complex I respiration without influencing O2
- generation.  It was not until 

concentrations of 7.5µM were used that the authors saw a loss in O2
- generation.  
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This led the authors to speculate that one Fe-S center of complex I is a 

secondary site for O2
- generation72.  Once in the matrix the O2

.- can rapidly form 

H2O2, either spontaneously or through an intermediate such as superoxide 

dismutase (SOD).  Under conditions of oxidative stress, where the removal of 

ROS is slower than its generation, OH. can be formed through the reaction of O2
.- 

or H2O2 with the iron containing subunits of complex I. The generation of ONOO- 

by complex I is facilitated through NO diffusion into or production within the 

mitochondria, by complex IV converting NO2
- and H+ to form NO- and OH-49. The 

NO- can react with O2
.- at close to the diffusion rate to form ONOO-73, supporting 

the principle that proper regulation of both ROS and RNS is crucial for the 

maintenance of mitochondrial and cellular homeostasis. This can be done 

through reducing agents such as GSH and SOD, but also through the direct 

regulation of complex I. 

With the need to maintain mitochondrial and cellular homeostasis for 

proper function, complex I is highly regulated.  This regulation comes in many 

different forms, from regulation of complex I biogenesis, to oxidative regulation 

and protein-directed regulation42. It is clear that complex I and its function to 

generate the ∆p is tightly controlled.  Complex I regulation through biogenesis is 

controlled by nuclear encoded mitochondria-specific proteins for mtDNA 

transcription and translation.  With seven proteins critical for enzymatic function 

of complex I being mtDNA encoded, regulation of complex I activity can be 

controlled through limiting production of mtDNA-encoded proteins.  All of the 

transcription and translation factors for mtDNA-encoded proteins and the nuclear 



25 
 

 

encoded complex I proteins are regulated by transcription activators such as 

nuclear respiratory factors (NRF-1 and NRF-2), and estrogen related receptor α 

(ERRα)74.   

With the intricate role that ROS and RNS play in cellular homeostasis, 

there is also evidence that they work in a negative feedback loop with complex I.  

Both ROS O2
.- and H2O2 have been identified as inhibitors of complex I activity75-

78, as well as the RNS ONOO-79.  The inhibitory effects of both ROS and RNS 

have been shown to be mediated by the reducing agents SOD and GSH, located 

in the mitochondrial matrix, which have been shown to have protective roles in 

mediating ROS and RNS damage of proteins.   

Protein regulation of complex I is crucial not only for inhibition of complex I 

activity but has also been shown to enhance activity and regulation of ΔΨm.  The 

human nitric oxide associated protein 1 (hNOA1) has been shown to interact with 

complex I subunit NDUFS3 and NDUFA980.  Knockdown of hNOA1 led to 

reduced O2 consumption by complex I80.  Not only cellular encoded proteins that 

interact with complex I regulate activity, a human cytomegalovirus encoded RNA 

has also been shown to bind to NDUFS1 of complex I and enhance its activity 

during infection81.  The retinoid-IFN induced mortality-19 (GRIM-19) interacts with 

complex I and is essential for the maintenance of ΔΨm
82.  Proteins also interact 

with complex I to induce apoptosis.  NDUFS3 is cleaved by Granzyme A to 

induce ROS production and apoptotic cell death83.   
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In 1964 a study by Minakami, et al. noted that certain mitochondrial 

preparations had a considerable lag in respiration84.  More recent work has led to 

the characterization of this, and has found that complex I has two isoforms 

known today as the active (A) and deactive (D) forms of complex I.  When 

exposed to elevated temperatures between 30-37oC, in the absence of substrate, 

complex I shifts to its D form85.  In the D form, there is a lag phase before activity 

is measured85,86.  The D form also exposes ND3, ND1 and NDUFA987 to targeted 

S-nitrosylation (SNO), which leads to inactivation of complex I. The shift to the D 

form is reversible and, through incubation with NADH, complex I can shift to the 

A form88.  In the A form, a conformational change causes the movement of the 

matrix side arm of complex I which in turn masks the ND3, ND1 and NDUFA9 

residues, preventing SNO of these subunits.  This allows the continued 

respiration of complex I even under conditions of increased oxidative and 

nitrosylative stress. Measurement of the activity of the A form shows no lag when 

stimulating respiration88. The reason for the existence of these two isoforms is 

still not fully understood, but it appears to be evolutionarily conserved from yeast 

to mammalian complex I87. 

Previous studies have found polymorphisms of the complex I ND2 protein 

which is encoded on the mtDNA linked to SLE89.  However, detailed functional 

studies of complex I activity in SLE have not been performed.  With the emerging 

knowledge of two distinct forms of complex I and the success of mitochondrial 

modifying drugs in the treatment of SLE, the possibility of a functional shift in 



27 
 

 

complex I playing a role in driving disease progression in SLE should be further 

explored.  

1.4 S-nitrosylation 

Cells use many different signaling molecules to propagate messages 

within the cell, and to the rest of the body.  These messages take on many forms 

from secreted cytokines, to phosphorylation and ubiquitination of proteins.  

Another common signaling molecule is SNO.  SNO is the addition of NO onto 

free thiol groups of proteins.  SNO is a relatively newly discovered signaling 

pathway in cells.  First reported in 1992 when Lie S Z et al. demonstrated that N-

methyl-D-aspartate receptors were susceptible to NO induced inhibition90, SNO 

has since been found in all forms of living organism and is suggested to have 

been present early on in the origins of life91.   SNO has been found to be critical 

in many cellular processes, such as cellular proliferation, apoptosis, cellular 

respiration, and lymphocyte activation.  

The realization that the simple free radical NO has a major role in 

biological function was a paradigm shift in the understanding of cellular signaling 

and function.  NO is uncharged and highly soluble in hydrophobic environments. 

The half-life of NO in the cellular environment ranges from 2ms to >2s92.  This 

variability is based on the availability of other free radicals.  O2
.- leads to the 

formation of ONOO- at a rate of 1.9x1010м-1s-1, which is near the diffusion rate73.  

The role that ROS play on the availability of NO for signaling makes the location 

of NO generation a critical component of SNO signaling. 
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The signaling of NO is atypical, as it is not the typical lock and key binding 

seen with other signaling molecules. The nitrosylation of a protein can occur in 

one of 4 ways93: 1) radical-radical reactions, 2) transnitrosation, 3) N2O3, 4) 

transfer of a nitroso group from a metal.  S-nytrosylation is one of the most 

common post translational modifications of proteins.  In order to function as a 

signaling molecule, NO needs to have a degree of specificity to its binding.  

There is evidence that the addition of SNO to proteins is site specific.  NO is 

dependent on the surrounding cellular milieu and protein structure for its 

specificity.  An excellent example of this is the nitrosylation of the ryanodine 

receptor, which is shown to be nitrosylated at 1 of ~50 Cys residues94.  The Cys 

that is nitrosylated is located in the hydrophobic calmodulin-binding domain.  

Marino and Gladyshev suggest that the surrounding side chains within 8Å and 

the acid base motif will affect the Cys and the ability for NO binding.95  

 

NO generation and NOS proteins  

Given the short half-life of NO within a cell and the role the micro-

environment plays, the location of NO generation is critical to effective SNO 

signaling. NO can be generated from only a few sources within a cell.  The major 

source of NO production in cells is the nitric oxide synthase proteins (NOS).  

There are three NOS isoforms, neuronal (nNOS), endothelial (eNOS) and 

inducible (iNOS).  nNOS is found primarily in neurons, but has been identified in 

T cells as well. eNOS is found in almost all cells and accounts for much of the 
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endogenous NO generation by cells.  iNOS is found in macrophages and other 

RNS-generating cells of the immune system and is expressed upon activation.  

iNOS, however, is not found in T cells.  There has been some debate about the 

existence of a fourth NOS protein that is specific to the mitochondria.  However, 

this is most likely a splice variant of nNOS which associates with the OMM96. 

 

NO generation in mitochondria 

 Within the mitochondria, the major source of NO generation is the ETC 

complex IV, which can occur under conditions of hypoxia, oxidative stress, 

inflammation and MHP49.   NO produced by the ETC can then react with O2
.- 

within the matrix to form ONOO-, which can lead to SNO.  The ONOO- interacts 

with many mitochondrial proteins either directly or through intermediates.  

ONOO- directly reacts with complex I, complex II and complex V, inhibiting their 

activity50.  ONOO- also directly reacts with ANT, Mn-SOD, mtDNA, H+ and CO2
50.  

ONOO- + H+ yields ONOOH, which reacts with GSH and complex IV50.    ONOO- 

+ CO2 produces NO2 and CO3
.-, which then react with ATPase, VDAC, 

cytochrome c, GSH and membrane lipids such as cardiolipin50.  SNO of Complex 

I can inhibit its activity79.  SNO of complex I has even been shown to help protect 

against apoptosis under conditions of hypoxia79.  It is important to note that NO 

cannot directly interact with complexes I or II, to account for their irreversible 

inhibition50.  
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Maintenance of SNO 

With new interest in the role of SNO as a signaling modification has come 

new information about the cell’s ability to regulate SNO of proteins through both 

the addition and removal of SNO.  Dysregulation of SNO has been linked to 

many diseases including muscular, heart, lung, neurodegenerative diseases and 

cancer97.  SNO does not act solely as an on or off switch, many proteins need to 

be SNO-labled for activity or signaling. Upon SNO, hypoxia inducible factor 1α 

(HIF1α) becomes stabilized and resistant to ubiquitination to allow for activation 

to induces angiogenesis98.  Other proteins need to be denitrosylated for 

activation, such as the mitochondrial protein caspase 3, which has been shown 

to have SNO in the mitochondria but, once released, no longer has SNO99,100. 

eNOS was also shown to contain SNO when inactive and the removal of SNO 

leads to its activation101.  Other proteins though appear to become irreversibly 

labeled by SNO; complex I is one such protein51.    

S-nitrosoglutathione (GSNO) is formed from the reaction of nitrous acid 

(HNO2) with GSH102.  Under aerobic conditions, NO and GSH can form GSNO 

and oxygen.  However, there are some differences in the yield of the reaction103.  

GSH can also denitrosylate proteins to become GSNO104.  However, work done 

by Paige et. al. has shown that not all proteins that can be SNO by GSNO can be 

denitrosylated by GSH105.  GSNO is regulated by GSNO reductase (GSNOR), 

which catalyzes the denitrosylation of GSNO using NADH as an electron 

donor106.  GSNOR does not denitrosylate proteins but regulates the pool of 

GSNO to control the SNO of proteins107. In GSNOR null mice, the G protein 
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coupled receptor (GPCR) family member β-adrenegic receptor cell surface levels 

are unregulated in smooth muscle cells as a result of the SNO of β-arrestin 2 and 

GPCR kinase 2 (GPK2), which are responsible for endocytosis of activated β-

adrenergic receptor.  However, β-arrestin 2 and GPK2 are inactivated by SNO 

and thus unable to endocytose the β-adrenergic receptor, leading to unregulated 

signaling106.   

 Another family responsible for maintenance of SNO is the thioredoxin 

(Trx) and thioredoxin reductase (TrxR) family, which uses NADPH as an electron 

donor106,108.  Trx has been shown to be responsible for the denitrosylation of 

eNOS and caspase 399,101.  Caspase 3 is denitrosylated through FAS stimulation 

and activation of the mitochondria-specific Trx2109.  Inhibition of Trx2 and TrxR2 

has been shown to inhibit the FAS-induced denitrosylation and activation of 

caspase 3106,109.  Other mediators of mitochondria-induced apoptosis, such as 

caspase 9 and BCL-2, have also been shown to be mediated in part by SNO and 

denitrosylation, though the mechanisms have not been fully elucidated110,111. 

 It is becoming clear that tight regulation of SNO is crucial for cells to 

maintain proper signaling and homeostasis, and dysregulation of SNO affects 

many diverse and important pathways within the cells and can be a driver of 

disease.  We realize the impact and complex role of SNO in cellular maintenance 

justifies the need to study how SNO might be affecting a diverse and varied 

disease such as SLE. 
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1.5 Conclusions 

SLE is an autoimmune disorder, effecting more than 320,000 Americans1. 

A muti-system disease, SLE presents with a wide array of symptoms, including 

both B cell and T cell dysfunction, and the production of ANA. While life 

expectancy for individuals has dramatically increased over the years, the 

management of the disease and quality of life for those affected still remains 

poor.  Previous work from our laboratory has pointed to mitochondrial dysfunction 

in SLE.  Mitochondria in SLE have elevated mass and ∆Ψm and are considered 

to be in a state of MHP33.  The enlargement of SLE mitochondria leads to altered 

Ca2+ fluxing within SLE T cells35,59, altering the T cell fate decision and response 

to stimuli.  MHP in SLE has been tied to the elevated ROS and RNS 

concentrations. Both ROS and RNS can lead to altered cellular signaling.  The 

rise in ROS and RNS production from MHP also leads to decreased antioxidants 

such as reduced GSH.  The success of the drugs rapamycin and NAC at 

ameliorating disease activity is possibly due to their role in regulation of 

mitochondrial function, and ROS/RNS concentrations provides evidence to the 

importance of mitochondrial function in driving SLE disease activity.  We 

hypothesize that this is due to the loss of regulation of the ETC in SLE 

mitochondria.  In this dissertation we build upon previous work in the laboratory 

to show that SLE PBL have dysfunctional mitochondrial complex I.  The findings 

presented here could help lead to new drug targets for treatment of SLE which, in 

turn, could create better outcomes and management of the disease. 
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WITH SYSTEMIC LUPUS ERYTHEMATOSUS 
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**NOTE** This is a copy of the manuscript which was accepted by Antioxidant 

and Redox Signaling, published on July 1st 2014.  All references used in this 

chapter standalone from the rest of the thesis and are listed at the end of this 

chapter. 

Supplemental data for this chapter can be found in the appendix.  
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ABSTRACT 

Aims. Systemic lupus erythematosus (SLE) patients' peripheral blood 

lymphocytes (PBL) show mitochondrial dysfunction and oxidative stress. To 

determine the electrochemical bases of mitochondrial dysfunction, we measured 

electron transport chain (ETC) activity and its regulation by N-acetylcysteine 

(NAC) that reversed glutathione depletion and improved disease activity in SLE. 

ETC activity was assessed in PBL of 69 SLE and 37 healthy donors. Negatively 

isolated T cells were examined in 7 SLE, 11 healthy and 10 non-lupus 

inflammatory arthritis (IA) donors.  

Results. O2 consumption (nmol/ml/min) by lupus PBL was increased at baseline 

(SLE: 2.492±0.196, control: 2.137±0.153; p=0.027) and with complex IV 

substrates (SLE: 7.722±0.419, control: 7.006±0.505; p=0.028). SLE PBL 

consumed more O2 upon in-chamber T-cell activation (p=0.012). After overnight 

T-cell stimulation, ETC activity of SLE PBL was 2.27-fold increased through 

complex I (SLE: 1.606±0.273, control: 0.709±0.169; p=0.001) and, to a lesser 

extent, through complex IV. Likewise, complex I activity was elevated in 

negatively isolated "untouched" T cells of SLE patients (1.816±0.180) relative to 

healthy controls (0.917±0.094; p=0.0003) and IA disease controls studied in 

parallel (1.057±0.199; p=0.0308). NAC diminished O2 consumption through 

complex I and H2O2 levels both in SLE and control PBL. 

Innovation: O2 consumption was found to be increased in SLE patients' PBL 

relative to control subjects evaluated in parallel. ETC complex I is identified as 

the main source of oxidative stress in SLE.  



35 
 

 

Conclusions. Lupus PBL exhibit increased O2 consumption through 

mitochondrial ETC complex I that is inhibited by NAC, which may have 

therapeutic efficacy through reducing oxidative stress in SLE.  

 

Key words: Mitochondria, electron transport chain activity, oxidative stress, lupus, 

N-acetylcysteine 
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INTRODUCTION 

Systemic lupus erythematosus (SLE) is an autoimmune disease of 

unknown origin that often elicits debilitating and potentially life-threatening 

manifestations. Current therapies are only partially effective and carry significant 

side effects (13). The pathogenesis of SLE involves dysfunction of T cells that 

exhibit elevated mitochondrial transmembrane potential (ΔΨm) or mitochondrial 

hyperpolarization (MHP), increased mitochondrial mass, and diminished ATP 

levels. Mitochondrial dysfunction is associated with oxidative stress (24), which 

has been characterized by the depletion of reduced glutathione (GSH), increased 

production of reactive oxygen intermediates (ROI) and nitric oxide (NO) (14,18). 

T cell receptor activation-induced transient MHP is mediated by NO (19). In turn, 

sustained exposure to NO triggers mitochondrial biogenesis (20,21). Thus, 

oxidative stress in SLE is associated with the accumulation of mitochondria that 

may be driven by increased NO-initiated biogenesis (20) and diminished 

mitophagy (4). While mitochondria are traditionally considered a primary source 

of energy production though oxidative phosphorylation, recent studies have 

clearly shown that they also regulate many signaling pathways, including T-cell 

activation and death pathway selection (10). ATP depletion predisposes lupus T 

cells to necrosis, a form of pro-inflammatory death relative to apoptosis (26). 

The depletion of GSH (2) and exposure to nitric oxide (NO) have been previously 

identified as potential metabolic triggers of mitochondrial hyperpolarization (MHP) 

and biogenesis (19,20). Importantly, pharmacological targeting of GSH depletion 

with N-acetylcysteine (NAC), which is a stable amino acid precursor, increased 
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GSH levels in PBL and improved disease activity in a randomized double-blind 

placebo-controlled pilot study of patients with SLE (18). NAC failed to reverse 

MHP and oxidative stress, indicating that depletion of GSH may not be a cause 

but rather a consequence of mitochondrial dysfunction in SLE.  Therefore, we 

investigated the functional capacity of the mitochondrial electron transport chain 

(ETC) and the impact of T-cell activation, NO and NAC on the ETC in patients 

with SLE. In the present study, we show that lupus PBL exhibit elevated baseline 

O2 consumption and ETC activity through complex I, which are further increased 

by T-cell receptor stimulation. The specificity of these findings has been 

confirmed in negatively isolated lupus T cells and their absence in healthy and 

non-lupus inflammatory arthritis (IA) disease controls. NAC diminished ETC 

activity through complex I, which may thus reduce oxidative stress in SLE. 

 

MATERIALS AND METHODS 

Human subjects. 69 female SLE patients with a mean age of 48.0±1.5 years 

(range: 22-68 years) were investigated. All patients satisfied the diagnostic 

criteria for SLE (16,30). Lupus disease activity was assessed by the SLE disease 

activity index (SLEDAI) (3). Use of medications has been recorded: 

hydroxychloroquine, 42; mycophenolate, 26; methotrexate, 3; prednisone, 9; 

rapamycin, 5; NAC, 3; azathioprine, 1. For each patient, a healthy female control 

matched for age (within 10 years) and ethnicity was recruited, cells were freshly 

isolated and studied in parallel. A total of 37 healthy female controls with a mean 

age of 43.1±2.1 years (range: 21-64 years) were investigated. 10 Caucasian 
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female patients with inflammatory arthritis (IA) with a mean age of 48.1±2.6 years 

(range: 32-61 years), 8 with rheumatoid arthritis and 2 with psoriatic arthritis, 

were also investigated as disease controls. The precise numbers of patients and 

control studied under each experiment, are described in the result section and 

figure legends. The study has been approved by the SUNY Upstate Institutional 

Review Board. 

Isolation and culture of peripheral blood lymphocytes (PBL). PBL were 

isolated on Ficoll gradient, after removal of monocytes by adherence to plastic 

dishes coated with autologous serum (25). PBL were then resuspended at 106 

cells/ml in RPMI 1640 medium (Cellgro, Manassas, VA; catalogue No 15-040-

CV) containing 10% fetal bovine serum (Invitrogen/GIBCO, Eugene, OR; 

catalogue No 26140), 2 mM L-glutamime  (Cellgro catalogue No 25-005-cl), and 

100 U/mL penicillin, 100 µg/mL streptomycin, 10 µg/mL amphotericin B (Cellgro, 

catalogue No 30-004-CI). NAC (Sigma-Aldrich. St Louis, MO; catalogue No 

A7250) was dissolved in water, titrated to pH 7.4, and used at a final 

concentration of 3mM. The NO donor NOC-18 (Millipore, Billerica, MA; catalogue 

No 487957) was used at a concentration of 600uM, as earlier titrated (19). 

Untouched T cells were isolated by negative selection using untouched human T 

cell isolation kit (Life Technologies, Carlsbad, CA; catalogue No 11344D). Their 

purity was confirmed upon each isolation to be ≥ 97% (data not shown). For 

overnight T-cell activation, PBL were stimulated with plate-bound OKT3 

monoclonal antibody directed to CD3 (ATCC CRL-8001) and soluble anti-CD28 
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(BD Biosciences, San Jose, CA; catalogue No 555725), as earlier described 

(12).  

Flow cytometry. Mitochondrial transmembrane potential (Δψm) was assessed 

with positively charged cationic dyes (3,3′-dihexyloxacarbocyanine iodide/DiOC6, 

40 nM, excitation: 488 nm, emission: 525 nm recorded in FL-1; 

tetramethylrhodamine, methyl ester/TMRM, 100 nM, excitation: 543 nm, 

emission: 567 nm recorded in FL-2). Mitochondrial mass was evaluated with 

potential-insensitive mitochondrial dyes MitoTracker Green-FM (MTG, 100 nM; 

excitation: 490 nm, emission: 516 nm recorded in FL-1) or nonyl acridine orange 

(NAO, 50 nM; excitation: 490 nm, emission: 540 nm recorded in FL-1). Reactive 

oxygen intermediates (ROI) were assessed with H2O2-sensing 

dichlorofluorescein diacetate (DCF-DA, 1 μM), NO sensor 4-amino-5-

methylamino-2',7'-difluoroflourescein diacetate (DAF-FM, 1 μM, excitation: 495, 

emission: 515 nm recorded in FL-1), and peroxynitrite (ONOO-) sensor 

diaminorhodamine-4M (DAR-4M, 10 μM) (Calbiochem, San Diego, CA; 

catalogue No251760; ex544, em590).Cytosolic Ca2+ was assessed with Fluo-3 (1 

μM, excitation: 506 nm, emission: 526 nm recorded in FL-1) and mitochondrial 

Ca2+ was assessed with Rhod-2 (1 μM; excitation: 552 nm, emission: 581 nm 

recorded in FL-2), respectively. All metabolic and mitochondrial sensor dyes 

were obtained from Invitrogen (Carlsbad, CA) and used as earlier described 

(1,2,12,19). We recorded up to 12 parameters simultaneously using a Becton 

Dickinson LSRII flow cytometer with 20 mW solid-state Nd-YAG (emission at 355 

nm), 20 mW argon (emission at 488 nm), 10 mW diode pumped solid state 
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yellow-green (emission 561 nm) and 16 mW helium-neon lasers (emission at 634 

nm). Data were analyzed with FlowJo version 7.5.5 software (Tree Star Inc., 

Ashland, OR). Results are expressed as mean fluorescence intensity (MFI) 

values expressed relative to that of control PBL set to 1.0 for each experiment, 

as earlier described (15,25). Due to the limitation of patient cell numbers, PBL 

have not been further fractionated into lymphocyte subsets. However, T-cell 

content was monitored by the percentage of CD3+ cells, and it was found to be 

71.1±2.1% in SLE patients and 70.8±1.8% in healthy controls.  

Measurement of mitochondrial electron transport chain (ETC) activity. ETC 

activity was measured in the absence and presence of substrates specific for 

individual ETC complexes using Oxygraph, a Clark-type O2 electrode 

(Hansatech, Norfolk, UK), as earlier described (25). Briefly, 1x107 cells were 

washed in PBS two times and re-suspended at a concentration of 5x106 cells/mL 

in respiration buffer (RB) containing 0.3 M mannitol, 10 mM KCl, 5 mM MgCl2, 10 

mM K2HPO4 pH 7.4. 300µl of cell suspension was placed in the Oxygraph 

chamber and measured for a baseline rate of respiration. Next, OKT3 (1 μg/ml) 

was added into the chamber and T-cell receptor-activated respiration rate was 

recorded. Subsequently, another aliquot of cells was permeabilized with 60 

µg/mL digitonin (Sigma-Adrich Catalogue NoD141), centrifuged, and 

resuspended at a concentration of 5x106 cells/ml in RB plus 1 mg/ml bovine 

serum albumin (Roche, Indianapolis, IN; Catalogue No 03117057001) and 0.5 

mM ADP (Sigma-Adrich catalogue No A2754). 300µl of cell suspension was 

added to the chamber to test the activity of complex I with the addition of 8mM 
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pyruvate (Sigma-Adrich catalogue No P5280) and 0.2mM malate (Sigma-Adrich 

catalogue No M7397). After complex I inhibition via 3 µM rotenone (Sigma-Adrich 

catalogue No 45656), ETC complex II activity was tested in the presence of 

10mM succinate (ACROS/ Fisher Geel, Belgium; catalogue No 208741000) and 

130 μM ATP (Sigma-Adrich catalogue No A3377).  Following complex III 

inhibition with 1 μM antimycin A (Sigma-Adrich catalogue No A8674), complex IV 

activity was measured in the presence of 10 mM ascorbate (Sigma-Adrich 

catalogue No A5960) and 0.2mM N, N, N’,N’-Tetramethyl-p-phenylenediamine 

(TMPD; Sigma-Adrich catalogue No T7394). Separate aliquots of cells were 

treated in the Oxygraph chamber with 3 mM NAC, 1.5 mM β-mercapto-ethanol 

(BME, Sigma catalogue NoM-3148), or 60 µM NOC-9 (Millipore catalogue No 

487927) for testing their ability to modulate ETC activity. Each assay was 

performed in duplicate and their means were used as the results of individual 

experiments.  

Statistics. Statistical analyses were carried out with GraphPad Prism version 

5.04 software (La Jolla, CA). Paired and unpaired t-tests as well as one-way and 

two-way analysis of variance (ANOVA) were performed as indicated for each 

experiment. p values < 0.05 were considered significant. 

 

RESULTS 

Lupus PBL exhibit increased mitochondrial electron transport chain 

(ETC) activity at complex I following CD3/CD28 co-stimulation. In 

accordance with earlier findings (14,20), PBL of 48 SLE patients exhibited 
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greater mitochondrial transmembrane potential (ΔΨm) or mitochondrial 

hyperpolarization (MHP), increased mitochondrial mass and oxidative stress 

evidence by increased production of NO, ONOO-, and H2O2 (Figure A1). When 

normalized for mitochondrial mass, SLE PBL also showed MHP relative to 

matched controls (TMRM/NAO, SLE: +22%±0.062 p=0.020; Figure S1B). 

Functional capacity of the mitochondrial electron transport chain (ETC) was 

evaluated in non-permeabilized cells in the absence or presence of in-chamber 

CD3 stimulation, as well as in digitonin-permeabilized cells after provision of 

substrates metabolized through distinct ETC complexes. As shown in Figure 1A, 

O2 consumption of lupus PBL was increased by 16% without any stimulation 

(SLE: 2.492±0.196 nmol/ml/min, control: 2.137±0.153 nmol/ml/min; p=0.027), 

13% after in-chamber stimulation of CD3 (SLE: 4.157±0.186 nmol/ml/min, 

control: 3.655±0.167 nmol/ml/min; p=0.012), or 10% through complex IV activity 

(SLE: 7.722±0.419, control: 7.006±0.505; p=0.028). Following overnight 

CD3/CD28 co-stimulation, lupus PBL showed decreased O2 consumption at 

baseline (SLE: 2.535±0.271 nmol/ml/min. control: 3.208±0.206 nmol/ml/min; 

p=0.016) but 2.27-fold increased ETC activity at complex I  (SLE: 1.606±0.273 

nmol/ml/min, control: 0.709±0.169 nmol/ml/min; p=0.001) and 13% increased 

activity at IV (SLE: 7.212±0.572 nmol/ml/min, control: 6.341±0.517 nmol/ml/min; 

p=0.040) (Figure 1B).  

Disease activity was determined in 58 SLE patients and characterized by 

a SLE disease activity score (SLEDAI) of 6.28±0.77. We divided the patients into 

two groups: 29 patients had SLEDAI ≤ 4, with mean ± SEM of 2.93±0.29. 29 
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patients had SLEDAI > 4, with mean ± SEM of 9.86±1.22. SLEDAI scores were 

significantly different between the low and high disease activity patient groups 

(p= 2x10-5). O2 consumption rate by rested and TCR-stimulated PBL were 

compared for all seven conditions tested. Moderately diminished ETC activity 

was noted at complex IV by rested PBL in patients with SLEDAI > 4 (6.50±0.51 

nmol/ml/min) relative to those with SLEDAI ≤ 4 (8.83±0.56 nmol/ml/min; 

p=0.005). Thus, increased ETC activities of lupus PBL are not related to disease 

activity. 

 

Figure 1: Lupus PBL exhibit increased mitochondrial O
2
 consumption over 

matched healthy controls. A, Representative O
2
 consumption traces of SLE and 

matched PBL after overnight rest at 37
o
C (left panel). Cumulative data represent parallel 

analyses of 48 SLE patients and 32 matched healthy controls (right panel). P values 
represent paired t-tests. B, Representative O

2
 consumption traces of SLE and matched 

control PBL after overnight CD3/CD28-costimulation at 37
o
C (left panel). Cumulative data 

represent parallel analyses of 48 SLE patients and 32 matched healthy controls (right 
panel). P values represent paired t-tests.  
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Due to the limited availability of cells to supply concurrent ETC and 

metabolic studies by flow cytometry, PBL have not been further fractionated into 

subsets in all patients. However, the great majority of cells in the monocyte-

depleted non-adherent PBL utilized in these studies were CD3+ T-cells, and their 

numbers was similar in SLE (71.1±2.1%) and control subjects (70.8±1.8%). 

Nevertheless, following CD3/CD28 stimulation, complex I activity was also 

elevated in "untouched" T cells of SLE patients (1.816±0.180) in comparison to 

healthy (0.917±0.094; p=0.0003) and as well as IA controls studied in parallel 

(1.057±0.199; p=0.0308; Figure 2).  

 

 

 

 

Figure 2. Measurement of electron transport chain activity (ETC) via O2 consumption by 
overnight rested (panel A) and CD3/CD28-stimulated T cells (panel B). "Untouched" T cells 
were negatively isolated with an "untouched" human T cell isolation kit from seven female SLE 
patients, ten female inflammatory arthritis patients (IA; 8 rheumatoid arthritis and 2 psoriatic 
arthritis), and eleven healthy subjects matched for age within ten years and ethnicity. Data 
represent mean ± SEM. P values reflect comparison with unpaired two-tailed t-test. 

Figure 2 
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Next, we assessed whether increased ETC activity may be attributed to 

accumulation of mitochondria. O2 consumption by rested PBL was only elevated 

in the presence of complex III inhibitor antimycin A (SLE: 1.57±0.18 

(nmol/ml/min)/NAO MFI Control: 1.25±0.17 (nmol/ml/min)/NAO MFI, p=0.040; 

Figure A2A).  After overnight CD3/CD28 stimulation, respiration was diminished 

in digitonin-permeabilized lupus PBL by 30% (SLE: 0.60±0.07 

(nmol/ml/min)/MTG MFI Control: 0.91±0.05 (nmol/ml/min)/MTG MFI, p=0.0006), 

however, ETC activity at complex I was enhanced by 70% in lupus PBL (SLE: 

1.51±0.09 (nmol/ml/min)/MTG MFI, Control: 0.81±0.07 (nmol/ml/min)/MTG MFI, 

p=0.034; SLE: 1.59±0.10 (nmol/ml/min)/NAO MFI Control: 0.74±0.08 

(nmol/ml/min)/NAO MFI, p=0.017; Figure A2B).  

 Complex I-driven O2 consumption of SLE PBL is resistant to 

inhibition by NO. Since NO, which is produced at elevated levels in lupus T 

cells (20), has been identified as a trigger of MHP (19) and mitochondrial 

biogenesis (20-22), we investigated its effect on ETC activity. Treatment of PBL 

with NOC-9, which is capable of rapidly releasing NO, augmented intracellular 

NO levels by 38±6% (p=0.0002) as well as ONOO- levels by 674±223% 

(p=0.033) (Figure 3A). Such treatment of PBL with NOC-9 selectively inhibited 

the activity of complex I but not complex IV (Figure 3B). While NOC-9 profoundly 

inhibited O2 consumption in the absence or presence of complex I substrates 

both in control (p<0.0001) and SLE (p=0.0004), NO reduced baseline respiration 

in SLE to a greater extent (p=0.001; Figure 3C). However, SLE PBL had a 29% 

increase in ETC activity at complex I following NOC-9 treatment (SLE: 1.405 
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nmol/ml/min ±0.206; Controls: 1.277nmol/ml/min ±0.150 one-way ANOVA 

p=0.026; Figure 3C).  

 

 

 NAC reduces H2O2 levels relative to mitochondrial mass in lupus 

PBL. Given the promising clinical benefit of in vivo treatment with NAC (18), we 

evaluated its potential mechanism of action on mitochondrial function in vitro. 

After overnight incubation with 3mM NAC, we observed reduced mitochondrial 

mass (MTG, control: -6.9±0.3%; p=0.030; SLE: -7.5±0.1%; p=0.020) and H2O2 

levels both in control and lupus PBL (DCF-DA, control: -29.3±0.04 %; p<0.001; 

SLE: -41.2±0.6%; p<0.001). The relative impact of NAC on H2O2 levels was 

greater in SLE (ANOVA p=0.003). NAC also reduced MHP of lupus PBL when 

measured by TMRM (8.6±0.48%; p=0.01) but not DiOC6 fluorescence (Figure 

4A). When corrected for increased mitochondrial mass assessed by MTG (DCF-

Figure 3: Differential regulation of ETC activity of lupus and control PBL by NO. A, Effect 
of 60 μM NOC-9 on NO (DAF-FM) and ONOO- (DAR-4M) levels measured by flow cytometry of 
DAF-FM and DAR-4M fluorescence, respectively. MFI of NOC-9-treated cells were compared 
to untreated cells normalized to 1.0 for each experiment. Data represent mean±SEM of four 
independent experiments. B,Effect of NOC-9 on ETC activity of digitonin-permeabilized healthy 
PBL. Representative Oxygraph tracing shows rapid consumption of O2 with injection of NOC-9 
which results in complete blockade of complex I activity. C, Effect of NOC-9 on ETC activity 
through complex I and complex IV in PBL of 8 lupus patients and 8 matched healthy controls. p 
values represent comparison with paired t-test (solid lines) and ANOVA (broken lines). 

Figure 3 
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DA/MTG control: -22.1±0.05%; p=0.0005; SLE: -34.8±0.06%; p<0.0001; ANOVA 

p=0.016) or NAO, the more profound suppression of H2O2 production by NAC 

was sustained in SLE PBL (DCF-DA/NAO control: -29.9±0.051%; p<0.0001; 

SLE: -39.2±0.06%; p<0.0001; ANOVA p=0.001) (Figure 4B). Interestingly, ΔΨm 

was increased by NAC when measured by DiOC6 relative to MTG (DiOC6/MTG, 

control: +11.6±0.046%, p=0.022; SLE: +15.4±0.056%; p=0.014), but reduced in 

SLE PBL when measured by TMRM relative to NAO (TMRM/NAO SLE: -

13±0.047%, p=0.007, using paired two-tailed t-test; Figure 4B). Such discordant 

detection of Δψm may be related to thiol-dependent fluorescence or partitioning of 

the mass sensor MTG (9). NAC reduced ONOO- in control PBL (DAR-4M, 

Control: -18.1±0.05%; p=0.004) and NO in SLE PBL (DAF-FM, SLE: -

18.4±0.09% p=0.026; Figure 4B). Bonferroni corrected p values are shown in 

(Fig. A3) 

 NAC modulates the impact of NO on mitochondrial function. Since 

NO exerted discordant influence on ETC of lupus and control PBL, we 

investigate whether NAC affects the impact of NO on mitochondrial function. PBL 

were incubated overnight without or with 600uM NOC-18, an NO donor with a 

half life of 20 hours, 3mM NAC, or a combination of NOC-18 and NAC. As 

expected, NOC-18 alone raised intracellular NO levels (+158±51% p=0.005), 

mitochondrial mass (MTG: +162±68% p=0.016), and mitochondrial Ca2+ levels 

(Rhod-2: +324±144%, p=0.026; Figure 5A). Co-incubation with both NOC-18 and 

NAC compared to NOC-18 alone revealed a decrease in NO levels (DAF-FM: -

92% p=0.014), mitochondrial mass (MTG: -87% p=0.017) and Ca2+ levels (Rhod-
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2: -52%, p=0.042; Figure 5A), suggesting that NAC modulates both the 

metabolism of NO and its impact on mitochondrial homeostasis of PBL.   

 

 

  

  

 

NAC reduced baseline respiration (Untreated: 3.16±0.708 nmol/ml/min, 

NAC treated: 2.22±0.267 nmol/ml/min p=0.028; NOC-18 and NAC treated: 

2.018±0.178 nmol/ml/min p=0.013). NOC-18 decreased respiration through 

complex I by 32% (Untreated: 4.15±0.46 nmol/ml/min, NOC-18 treated 2.83±0.25 

nmol/ml/min; p=0.016; Figure 5B). Despite the reduction in NO and ONOO-  

Figure 4: Effect of NAC on Δψm, mitochondrial mass, NO, ONOO-, H2O2, Ca2+ levels in 
control and lupus PBL. A, Flow cytometry of mitochondrial mass (NAO and MTG), Δψm,(DiOC6 
and TMRM), ONOO- (DAR-4M), NO (DAF-FM), H2O2 (DCF-DA), mitochondrial Ca2+ levels 
(Rhod-2) in PBL of 24 SLE patients and 16 matched healthy controls incubated overnight 
without or with 3mM NAC. MFI values were compared to those of untreated control PBL 
normalized at 1.0 for each experiment. (B) MTG or NAO normalized MFI data of 24 SLE and 16 
matched healthy control PBL. Data were analyzed with two-tailed paired t-test. 

Figure 4 



49 
 

 

Figure 5 

 

production by NAC (Figure 4), the block of respiration by NOC-18 was not 

rescued by co-incubation with 3mM NAC, which also showed diminished O2 

consumption through complex I by 37% in comparison to untreated controls 

(Untreated: 4.15±0.46 nmol/ml/min, NOC-18 and NAC treated: 2.62±0.33 

nmol/ml/min; p=0.011; Figure 5B). These results indicate that overnight pre-

Figure 5: NAC modulates the impact of NO on mitochondrial function. A, Flow cytometry 
of NO (DAF-FM), mitochondrial mass (NAO and MTG), and mitochondrial Ca2+ levels (Rhod-
2) in PBL from 5 healthy controls following overnight treatment without or with 3mM NAC, 
600uM NOC-18, or 3mM NAC and 600uM NOC-18. B, O2 consumption by PBL from 5 healthy 
controls following overnight treatment without or with 3mM NAC, 600uM NOC-18, or 3mM 
NAC and 600uM NOC-18. p values reflect analysis with two-tailed paired t-test. 



50 
 

 

treatment by NAC is capable of reducing oxidative stress (Figure 4B) and NO-

induced mitochondrial biogenesis (Figure 5A), while it cannot rescue complex I 

inhibition by NO (Figure 5B). 

NAC selectively blocks ETC activity at complex I. To investigate 

whether NAC can directly block ETC activity, we compared the rate of respiration 

after 2hr pre-treatment, which was followed by washing thrice, or direct addition 

of 3mM NAC into the Oxygraph chamber. While pretreatment had no effect, the 

direct addition of NAC into the Oxygraph chamber led to a 53% inhibition of 

respiration through complex I (Untreated: 2.625±0.193 nmol/ml/min, NAC-

treated: 1.231±0.297 nmol/ml/min; p=0.004; Figure 6A). To determine if the 

decrease in respiration was due to the general reducing capacity of NAC or a 

direct blocking of the ETC at complex I, we compared the O2 consumption rate 

through complex I in the absence or presence of 1.5mM BME, another reducing 

agent. NAC was again found to inhibit the ETC activity at complex I by 42% as 

compared to control (Untreated: 2.355±0.293 nmol/ml/min, NAC in chamber: 

1.343±0.297 nmol/ml/min; p=0.043) or 43% relative to BME-treated PBL (BME in 

chamber: 2.336±0.293 nmol/ml/min, NAC in chamber: 1.343±0.297 nmol/ml/min; 

p=0.013; Figure 6B). When we measured O2 consumption driven complex IV, we 

observed that NAC did not alter respiration (Control: 28.610±1.630 nmol/ml/min, 

NAC in chamber: 29.115±2.345 nmol/ml/min). However, BME did block 

respiration through complex IV by 79% (Control: 28.610±1.630 nmol/ml/min, 

BME in chamber: 6.068±0.234 nmol/ml/min; p=0.031). These results suggested 

that NAC selectively inhibits respiration through complex I.   

Figure 5 
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Figure 6: Inhibition of ETC activity by NAC at complex I. A) O2 consumption of PBL 
following pretreated with 3 mM NAC for 2 hr and subsequent washing, or direct addition 3mM 
NAC into the Oxygraph chamber. Data represent mean±SEM of experiments using PBL of 5 
healthy donors. B, Effect of in-chamber addition of 3mM NAC or 1.5mM BME on ETC activities 
driven through complexes I and IV. Data represent mean±SEM of experiments using PBL of 6 
healthy donors. C, O2 consumption by PBL from 5 SLE and matched controls prior to and 5 
minutes after in-
with two-tailed paired t-test. 

Figure 6 
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To further evaluate impact of NAC on mitochondrial homeostasis in SLE, 

its effects were compared to the conventional complex I inhibitor rotenone. As 

shown in Figure 6C, NAC again diminished respiration through complex I by -

58% in controls (Untreated: 2.433±0.283 nmol/ml/min, NAC in chamber: 

1.019±0.161 nmol/ml/min; p=0.005) and by -56% in SLE PBL (Untreated: 

2.820±0.360 nmol/ml/min, NAC in chamber: 1.231±0.163 nmol/ml/min; 

p=0.0001). The extent of blockade by NAC at complex I was similar in control 

and lupus PBL (p=0.167 by one-way ANOVA) (Figure 6C). The inhibitory effects 

of NAC on complex I respiration were similar to those of rotenone (Figure 6C). 

Similar to NAC (Figure 6B), activity of complex IV was not inhibited by rotenone 

(Figures 1A and B).  

 

DISCUSSION 

The present study provides evidence that lupus PBL exhibit increased O2 

consumption primarily driven through mitochondrial ETC complex I that is 

inhibited by NAC. Since NAC improves disease activity in mice (28) and patients 

with lupus (18), its effect on ETC complex I may be central to its therapeutic 

benefit in SLE. ETC activity through complex I remained elevated after 

compensating for the increased mitochondrial mass, suggesting that this defect 

may drive mitochondrial function in SLE (Figure 7). Although availability of cells 

for parallel ETC and flow cytometry studies was limited in most patients, 

negatively isolated T cells from a subset of SLE patients revealed greater ETC 

activity at complex I,  
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Figure 7 

 

 

and to a lesser extent at complex IV in comparison to both healthy and non-lupus 

IA disease controls. These findings are consistent with earlier observations that 

mitochondrial dysfunction of T cells is confined to patients with SLE relative to 

other rheumatic diseases (14,15,20). Here, we also confirm that NO is 

overproduced in patients with SLE (20), which is consistent with a role of NO in 

mitochondrial biogenesis (19,21,22) and increased mitochondrial mass in lupus T 

cells (4,11,20). NO production is also increased in lupus-prone mice, underlying 

Figure 7: Schematic diagram of differences in mitochondrial ETC activity between healthy 
and SLE PBL. Increased O2 consumption by SLE PBL drives elevated ΔΨm, which is 
associated with enhanced production of ROI, RNI and the formation of megamitochondria. 
After TCR stimulation SLE PBL displayed enhanced ETC activity at complex I that resisted 
its blockade by NO (dashed line). NAC blocked respiration at complex I and reduced 
mitochondrial mass and ROI production both in control and lupus PBL. 
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its importance for lupus pathogenesis (23,31). O2 consumption of SLE PBL 

driven by substrates of complex I was relatively resistant to inhibition by NO in 

vitro, indicating a preexisting blockade, possibly having originated from increased 

NO production in vivo.  NO can block complex I via S-nitrosylation (5), which may 

be reversed by GSH. Indeed, NAC treatment interfered with NO-induced 

mitochondrial biogenesis and accumulation of Ca2+. However, NAC did not 

significantly influence the inhibitory effect of NO on complex I activity. Thus, NAC 

may also act through mechanisms other than S-nitrosylation. For example, 

complex I may be directly inhibited by excess GSH through glutathionylation (17), 

which may interfere with the effect of subsequent NO exposure on ETC function. 

Moreover, as we recently discovered, HRES-1/Rab4-mediated depletion of Drp1 

causes deficient mitophagy in lupus T cells, both in patients and mice. Such 

mitochondrial defect precedes disease onset in lupus-prone mice (4). Therefore, 

deficient mitophagy may lead to the accumulation of mitochondria and the 

formation of megamitochondria (29) that carry the complex metabolic 

consequences of oxidative and nitrosative stress, including the resistance of ETC 

complex I activity to subsequent NO exposure. 

 Along these lines, NAC but not the reducing agent BME selectively 

blocked respiration through complex I. The effects of NAC on ETC activity are 

consistent with earlier observations on its impact on mitochondrial oxidative 

stress (6). NAC reduced H2O2 levels relative to mitochondrial mass in lupus and 

control PBL, suggesting that the blockade of the ETC by NAC at complex I has 

antioxidant effects, which are clearly not confined to patients with SLE. Due to 
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the exceptional safety and antioxidant potency of NAC in numerous chronic 

inflammatory diseases, such as chronic obstructive pulmonary disease (7) and 

idiopathic pulmonary fibrosis (8), mechanistic studies aimed at mapping the 

sources of oxidative stress are warranted in each of these clinical conditions.  

 NAC reversed GSH depletion in lupus PBL, which revealed an overall 

reduction of oxidative stress in vivo (18). However, MHP was paradoxically 

increased, especially in double-negative (DN) T cells (18). As shown here, MHP 

assessed by DiOC6 fluorescence was also increased by in vitro NAC treatment 

relative to mitochondrial mass monitored by MTG fluorescence. However, MHP 

relative to mitochondrial mass was reduced by in vitro NAC treatment when 

estimated by TMRM/NAO ratio. These findings imply that the partitioning of 

mitochondrial potential sensor fluorescent probes is affected by NAC, possibly 

through influencing disulfide bonds (9), and further studies are needed to 

ascertain the mechanism by which in vivo NAC treatment affects MHP.  

 In conclusion, the present study reveals that SLE PBL and T cells exhibit 

enhanced mitochondrial ETC activity, primarily at complex I. This complex has 

been previously identified as the main source of oxidative stress that emanates 

from mitochondrial respiration (27). Thus, the blockade of ETC activity at 

complex I and reduced H2O2 production are likely to represent the mechanistic 

targets of NAC therapy in patients with SLE.  
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INNOVATION 

To delineate the potential sources of oxidative stress in patients with SLE, 

mitochondrial O2 consumption was evaluated and found to be increased in PBL 

of SLE patients in comparison to PBL of healthy subjects matched for age, 

gender, and ethnicity and evaluated in parallel. ETC activity was primarily 

increased at complex I, which may be the main source of oxidative stress in SLE. 

NAC inhibited complex I activity and reduced H2O2 levels both in lupus and 

control PBL. Therefore, the therapeutic efficacy of NAC in SLE may be mediated 

through inhibiting ETC complex I.  
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Abstract: 

Systemic lupus erythematosus (SLE) is an autoimmune disease, which 

has been shown to have mitochondrial dysfunction. In the previous chapter we 

reported that SLE PBL have enhanced respiration and are resistant to NO 

inhibition of complex I activity112. S-nitrosylation (SNO) has been shown to be a 

key regulator of complex I activity.  Interestingly, complex I can transition 

between two forms, active (A) or deactive (D).  The A form is characterized by 

being resistant to NO inhibition of activity and a reduced delay upon complex I 

stimulation. When we measured the level of SNO, we found that whole SLE 

peripheral blood lymphocytes (PBL) had a significant 1.99-fold increase in SNO 

after NOC-9 treatment.  Upon immunoprecipitation of complex I, untreated and 

NOC-9 treated SLE complex I had significantly decreased SNO when compared 

to controls. SLE PBL also were found to reach the maximum rate of respiration 

1.4 times faster than controls.  This data suggests that in SLE PBL complex I has 

shifted to the A form.  
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Introduction: 

Systemic lupus erythematosus (SLE) is an inflammatory autoimmune 

disease, affecting over 322,000 Americans1, with the majority of individuals 

suffering being women1.  SLE has both genetic and environmental factors 

associated with disease onset.  A multi-system disease, SLE is characterized by 

T cell and B cell dysfunction and production of anti-dsDNA antibodies.  Human 

SLE T cells have increased mitochondrial potential and are considered to be in a 

state of mitochondrial hyperpolarization (MHP)35.  SLE T cells have depleted 

levels of glutathione30,58, and increased NO at more than 2 times healthy 

controls34.  MHP has been attributed to increased levels of NO and ROS40,49.  NO 

and ROS lead to the depletion of reduced intracellular GSH, along with increased 

mitochondrial mass, which is associated with augmented intracellular Ca2+ 

stores.   In the previous chapter we reported that SLE PBL have enhanced 

respiration and are resistant to NO inhibition of complex I112. 

Over the past decade our understanding of the function of the 

mitochondria in the homeostasis of the cell has expanded greatly. From signal 

transduction to apoptosis induction and autophagy, mitochondria play an 

essential part of many cellular functions.  Often referred to as the power house of 

the cell, one of the key functions of the mitochondria is the generation of ATP 

through the electron transport chain (ETC). NADH dehydrogenase (complex I) is 

located on the inner mitochondrial membrane and is the first complex of the ETC.  

Comprised of 45 subunits42, complex I accepts two electrons from NADH which 

generates NAD+ and initiates the movement of electrons down the chain while 
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pumping protons from the mitochondrial matrix to the inter-membrane space 

(IMS). The movement of protons into the IMS helps to generate and maintain the 

mitochondrial transmembrane potential (∆Ψm), providing a proton motive force to 

drive the production of ATP by the FoF1 complex. 

Fourteen of the 45 subunits of complex I are essential for catalytic 

function113.  Two of these are the hydrophobic ND3 and the hydrophilic 

NDUFS342. ND3 is a mitochondrial encoded protein and the first subunit 

identified to regulate complex I activity via nitrosylation of cysteine (Cys) 39114. 

NDUFS3 is a nuclear-encoded iron sulfur protein that initiates complex I 

assembly42.  The nuclear-encoded NDUFA9 has also recently been shown to 

become nitrosylated in the D form of complex I87, and may play a role in complex 

I activity.  It has been shown that all three of these proteins are highly conserved 

from yeast to humans42.   

A unique property of complex I was first described in 1964 by Minakami, et 

al84.  They had noticed that certain mitochondrial preparations had a 

considerable lag in respiration.  This phenomenon has since been characterized 

and is now known as the Active/Deactive (A/D) transition of complex I.  When 

exposed to elevated temperatures between 30-37oC, in the absence of substrate, 

complex I shifts to its D form85.  In the D form, there is a lag phase before activity 

is measureable85,86.  The D form also exposes ND3 to targeted S-nitrosylation 

(SNO) and the Cys’s of NDUFA9 has been shown to become exposed for 

possible SNO87.  Complex I can revert to the A form, by incubation with NADH.  

In the A form a conformational change of complex I hides the ND3’s Cys 39 
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residue and NDUFA9 preventing SNO of these proteins.  Given our previous 

findings we wanted to determine if the increased activity in SLE complex I’s and 

resistance to NO inhibition was a result of a shift to the A form of complex I.  

Here, we present evidence that SLE peripheral blood lymphocytes (PBL) have 

elevated total SNO in PBL, but decreased SNO of complex I.  We also see a 

faster time to peak respiration for SLE PBL, and that this is possibly due to a shift 

to A form of complex I in SLE. 

 

Methods: 

Patients and Cell culture: 13 SLE patients with a mean age of 46.8 (range:24-

68) years were used for this study.  All patients satisfied the diagnostic criteria for 

SLE.  Nine healthy controls with a mean age of 45.8 (range: 25-64) years were 

matched for age within 10 years, sex, and race.  PBL were isolated from blood 

samples and cultured as previously described112. 

Hela cells were cultured in DMEM media (Cellgro, Manassas, VA; catalog No 40-

101-CV) containing 10% fetal bovine serum (Invitrogen/GIBCO, Eugene, OR; 

catalog No 26140), 2 mM L-glutamine (Cellgro catalog No 25-005-cl), and 100 

U/mL penicillin, 100 μg/mL streptomycin, 10 μg/mL amphotericin B (Cellgro, 

catalog No 30-004-CI). Cells were grown on 150cm culture dishes to 

approximately 90% confluence before harvesting.  

Biotin switch, immunoprecipitaion and western blotting: S-Nitrosylation of 

proteins was measured using a biotin switch kit (Cayman Ann Arbor, Michigan 
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catalog No. 10006518).  NO treated cells were treated 10 minutes prior to biotin 

switch with 60μM NOC-9 (EMD Millipore Billerica, MA catalog No. 487927). 

Immunoprecipitation (IP) of complex I was accomplished with the use of a 

complex I immunocapture antibody (Abcam, Cambridge, MA catalog No. 

ab109798).  Anti-Rab4a (Sana Cruz, Dallas, TX catalog No. SC-312) was used 

as an IP control. Briefly 100μg of each sample was incubated with 2μg of 

complex I immunocapture and 100μl of 1:1 protein A sepharose beads (BioVision 

San Francisco, CA catalog No. 6501) overnight in a non-denaturing protein lysis 

buffer.  Samples were then spun down and washed three times in non-

denaturing protein lysis buffer to get a purified complex I sample.  Whole cell 

samples were diluted in 4x sample buffer to a protein concentration of 10μg/20μl 

sample buffer, before being separated on 12% SDS-PAGE gels. IP beads after 

washing were mixed 1:1 with 2x sample buffer and boiled before being loaded 

onto 15% SDS-page gels.  All gels were transferred to 0.2μm nitrocellulose 

membranes.  Measurement of SNO from western blots was done using avidin-

HRP provided by the biotin switch kit.  The complex I specific proteins NDUFS3 

(Abcam catalog No. ab14711) and ND3 (Abgent San Deigo, CA catalog No. 

AD12310a) were also measured on IP samples, while actin (EMD Millipore 

catalog No. MAB1501R) was used as a loading control for the whole cell lysates. 

Time to peak measurements: Oxygen consumption curves were analyzed 

using the Oxygraph system software version 1.02 (Hansatech Norfolk, UK) after 

the addition of 8mM pyruvate (Sigma-Adrich St Louis, MO catalog No P5280) 

and 0.2mM malate (Sigma-Adrich catalog No M7397).  A complete protocol for 
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ETC respiration measurement can be found in Doherty et al 2014112.  Time to 

peak was determined based on time in which stable respiration was recorded 

after the addition of 8mM pyruvate (Sigma-Adrich catalog No P5280) and 0.2mM 

malate (Sigma-Adrich catalog N M7397).  The average of two separate 

experiments was taken for each individual sample. 

Statistics: Statistical analyses were carried out with GraphPad Prism version 

5.04 (La Jolla, CA). Paired t-tests were performed for each experiment; p values 

<0.05 were considered significant. 

 

Results: 

SLE PBL have elevated S-nitrosylation.  In our previous study we 

reported increased NO, ONOO-, and H2O2 in SLE PBL112.  To determine if 

oxidative stress was inducing SNO in SLE, we looked at the whole-cell levels of 

SNO with the use of a biotin switch kit.  Samples were run on SDS PAGE gels, 

transferred to nitrocellulose membrane, and measured for total SNO by probing 

the blots with avidin-HRP.  SLE PBL had a 1.5 fold increase in SNO compared to 

controls (Actin normalized/Control Average ROI SLE: 1.501±0.358, control: 

1.000±0.094, p=0.002), this was not significant at baseline (Fig. 8a).  However, 

when PBL samples were treated with the NO donor NOC-9 at a concentration of 

60μM for 10 minutes, we observed a significant 1.99 fold increase in SNO of SLE 

PBL (SLE: 1.989±0.186, control: 1.000±0.178,p=0.002) (Fig. 8b).  These data 
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confirm previously published data showing that SLE PBL have increased 

oxidative stress at baseline which has led to diminished reducing capacity.  

Complex I of SLE PBL is resistant to S-nitrosylation. Previously we 

have shown that SLE PBL have a resistance to NO inhibition of complex I 

activity112.  We propose that SLE PBL have more A form complex I than controls, 

which, due to the conformational change, would be resistant to SNO and 

inhibition by NO.  The way A form of complex I is reported by other groups is 

through the measurement of SNO on the ND3 protein114. To test our hypothesis 

we measured the amount of SNO on complex I, specifically focusing on two 

complex I subunits NDUFA987 and ND3. Both have been shown to have 

decreased availability for modification in the A form87.  To measure SNO of these 

two targets as well as total complex I SNO, immunoprecipitated (IP) complex I 

from our biotin-switched whole cell PBL was obtained with the use of an 

immunocapture antibody to complex I. We confirmed our pull downs of complex I 

first in Hela cells (Fig. 9a and b).  Samples were probed with both the 

immunocapture antibody and an antibody to the complex I protein NDUFS3.  

Biotin-switched PBL (Fig. 9c and d) were used to confirm our IP.  These samples 

were first probed with avidin-HRP followed by anti-NDUFS3 antibody, confirming 

our successful IP of complex I. 

IP of Complex I from SLE and matched controls showed that our 

untreated samples SLE complex I have significantly decreased total SNO (Fig. 

10a) (ND3 normalized ROI SLE: 0.512±0.126, control: 1.461±0.432 p=0.021).  

When we measured the SNO of specific bands of complex I we found that 
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NDUFA9 (SLE: 0.677±0.123, control: 2.749±0.770 p=0.009), NDUFS3 

(SLE: 0.593±0.161, control: 1.973±0.723 p=0.020) and ND3 (SLE: 0.412±0.085, 

control: 1.176±0.403 p=0.024) all had significantly reduced SNO compared to 

controls.  Previously, when we measured the rate of complex I respiration in the 

presence of NO, we found SLE complex I respiration to be resistant to inhibition. 

Figure 8: SLE PBL increased S-nitrosylation after NOC-9 treatment.  (a) A representative blot of isolated PBL 

biotin switched for SNO, probed with avidin-HRP to measure levels of who cell SNO in SLE patients(n=9) and 

matched controls (n=8) Actin was used as a loading control.  (b) Graphical representation of actin normalized 

and log10 transformed ROI data from untreated biotin switch samples. (c) Representative blot of isolated PBL 

treated with 60uM NOC-9 for 10 minutes before being biotin switched, and probed with avidin-HRP to measure 

levels of whole cell SNO in SLE patients (n=8) and matched controls (n=6).  (d) Graphical representation of actin 

normalized and log transformed ROI data from NOC-9 biotin switch samples. The data was analyzed by paired t-

test, with significant p values <0.05 shown.  

 

Figure 8 
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To 

Figure 9 

Figure 9: Immunocapture antibody pulls down complex I. (a and b) IP of Hela lysates 
with both complex I immunocapture antibody and Rab4a antibody. Probed with (a) 
Complex I immunocapture antibody, followed by (b) NDUFS3 antibody.  (c and d) 
Human PBL biotin-switched and IP’d with complex I immunocapture antibody, first 
probed with (c) avidin-HRP, followed by (d) NDUFS3. Arrows indicate the NDUFS3 band 

(26kDa). 
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test if complex I is resistant to SNO, we IP’d cells that were treated with NOC-9 

prior to biotin-switch. Isolated complex I from SLE PBL, unlike whole-cell 

proteins, maintained decreased SNO (Fig. 10b).  Total SNO of complex I (SLE: 

0.209±0.048, control: 1.173±0.484 p=0.013), NDUFA9 (SLE: 0.155±0.039, 

control: 1.148±0.648 p=0.046) and ND3 (SLE: 0.452±0.058, control: 1.166±0.307 

p=0.021) were all significantly decreased after NOC-9 treatment.  To confirm we 

were observing SNO, 1 minute of UV light exposure was used to break NO-

cysteine bonds within proteins before biotin switching of samples.  Equal levels of 

SNO in both controls and SLE complex I was observed.   These data suggest 

that complex I is resistant to SNO in SLE.  We also observed significantly 

decreased SNO of both NDUFA9 and ND3 even after NOC-9 treatment (Fig. 

10b), suggesting that SLE PBL complex I may be shifted to the A form of 

complex I. 

SLE PBL reach the maximum rate of respiration faster than controls.  One 

of the characteristics of the D form of complex I is a lag in the initiation of 

respiration86.  If the decreased SNO on complex I in SLE PBL was a result of 

more complex I being in the A form, we would expect to see a shorter time to 

peak respiration through complex I in SLE PBL compared to controls.  To test 

this, we looked at our respiration data from 10 overnight rested PBL and 6 

matched controls. We calculated how long it took for both SLE and Controls to 

reach the maximum rate of respiration by measuring the time from pyruvate and 

malate addition to the maximum respiration rate. Representative traces of the 

time from pyruvate and malate addition are shown (Fig. 11a), polynomial trend 
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Figure 10 

 

 

Figure 10: Complex I is resistant to S-nitrosylation. (a) Representative western of IP 

from untreated, 10 minute 60uM NOC-9 treated, and 1 minute UV treated;  biotin switched 

SLE (n=5) and matched controls (n=4) with complex I immunocapture.  Blots were probed 

with avidin-HRP followed by ND3 which was used as a loading control. (b) Graphical 

representation of ND3 normalized and log10 transformed ROI data from untreated biotin 

switch samples.  The total SNO and SNO of specific bands for NDUFA9, NDUFS3, and 

ND3 (identified by reported migration in SDS page gel) are shown. The data was 

analyzed by paired t-test, with significant p values <0.05 shown. 
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lines have been added to each trace to smooth the curves.  Analysis of the time 

to peak respiration revealed SLE PBL reached the maximum rate of respiration 

1.4 times faster than controls (SLE 10.47 seconds ±1.42; Controls 14.80 

seconds±1.25 p=0.034) (Fig. 11b).  These data further supports our hypothesis 

that SLE PBL contains more A form of complex I compared to healthy controls. 

 

Discussion: 

In our whole cell biotin switched PBL samples we observed an elevation in 

total SNO which became significant after incubation with NOC-9 (Figure 8).  This 

Figure 11 

Figure 11: SLE PBL reach maximum rate of complex I respiration faster than controls.  (a) 
Representative oxygen consumption traces from SLE and matched controls for respiration 
after pyruvate and malate addition.  Best-fit polynomial trend lines show the curves for the 
rates of respiration. (b) Time from addition of pyruvate and malate to maximum rate of 
respiration for PBL of SLE (n=10) and matched Controls (n=6). The data was analyzed by 
paired t-test, with significant p values <0.05 shown.  
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is likely due to increased oxidative stress in SLE PBL, which leads to a decrease 

in the reducing capacity of cells.  The impaired reducing capacity would leave the 

SLE PBL more susceptible to ROS and RNS stress. Dysregulation of SNO has 

been linked to many diseases93. T cell survival has also been linked to SNO. 

SNO of IL-15 has also been shown by others to promote T cell survival.  

SNO is highly regulated in the cell and the location of NO and ONOO- 

generation plays a key role in which proteins become SNO92.  It does stand out 

that we have a difference in complex I SNO, considering both NO and ONOO- 

are generated within the mitochondrial. SNO of complex I has been shown to 

regulate complex I activity.  The A form of complex I has been described to have 

decreased SNO at ND3 and recently decreased availability for the Cys on 

NDUFA987.  When we IP’d complex I from our SLE PBL we noted decreased 

total SNO in both proteins in SLE compared to controls (figure 10).  We further 

tested the possible shift to A form complex I in SLE by measuring the time to 

maximum measured rate of respiration from our previous SLE and matched 

control oxygen consumption data.  We were able to determine that SLE PBL 

reach maximum respiration 1.4 times faster than controls (figure 11).  The shift to 

A form of complex I in SLE PBL corresponds well with our previously reported 

data showing that SLE PBL had enhanced respiration through complex I and are 

resistant to complex I inhibition by NO. 

Recently, we looked at a metabolic panel of SLE and healthy control PBL 

and found SLE patients had a 1.28 fold increase in NADH levels, compared to 

healthy controls (unpublished data). One explanation for SLE PBL shifting to A 
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form of complex I is increased availability of NADH.  SLE PBL have been 

reported previously by our lab to have enlarged mitochondria, which augments 

Ca2+ storage capacity.  Within the mitochondria Ca2+ has been shown to enhance 

TCA cycle activity115.  Enhanced TCA activity results in more NADH production 

which drives complex I activity and shifts the balance of complex I in SLE to the 

A form.  This shift would lead to the decrease in SNO of complex I we observed 

in Figure 10, and the faster time to peak shown in figure 11.  Figure 12 depicts 

the possible mechanism of this shift. 

From this work we have demonstrated that SLE PBL display a decrease in 

SNO on complex I.  We have also shown that SLE PBL reach peak rates of 

respiration 1.4 times faster than controls.  These data support our hypothesis that 

SLE PBL complex I has shifted to the SNO resistant and more active A form over 

the nitrosylation susceptible and less active D form.  We propose this was due to 

elevated Ca2+ levels in SLE PBL driving TCA cycle production of NADH+.  

Further work should be done to confirm that the elevated Ca2+ is indeed 

causing the shift in complex I.  With the use of a Ca2+ chelator such as BAPTA-

AM (Sigma-Aldrich) to reduce the cellular levels of Ca2+ in SLE PBL, both SNO of 

complex I and respiration rates can again be measured.  If elevated Ca2+ is 

driving the shift to A from in SLE, by reducing the cellular Ca2+ we should see a 

rise in SNO of complex I and an increase in time to peak respiration by SLE PBL.  

Depletion of Ca2+ could potentially reduce MHP, ROS and RNS by allowing for 

SNO regulation of complex I activity in SLE, providing a new potential therapeutic 

target in the treatment of SLE.  
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Figure 12 

 

  Figure 12: Elevated mitochondrial calcium skews towards active form 
complex I.  (1) Elevated Ca2+ in SLE mitochondrial drives (2) TCA activity, which 
leads to enhanced availability of complex I substrate NADH.  (3) NADH availability 
leads to a skewing of complex I isoforms to the A form.  (4) This leads to the 
observed decrease in SNO at both NADFA9 and ND3, along with increased 
activity, MHP, ROS and RNS seen in SLE PBL complex I. 
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Chapter 4: 

MITOCHONDRIAL MASS MARKERS MITOTRACKER 

GREEN AND NONYL ACRIDINE ORANGE CORRELATE 

WITH REDOX CHANGES IN MITOCHONDRIA  
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Abstract 

Mitochondria play a key role in health and disease. Properly assessing 

mitochondrial health is crucial to better understand their function.  Two of the 

commonly used dyes to measure mitochondrial mass are MitoTracker green 

(MTG) and nonyl acridine orange (NAO).  Both accumulate in mitochondria 

regardless of potential.  In this chapter we look to better understand what is being 

measured by flow cytometry when mitochondria are stained with MTG or NAO.  

Here we treat PBL with NOC-18, rotenone or NAC, before staining for 

mitochondrial mass.  Our results show that neither MTG of NAO is affected by 

mitochondrial potential.  However, MTG shows significant correlations to 

oxidative and nitrosative stress.  The Identification of two subpopulation can be 

seen from isolated mitochondria, comparison of FSC and SSC to the staining of 

these populations by MTG and NAO found that NAO more accurately 

represented the FSC and SSC of these sub populations.  Western blotting for 

mitochondrial proteins showed minimal change when compared to the mass 

marker staining.  These data suggest that MTG is affected by cytosolic and 

mitochondrial stress leading to altered signal by flow cytometry, while NAO 

appears to be unaffected by oxidative stress. 
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Introduction:  

It has become increasingly clear that mitochondria play a key role in 

health and disease.  Many diseases, disorders and cancers can be linked to 

mitochondrial dysfunction.  The ability to properly assess the state of 

mitochondrial health is crucial to better understand this organelle’s complete role 

in the cell.  One key aspect of this is the ability to properly assess the size of 

mitochondria.  Mitochondria of living cells being specifically stained by cationic 

dyes; early mitochondrial specific dyes such as rhodamine 123 were 

mitochondrial potential (∆Ψm) dependent63.  While specifically staining 

mitochondria, rhodamine 123 was a poor marker when measuring biogenesis 

and function.  Many of the available products on the market today to measure the 

mitochondria’s mass have been around for decades, and were classified as 

mitochondrial markers long before our complete understanding of the complex 

role mitochondria play in the cell.  Two of the commonly used flow cytometry 

dyes to measure mitochondrial mass are MitoTracker probes-green (MTG) and 

nonyl acridine orange (NAO). 

First developed in the mid 1990’s, the MitoTracker family of dyes are 

classified as a cell permeant mitochondrion selective dye.  Containing a mildly 

thiol-reactive chloromethyl moiety, MTG is said to accumulate in the 

mitochondrial matrix regardless of potential116, where it binds to free thiols on 

mitochondrial proteins; when comparing MTG to MitoTracker Red and Orange 

one major difference is the latter two are both positively charged suggesting that 

∆Ψm will affect their uptake by mitochondria.  There is also data suggesting that 
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MitoTracker Orange may directly inhibit complex I respiration65. This makes 

MitoTracker Red and Orange poor candidates to use when studying the 

mitochondrial mass in live cells.   

NAO was first described in the early 1980’s64. It binds to cardiolipin in 

mitochondria. It is also considered to be membrane potential independent, 

localizing to the mitochondria and binding to cardiolipin.  At a low concentration 

of ~0.1μM NAO, one group has shown NAO reacts to changes in potential 

brought on by ∆Ψm
 altering compounds, though they did not observe a 

relationship with ∆Ψm at higher concentrations of NAO117.  NAO rapidly enters 

mitochondria with 50% of fluorescent signal from a 30 minute incubation being 

present after just 1 minute118.  However, NAO does leak out of the mitochondria 

with 20% of the signal being lost after 1 hour in NAO-free media118. While not 

sensitive to ∆Ψm NAO does appear to be affected by mitochondrial 

homeostasis119.  

Both MTG and NAO are excellent candidates for measuring mitochondrial 

mass independent of ∆Ψm in live cells by flow cytometry.  However, we have 

noticed some discrepancies in our data when measuring mitochondrial mass with 

these two markers. In this chapter, we will look at NAO and MTG under different 

treatment conditions which lead to mitochondrial stress, through the use of an 

NO donor (NOC-18) and a complex I inhibitor (rotenone), as well as an 

antioxidant and glutathione precursor NAC.  From this study, we hope to better 

understand the ability of MTG and NAO to stain mitochondria and elucidate 

which dye might be accurately measuring mitochondrial mass. 
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Methods and Materials:  

PBL isolation and culture:  Healthy subjects were recruited from within SUNY 

Upstate medical university.  PBL were isolated as previously described.  Isolated 

PBL were incubated overnight at a concentration of 1x106 cells/ml in RPMI media 

(Cellgro, Manassas, VA; catalog No. 15-040-CV) containing 10% fetal bovine 

serum (Invitrogen/GIBCO, Eugene, OR; catalog No 26140), 2 mM L-glutamime 

(Cellgro catalog No 25-005-cl), and 100 U/mL penicillin, 100 μg/mL streptomycin, 

10 μg/mL amphotericin B (Cellgro, catalog No. 30-004-CI).  PBL were treated 

with The NO donor NOC-18 (Milipore Billerica, MA; catalog No. 487957) for 20 

hours.  NAC (Sigma-Aldrich St Louis, MO; catalog No. A7250) was titrated to pH 

7.4 and used at a final concentration of 3mM. Rotenone (Sigma-Aldrich catalog 

No. 45656) was used at a final concentration of 3μM.  Both NAC and rotenone 

were incubated on PBL for either 2 hours or 15 minutes.  All treatment groups 

were set up to provide a single end-point. 

Mitochondrial Isolation: Treated PBL were washed twice with PBS before 

beginning the mitochondrial isolation. Mitochondria were isolated using a kit 

purchased from Pierce. (Thermo Scientific Pierce Rockford, IL catalog No. 

89874)  

Flow cytometry analysis: All flow cytometry experiments were performed on a 

BD LSR II (BD Biosciences). The fluorescent probes were purchased from 

Invitrogen/Molecular Probes unless otherwise stated. ΔΨm was measured using 

10nM tetramethylrhodamine, methyl ester (TMRM) (catalog No. T668; ex543, 
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em567) and 40nM 3,3′-dihexyloxacarbocyanine iodide (DiOC6) (catalog No. 

D273; ex488, em525). Mitochondrial mass was evaluated with 150nM 

MitoTracker Green (MTG) (catalog No. M7514; ex490, em516) and 2.5μM nonyl 

acridine orange (NAO) (catalog No. A1372; ex490, em540).  NO concentration 

was measured by 1μM 4-amino-5-methylamino-2′,7′-difluorescein (DAF-FM) 

(catalog No. D23844; ex495, em518). H2O2 levels were evaluated using 10μM  

2’,7’–dichlorofluorescin diacetate (DCF-DA) (catalog No. C400; ex495, em529). 

Dihydrorohodamine 123 (DHR) (catalog No. D23806; ex507 em527) 

Dihydroethidium (HE) (catalog No. D11347; ex635 em610) Data were analyzed 

with FlowJo version 7.5.5 software (Tree Star Inc. Ashland, OR). 

Western blotting:  1x10^6 whole PBL were lysed in 25μl of 1x cell lysis buffer 

(Cell Signaling catalog No. 9803S) containing protease inhibitors, then mixed 1:1 

with 4x sample buffer. Samples were run on 12% SDS-PAGE gels before being 

transferred to 0.45um nitrocellulose membranes.  Blots were probed with VDAC, 

ANT, NDUFS3 (Abcam catalog No. ab14711), and actin (EMD Millipore catalog 

No. MAB1501R). 

Statistics:  Statistical analyses for correlation and ANOVA were carried out with 

GraphPad Prism version 5.04 (La Jolla, CA). Paired t-tests were performed for 

each experiment p values <0.05 were considered significant. 
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Results: 

MTG positively correlates with reactive oxygen species and reactive 

nitrogen species concentrations: To assess the ability of both MTG and NAO 

to accurately measure mitochondrial mass under different conditions of 

mitochondrial stress, PBL from healthy controls were treated for 24 hours with 

either 600μM of the NO donor NOC-18, which has a half-life of 20 hours, or PBL 

were treated for 2 hours or 15 minutes with 3μM of the complex I inhibitor 

rotenone or 3mM of the antioxidant NAC.  Cells were washed and then stained 

for 1 hour with either MTG or NAO along with TMRM, DiOC6, HE, DCF-DA, DHR, 

DAF-FM to simultaneously measure mitochondrial mass, potential and oxidative 

stress.  When we looked at the two mitochondrial mass markers we noted 

opposing results.  Notably, NOC-18 induced a greater than 2.5 fold increase in 

mitochondrial mass when measured by MTG compared to untreated controls (fig. 

13a) (MTG normalized mean florescence intensity (MFI) = 2.596±0.404 p= 

0.041). NAO staining showed a significant decrease in mitochondrial size relative 

to untreated controls (NAO normalized MFI= 0.785±0.104 p= 0.027).  PBL 

treated for 2 hours with rotenone had a greater than 2 fold increase in mass by 

MTG relative to untreated controls (MTG normalized MFI= 2.092±0.351 p= 

0.027), with no observable change with NAO staining.  Fifteen minutes of 

treatment with rotenone showed a significant increase in fluorescence with MTG 

(MTG normalized MFI=1.486±0.104 p > 0.001) and NAO (NAO normalized MFI= 

1.177±0.075 p= 0.027) compared to untreated controls.  NAC treatments showed 

no change in mass for both stains at each time point. When the effects of each 
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treatment on ∆Ψm and cellular redox were measured, we noted that NO showed 

a significant decrease in potential by DiOC6 (MFI= 0.508±0.061 p=0.001), while 

increasing both superoxide/peroxinitrites and NO as measured by DHR and 

DAF-FM (DHR MFI= 2.608±0.1 p=0.0005; DAF-FM MFI= 8.104±1.343 p=0.006).  

PBL incubated to 15 minutes with rotenone had increased ∆Ψm measured by 

DiOC6 (MFI= 1.287±0.062 p=0.004) and there was also a significant increase in 

reactive oxygen species (ROS) levels as measured by HE and DHR (HE MFI= 

1.229±0.061 p=0.009; DHR MFI=1.243±0.069 p=0.017).  After 2 hour incubation 

with rotentone, both markers for ∆Ψm were elevated (DiOC6 MFI= 1.469±0.190 

p=0.048; TMRM MFI= 1.246±0.115 p=0.016); we also observed ROS and NO 

levels were elevated after 2 hours (HE MFI=1.247±0.095 p=0.048; DHR 

MFI=1.557±0.088 p=0.001; DAF-FM MFI= 1.613±0.104 p=0.001). NAC 

treatments had minimal effects on the redox state of the PBL, with only 2 hour 

treatment with NAC showing a significant increase in DHR measurements (MFI= 

1.359±0.07 p=0.003). Bonferroni corrected p values for these data can be found 

in (Fig A4). 

When comparing the two mitochondrial mass markers to the dyes for ∆Ψm 

we noted that neither MTG nor NAO significantly correlated to either TMRM or 

DiOC6 (Fig. 13b and c).  However, MTG did positively correlate with our markers 

for ROS and reactive nitrogen species (RNS) stress.  MTG showed positive 

correlation to super oxide (HE r= 0.710 p= 0.0001), super oxide and peroxynitrite 

(DHR r= 0.525 p= 0.008) and nitric oxide (NO) (DAF-FM r= 0.575 p= 0.004).  No 

correlations were found when comparing ROS and RNS markers to NAO  
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Figure 13 

 

 

Figure 13: Mitochondrial mass dyes correlate with ROS and RNS markers. (a) Bar chart 

of the normalized levels of mitochondrial flow dyes for each of our treatment groups from 12 

experiments.  P values shown are from paired t-tests with p<0.05. (b)  Correlation results 

comparing MTG to ∆Ψm (TMRM and DiOC6), ROS markers (HE and DHR) and RNS markers 

(DCF-DA and DAF-FM) (c) Correlation results comparing NAO to ∆Ψm (TMRM and DiOC6), 

ROS markers (HE and DHR) and RNS markers (DCF-DA and DAF-FM). Correlations r and p 

values from Spearman statistical test are shown for all graphs with statistical significance 

being p<0.05.  
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staining. These data suggest that MTG was affected by cytosolic oxidative and 

NO stress, while NAO measurements appeared to be unaffected to by these flow 

cytometry markers. 

Isolated mitochondria have distinct subpopulations:  To try and get a more 

accurate measurement of mitochondrial size, we isolated mitochondria from our 

treatment groups with the use of a mitochondrial isolation kit purchased from 

Peirce. The isolated mitochondria were stained for 15 minutes on ice with MTG 

or NAO and TMRM. From these samples we measured the forward scatter (FSC) 

to determine sizes by flow cytometry as well as the MFI’s of the two 

mitochondrial mass dyes (Fig. 14a and b).  No significant change in sizes was 

measured by FSC under either staining condition (Fig. 14c and d).  MTG showed 

no change in mass under any treatment condition in the isolated mitochondria.  

However, NAO did show a greater than 2.25 fold increase in mitochondrial mass 

after 2 hr NAC treatment (NAO MFI= 2.264±0.385, p= 0.046) (Fig. 14d).  There 

was also a significant 16% decrease in ∆Ψm in 2 hr NAC treated isolated 

mitochondria. (TMRM MFI= 0.845±0.025, p=0.025).  Analysis of the dot plots 

from our isolated mitochondrial samples identified two small populations that had 

very strong MTG and NAO signals but low TMRM signal (Fig. 14a and b).  

Tracking these two populations shown in red and blue circles we noted that the 

size of both populations’ changed based on which treatment was used.  

Statistical analysis of these two populations by ANOVA showed that NAO but not 

MTG was able to measure the differences seen in mass from both FSC and side  
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Figure 14 

 

 

Figure 14: Isolated mitochondria have distinct subpopulations. (a) Representative dot 

plots from isolated mitochondria stained with MTG and TMRM under each treatment group. (b) 

Representative dot plots from isolated mitochondria stained with NAO and TMRM under each 

treatment group. Mitochondria with high potential are shown in green, while low potential 

mitochondria are shown in grey. Two distinct sub populations of mitochondria are circled in 

blue (sub population 1) and red (sub population 2). (c) Bar chart of MTG stained mitochondria 

for total mitochondria as well as each sub population. (d) Bar chart of MTG stained 

mitochondria for total mitochondria as well as each sub populations. T-test (solid lines) and 2-

way ANOVA (dashed lines) with p<0.05 are shown. 
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scatter (SSC) measurements (Fig. 14c and d).  These data suggest that MTG 

was not accurately reporting mitochondrial mass, while NAO appeared to be a 

more accurate measurement of changes in mitochondrial mass. 

Mitochondrial proteins show minimal change after treatment conditions:  

Finally, we compared our findings from our flow cytometry staining groups to 

actual mitochondrial protein levels as measured by western blot.  We isolated 

whole PBL and measured the protein concentration of three different 

mitochondrial proteins: 1) The outer mitochondrial membrane protein VDAC (Fig. 

15a); 2) The inner mitochondrial membrane protein ANT (Fig. 15b); 3) and the 

electron transport chain complex I subunit NDUFS3 (Fig. 15b).  No significant 

changes in any protein expression were observed in either VDAC or ANT from 

any of the treatment groups.  The only significantly changed protein was 

NDUFS3 with a 37% decrease after 15 minutes of NAC treatment (p=0.014).   

These data suggest that while MTG and NAO under certain conditions show 

significant changes in mitochondrial size the protein level remains relatively 

unchanged.   

 

Discussion: 

Our data show that MTG and NAO localize to mitochondria independent of 

∆Ψm, but MTG does not provide accurate measurements of mitochondrial mass 

under all conditions.  In our whole cell studies we observed a correlation with 
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MTG MFI and our markers for cytosolic and mitochondrial oxidative stress.  One 

explanation for this is that MTG was acting as a substrate for the reduction  

Figure 15 

 

Figure 15: Mitochondrial mass proteins show decreased NDUFS3 after NAC treatment. 

(a) Representative western blot and actin normalized bar chart for VDAC protein levels.  (b) 

Representative western blot and actin normalized bar chart for ANT and NDUFS3 protein 

levels respectively.  P values shown are from paired t-tests with p<0.05.  
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of oxidized mitochondrial proteins like peroxiredoxin, thioredoxin, or glutaredoxin. 

The increase in MTG fluorescence we are detecting could be due to 2 

mechanisms: 1) oxidation by cysteines in mitochondrial proteins or 2) ROS 

generated by the ETC. These mechanisms could be possible explanations for 

why others have reported increased MTG signal after altering mitochondrial 

function, independent of whether the compound enhanced or dissipated the ∆Ψm 

117. Many of these treatments also alter the redox environment and may impact 

MTG fluorescence. Our data showed that the only treatment that did not result in 

a significant change in mitochondrial mass by MTG was NAC, a reducing agent. 

NAC treatment also showed minimal changes to ROS and RNS levels in 

mitochondria after 2 hours (Fig. 13a). NAO, which binds to cardiolipin showed a 

decrease in fluorescence in samples treated with NO.  When we used a Pearson 

correlation test on our data we saw a negative correlation between NAO and 

DAF-FM as well as NAO and DHR (Fig. A5).  This could be due to the oxidation 

of cardiolipin by ONOO-120 resulting in decreased binding of NAO.  

When we isolated mitochondria after treatment we saw no change to 

mitochondrial mass by FSC, despite the large changes in mass from MTG 

staining of whole cells.  The lack of change in mass by FSC but increased MTG 

staining could be a result of enhanced biogenesis of mitochondria coupled with 

fission of the mitochondria.  However, the lack of measurable change in 

mitochondrial protein levels by western blotting suggests that this was not the 

case. When we further compared our mitochondrial mass measurements in 

whole cells to our western results, we observed that NAO mass measurements 
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more closely resembled the changes seen in protein levels by western blotting, 

providing evidence that NAO is a more accurate mass marker than MTG. 

Analysis of whole cells showed dramatic changes in MTG fluorescence. 

However, isolated mitochondria had greater changes in NAO signal.  This 

suggests that NAO, while cell permeable, does not react the same way in whole 

cells as it does in isolated mitochondria, or that cardiolipin may become more 

exposed as a result of our isolation process. This needs further exploration.  

Flow cytometric analysis of isolated mitochondria identified two 

subpopulations that strongly stained positive with both MTG and NAO but had 

minimal TMRM signal.  These two populations were consistent in their location 

within the forward vs. side scatter plots between each treatment group (Fig. S4).  

These two populations of mitochondria might be from different subsets of cells 

within the isolated PBL.  With different cell types having different work load 

requirements the mitochondrial load in each subset would be different and might 

explain why we see these distinct groups. The use of isolated cell populations 

from PBL might help to elucidate where these populations derive from. However, 

the size of these populations does change based on the different treatment 

groups, particularly with the 15 minute treatment with either rotenone or NAC.  

Another possibility, given the low SSC from flow cytometry, which measures 

granularity, and higher FSC which measures size, the blue population could be 

swollen mitochondria.  With lower SSC and FSC, and low ΔΨm, the red 

population might be damaged mitochondria that were in the process of being 

broken down by the cell.  
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A significant decrease in NDUFS3 protein levels was measured by 

western blot after 15 minute 3mM NAC treatment.  This decrease was not 

present in our 2 hour treated samples.  With no difference seen in the level of 

either outer mitochondrial membrane protein VDAC, or inner mitochondrial 

membrane protein ANT after treatment with NAC, we propose that there may be 

a specific interaction between NAC and complex I. Given that we have previously 

described complex I respiration is directly inhibited by NAC112, this decrease 

could be a result of NAC’s inhibition of complex I.  One possible mechanism 

through which this might occur is NAC’s ability to disrupt disulfide bonds121, 

leading to loss of some complex I protein.  Further work is needed to explore this 

hypothesis. 

We have shown that MTG does not appear to be an accurate measures of 

mitochondrial mass under all conditions.  We have also provided evidence that 

this is not due to changes in ∆Ψm, but rather is the result of altered oxidative and 

nitrosative stress. While both MTG and NAO may be good markers for 

mitochondrial mass under physiological conditions, we believe it is critical to 

understand the ROS and RNS state of the mitochondria before using either of 

these dyes to determine mitochondrial mass by flow cytometry. 
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Chapter 5: 

GENERAL DISCUSSION  
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 In the past our laboratory has shown that SLE mitochondria have elevated 

mass, potential and are in a state of MHP34,58.  It has also been shown that this 

leads to decreased ATP and low levels of reduced GSH30,58.  SLE mitochondria 

have also been previously shown to have augmented Ca2+ stores due to 

elevated mitochondrial mass35,59.  It was from these findings that we began to 

look more closely at mitochondrial function in SLE.  By measuring the rate of 

respiration through each of the ETC complexes, we noted that SLE PBL had 

elevated respiration through both complex I and complex IV.  The respiration 

through complex I was also resistant to inhibition by exogenous addition of NO.  

The enhanced respiration and loss of regulation of complex I could account for 

the observed MHP seen in SLE.  Under conditions of MHP there is an elevation 

in the generation of O2
-.  O2

- can react with NO which can be generated by the 

ETC and form ONOO-.  ONOO- has been reported to inhibit FoF1 rotations122,123, 

thus resulting in the decreased ATP, which has been previously reported in 

SLE58. 

We wanted to look more closely at the function of complex I of the ETC. 

Given the elevation of both ROS and RNS that we have reported in SLE, it is 

curious that SLE mitochondrial complex I have elevated respiration compared to 

healthy controls.  We have also shown that complex I is resistant to inhibition by 

exogenous NO addition.  These findings led us to look at the possibility that SLE 

mitochondrial complex I is in the A form. This form is more resistant to SNO of 

the proteins ND3, NDUFA9 and ND1 and thus inhibition of activity through 

complex I87. The A form of complex I also does not show a lag in activation when 
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substrates are added to measure respiration. The methodology used to report A 

and D forms of complex I involve looking at the SNO of ND3.  ND3 was the first 

protein identified to have altered SNO based on whether complex I was in the A 

or D form114.  Many of the reports looking at SNO of ND3 use N-ethylmaleimide 

to lable ND3 and mass spectrometry to determine the SNO of ND387,114,124.  Here 

we have laid out a new method by which the SNO of ND3 is determined with the 

use of a SNO detection kit and an IP of complex I. With our method we were able 

to show that SLE PBL have decreased total SNO of complex I.  Using an ND3 

antibody to confirm size by western blots, we observed significant decrease in 

SNO of ND3 in SLE PBL.  We also provided more evidence of an increase in the 

A form of complex I in SLE by measuring the time to peak respiration in both 

healthy controls and SLE. It was observed that SLE PBL reached maximum rate 

of respiration of complex I faster than healthy controls.  These data combined 

with our decreased SNO levels suggests that SLE complex I has a greater 

amount of A form compared to healthy controls.  Analysis by mass spectrometry 

would confirm both the validity of our method and provide further evidence to our 

claim of increased A form in SLE. 

We outlined in chapter 3 a model for how SLE PBL might drive the shift to 

increased A form of complex I (Fig. 12).  Briefly, the elevation in Ca2+ due to the 

enhanced mass of SLE mitochondria would drive TCA cycle activity, providing 

more NADH which has been shown to lead to a shift from D form to A form for 

complex I.  Testing this model would require the use of a Ca2+ chelator such as 

BAPTA-AM (Sigma-Aldrich). Reducing the cellular Ca2+ in SLE PBL should 
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decrease the activity of the TCA cycle; reducing the rate at which NADH is 

generated could potentially shifting complex I back to the D form.  This could lead 

not only to a reduction in complex I activity, but reductions in ROS, RNS 

generation and MHP for SLE mitochondria.  If Ca2+ is indeed driving the shift to 

the A form of complex I in SLE, the targeting of Ca2+ uptake into mitochondria 

could be a new therapeutic target for treatment of SLE. 

 Previous work with NAC by our laboratory has helped to identify NAC as a 

therapeutic for individuals with SLE30.  NAC was not only well tolerated by SLE 

patients it helped reduce both SLEDIA and BILAG disease activity scores.  

However, NAC did raise MHP in patients after three months of treatment.  This 

prompted us to look deeper at the role of NAC treatment on cellular and 

mitochondrial function.   When we measured NAC treatment on mitochondrial 

homeostasis we noted that in vitro treatment with NAC led to significant 

decreases in ROS and RNS concentrations with the overnight treated PBL.  

Twenty four hour in vitro treatment also decreased ∆Ψm as measured by flow 

cytometry.  However, when we looked at the protective role of NAC against NO 

with the use of the NO donor NOC-18 we observed that NAC was able to protect 

against the elevation of NO and Ca2+ within cells, but failed to prevent NO 

induced inhibition of complex I.  When the effect on respiration was measured we 

found that NAC directly inhibited complex I activity.  This inhibition was due to a 

direct interaction of NAC with complex I as removal of NAC by washing PBL 

restored complex I activity.  
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 NAC’s ability to directly block respiration of complex I provides an 

explanation for why an increase in ∆Ψm was seen in SLE patients treated with 

NAC after three months.  This enhanced ∆Ψm could be due to the inhibition of 

complex I respiration. It was not seen early in NAC treatment as the 

concentration of NAC might need to build up over time in individuals; once 

patients stopped taking NAC the ∆Ψm came back down.  Furthermore, we noted 

that NAC treatment for 15 minutes did show a significant reduction in the 

mitochondrial complex I protein NDUFS3 ROI levels; however, no changes were 

seen after 2 hours of NAC treatment.  This could be the result of NAC potentially 

inhibiting mitochondrial complex I activity by causing turnover of complex I in 

mitochondria.  Other complex I proteins from both the arm such as NDUFV1 and 

proteins that make up the membrane bound portion like ND3 and NDUFA2 of 

complex I125 should be examined at to determine if just the arm section of 

complex I is potentially being disassociated from the membrane bound portion of 

complex I by NAC, or if the whole protein is being targeted.  These data provide 

novel insights into the mechanism by which NAC helps to regulate ROS and 

RNS concentrations in cells as well as ∆Ψm, through controlling complex I 

activity.  Further studies will need to be performed to confirm the function of NAC 

on complex I.  

 Our examining of NAC’s effects on mitochondrial function also identified 

inconsistency in the two mitochondrial mass markers we used to measure 

mitochondrial mass by flow cytometry. Measuring mitochondrial mass by flow 

cytometry you are measuring the intensity of the stain after it is excited by the 
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appropriate laser.  The intensity is then assumed to be related to how much dye 

has entered the mitochondria and is relative to the mass of the mitochondria 

within the cell.  What we have reported here is that the mitochondrial mass dye 

MTG showed >2 fold changes in mitochondrial mass after 2 hour Rotenone 

treatment, and close to 1.5 fold increase after just 15 minutes. However, this 

rapid increase in mitochondrial mass that was reported by MTG was not seen 

when we stained with the mitochondrial mass marker, NAO.  NAO staining 

showed minimal changes to mitochondrial mass of 17% after 15 minutes and no 

change after 2 hours after rotenone treatment.  We had also noticed that with NO 

treatment, MTG showed a ~2.5 fold increase in MFI while NAO was half that of 

untreated samples.  Comparing both dyes to markers for ∆Ψm, ROS, NO and 

RNS found that MTG positively correlated with markers for both ROS, NO and 

RNS, while NAO negatively correlated with RNS and NO.  This suggests that 

these two markers for mitochondrial mass were being influenced by the 

concentrations of ROS and RNS in the mitochondria.  The uses of antioxidant 

inhibitors, such as 2-methoxyestradiol a SOD-2 inhibitor or L-buthionine 

sulfoximine a GSH synthase inhibitor, could be employed to alter the redox state 

of the mitochondria, in order to confirm our finding. 

 Based on these new findings concerning the differential reporting of 

mitochondrial mass by the dyes MTG and NAO, we can go back and re-interpret 

some of our results from chapter 2.  Samples that had been incubated overnight 

with anti-CD3 and CD28, showed a rise in ROS, RNS and NO compared to 

unstimulated controls.  However, there also was a rise in mitochondrial mass as 
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measured by both MTG and NAO, with MTG showing a significant rise and NAO 

showing no difference between TCR-activated healthy controls or the matched 

SLE PBL.  The increase in mass as measured by both dyes is most likely due to 

the increase in mitochondrial mass associated with activation of T cells. The lack 

of significant change seen by NAO staining could be a result of the large 

elevation in RNS and NO that accompanies T cell activation.  Furthermore, we 

did not see a decrease in T cell activated NAO staining despite the enhanced 

RNS and NO, which we had shown negatively correlate with NAO staining.  This 

might be due to the increased SOD and GSH found in activated T cells.  In 

activated T cells the response to the enhanced ROS and RNS increased SOD-2 

and GSH synthesis, which might control the mitochondrial ROS and RNS 

concentrations126,127, reducing their effect on both MTG and NAO; while 

maintaining a higher ROS and RNS concentration in the cytosol where they act 

as messengers for proliferation and T cell response.   

 When we compared the MTG and NAO results from our overnight NAC 

treated PBL, MTG but not NAO showed a significant decrease in mitochondrial 

size compared to untreated healthy controls and SLE PBL.  Given the significant 

reduction in ROS and RNS in overnight NAC treated PBL, the reduction we 

measured in mitochondrial mass might be due more to the change in ROS and 

RNS and not caused by NAC. 

 It is clear now that the changes in mitochondrial mass measured after 

NOC-18 treatment and NOC-18 + NAC treatments shown in Figure 5 were most 

likely due in part to the role of NAC in reducing the cellular environment and not 
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entirely from NO.  Although NO has been shown to lead to mitochondrial 

biogenesis, the diametrically opposing results of NAO and MTG staining of PBL 

after overnight treatment with NOC-18 suggests that the changes we measured 

by flow cytometry were not accurate representations of the mitochondrial 

biogenesis induced from NO exposure. 

 It is worth noting that, despite our overall discrepancies, in mass 

determined by MTG and NAO, we have determined mitochondrial mass of SLE 

PBL by transmission electron microscopy imaging of healthy control and SLE 

mitochondria; these tests confirmed the enhanced mitochondrial mass of SLE 

PBL34.  It is clear that care is needed when measuring mitochondrial mass by 

flow cytometry, as the available dyes are not accurate under all conditions.  

Another concern is that these dyes also fail to provide information on the number 

of mitochondria within the cell.  So cells which have greater signal could have 

either larger mitochondria or more mitochondria.  Transmission electron 

microscopy or fluorescence microscopy, which can visualize mitochondria, are 

more accurate methods to determine changes in mitochondrial size. 

Limitations 

 The biggest limitation we encountered while doing this work was our 

inability to look at individual subsets of cells within the PBL, due to the high cell 

numbers needed to accurately measure the rates of respiration.  We were able to 

look at negatively isolated T cells since they make up roughly 70% of PBL.  Our 

results from negatively isolated T cells did provide some similar and some 



101 
 

 

exaggerated results compared to our total PBL population after TCR stimulation. 

However, we were not reliably able to obtain enough T cells from each individual 

to have made this a viable method to compare for all are different studies.  The 

use of a more sensitive machine such as a Seahorse Bioscience XF analyzer 

would provide the ability to look at specific sub sets of T cells to identify if the 

changes we have reported here are due to global shifts or just alteration from a 

single subset of cells. 

 Another limitation we had was our lack of a diverse ethnic population in 

which to look at mitochondrial dysfunction in SLE.  Our SLE donors were almost 

entirely Caucasian and with increased disease severity found in both Latina and 

African American patients the changes we see in mitochondrial dysfunction might 

be more exaggerated in those ethnic populations as well. 
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Chapter 6: 

CONCLUSION  
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 SLE is an autoimmune disease characterized by T cell and B cell 

dysfunction and the production of ANA.  SLE affects many of the body’s organs 

and systems.  As a result of the diverse damage caused by SLE, patients’ quality 

of life and outcomes are generally poor.  Recent studies with drugs that target 

mitochondrial function have shown success in managing SLE26,30.  Here we have 

presented evidence that SLE mitochondrial dysfunction is in part due to the 

dysregulation of ETC. We measured increased respiration through complex I, 

and complex IV of the ETC, and upon TCR stimulation.  SLE complex I have 

increased O2 consumption and were resistant to inhibition by NO.  Complex I 

also had decreased SNO and shorter time to peak activity compared to healthy 

controls, providing evidence of a possible shift in SLE complex I to the A form.  

The results appear to be specific to SLE complex I, as no significant change 

were seen in complex I respiration in IA.  The drug NAC, which has been shown 

to ameliorate disease activity in SLE patients30, was shown to directly inhibit 

complex I respiration.  NAC reduced NDUFS3 protein levels as measured by 

western blotting (figure 15), providing evidence of a possible mechanism for NAC 

regulation of complex I through turnover of part or all of complex I. 

 We have also provided evidence that the mitochondrial mass dyes MTG 

and NAO fluorescence intensity correlate to changes in the redox state of the 

mitochondria.  This suggests that flow cytometry measurements of mitochondrial 

mass under conditions of redox stress are not accurate measurements of 

mitochondrial size and more visual methods for characterizing mitochondrial 

mass should be employed. 
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 The work we have done supports the conclusion that regulation of 

complex I activity is dysfunctional in SLE, enhancing the production of ROS and 

RNS in SLE mitochondria and leading to altered cellular signaling.  The drug 

NAC, which has been shown to be an effective treatment for patients with SLE30 

is able to regulate complex I activity.  These finding provide an exciting new 

target for treatment of SLE, where regulation of complex I in SLE PBL could help 

to ameliorate disease activity.   
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Chapter 2:Increased Mitochondrial Electron Transport Chain Activity at 
Complex I is Regulated by N-acetylcysteine in Lupus Lymphocytes  
 

Figure A1 

 

 



107 
 

 

Figure A1. SLE PBL have elevated ROS, RNS, mitochondrial mass and 

potential. A, Flow cytometry of mitochondrial mass (NAO and MTG), 

Δψm,(DiOC6 and TMRM), ONOO- (DAR-4M), NO (DAF-FM), H2O2 (DCF-DA), 

mitochondrial Ca2+ levels (Rhod-2) in PBL of 48 SLE patients and 32 matched 

healthy controls after overnight incubation without and with CD3/CD28 co-

stimulation. MFI values were compared to those of control PBL normalized at 1.0 

for each experiment. Values normalized to mitochondrial mass were determined 

by MTG (B) and NAO fluorescence (C). Data were were log transformed and 

analyzed by two-tailed paired t-test; p values < 0.05 are indicated for each 

comparison. (D-F) Bonferroni corrected p values are shown for the same data.  P 

values <0.1 were considered significant.  
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Figure A2 

 

Figure A2. Mitochondrial mass-normalized O2 consumption by PBL of SLE 

patients and matched healthy controls. A and B, Mitochondrial mass-adjusted 

ETC activity was measured by O2 consumption in rested PBL of 48 SLE and 32 

matched healthy controls. O2 consumption in rested PBL was normalized to 

mitochondrial mass. Mitochondrial mass was assessed by MTG (A) and NAO 

mean fluorescence intensity (MFI) in lupus and matched healthy control PBL in 



109 
 

 

parallel (B). For each experiment, mitochondrial mass of lupus PBL was 

expressed relative to that of control PBL set to 1.0. C and D, Mitochondrial mass-

adjusted ETC activity measurement by O2 consumption in CD3/CD28-stimulated 

PBL of 48 SLE and 32 matched healthy controls. ETC activity was assessed 

relative to mitochondrial mass determined by MTG (C) and NAO fluorescence as 

described for resting cells (D). Data were log transformed and compared by 

paired t-test. P values < 0.05 are indicated for each comparison. 
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Figure A3 

Figure A3. NAC treatment of SLE with Bonferroni-corrected p values for 

data shown in Figure 4. Effect of NAC on Δψm, mitochondrial mass, NO, 

ONOO-, H2O2, Ca2+ levels in control and lupus PBL. A, Flow cytometry of 

mitochondrial mass (NAO and MTG), Δψm,(DiOC6 and TMRM), ONOO- (DAR-

4M), NO (DAF-FM), H2O2 (DCF-DA), mitochondrial Ca2+ levels (Rhod-2) in PBL 

of 24 SLE patients and 16 matched healthy controls incubated overnight without 

or with 3mM NAC. MFI values were compared to those of untreated control PBL 

normalized at 1.0 for each experiment. (B) MTG or NAO normalized MFI data of 

24 SLE and 16 matched healthy control PBL. Bonferroni corrected p values are 

shown, p values <0.1 were considered significant.   
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Chapter 4: Mitochondrial Mass Markers MitoTracker green and nonyl 

acridine orange correlate with redox changes in mitochondria 

Figure A4 

  

Figure A4. Mitochondrial mass and ROS and RNS assessment with 

fluorescent probes using Bonferroni-corrected p values for data presented 

in Figure 13. Bar chart of the normalized levels of mitochondrial flow dyes for 

each of our treatment groups from 12 experiments.  Bonferroni corrected p 

values are shown, p values <0.1 were considered significant.  
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Figure A5 

 

Figure A5 Pearson correlation of correlation data in figure 13. Results 

comparing MTG to ∆Ψm (TMRM and DiOC6), ROS markers (HE and DHR) and 

RNS markers (DCF-DA and DAF-FM) (c) Correlation results comparing NAO to 

∆Ψm (TMRM and DiOC6), ROS markers (HE and DHR) and RNS markers (DCF-

DA and DAF-FM). r and p values are shown for all graphs.  
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