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ABSTRACT 

 Endosomes and lysosomes (endolysosomes) are acidic organelles that 

are important both physiologically and pathologically. Implicated in the 

physiological and pathophysiological processes regulated by endolysosomes are 

readily releasable stores of cations including ferrous iron (Fe2+); an essential 

cofactor for the generation of reactive oxygen species (ROS). In determining the 

extent to which and mechanisms by which Fe2+ released from endolysosomes 

affects cellular functions it was important to determine levels of Fe2+ in 

endolysosomes. In some cells and by other researchers, FeRhoNox-1 was found 

to detect Fe2+ in acidic organelles known as Golgi. Here, using U87MG 

astrocytoma cells and primary cultures of rat neurons we report that FeRhoNox-1 

is highly specific for Fe2+, that FeRhoNox-1 positive stores are largely localized in 

endolysosomes and not in Golgi, that control levels of Fe2+ were 36.3 ± 13.6 µM 

in endolysosomes, and that the stores of Fe2+ in endolysosomes increased to  

75 ± 15.7 µM when cells were incubated with ferric ammonium citrate and 

decreased to 0.08 ± 0.05 µM when cells were incubated with the iron chelator 

deferoxamine. Furthermore, subpopulations of endolysosomes exist with 

extensive variability in Fe2+ content. Our findings demonstrate the utility of using 

FeRhoNox-1 to measure Fe2+ stores in endolysosomes and suggest that this 

probe will find important uses in better understanding cellular events downstream 

of released endolysosome Fe2+. 
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 Mitochondria are subject to iron overload under a variety of conditions and 

disease states, but it is not clear what are the subcellular origins of this iron nor 

its consequences. Endolysosomes are storage sites of ferrous iron (Fe2+), and 

the degree to which and the precise mechanisms by which endolysosome Fe2+ 

contribute to iron-dependent changes to mitochondria and cell injury remains 

uncertain. Here, our studies were aimed to determine the role of inter-organellar 

signaling of Fe2+ from iron-rich endolysosomes to mitochondria under 

pharmacologically-induced conditions. We demonstrated, in U87MG astrocytoma 

cells, mouse primary hepatocytes, and primary cultures of rat cortical neurons, 

that Fe2+ within endolysosomes was translocated to the mitochondria resulting in 

mitochondrial dysfunction and cell death. The weak-base chloroquine and the 

vacuolar-ATPase inhibitor bafilomycin A1 both de-acidify endolysosomes and 

both induced the release of Fe2+ and this resulted in increased concentrations of 

Fe2+ in the cytoplasm and in mitochondria. Furthermore, the endocytosed iron 

chelator, deferoxamine, inhibited the release of bafilomycin A1- and chloroquine-

induced release of endolysosome stores of Fe2+ and prevented the induced 

increases of ROS in cytoplasm and mitochondria. These findings demonstrate 

that redox-active Fe2+ in endolysosomes plays a key upstream role in 

mitochondrial iron accumulation and dysfunction, and deferoxamine might be 

potential adjunctive therapeutic strategies in preventing neurotoxicity and 

enhancing therapeutic outcomes of disease.  

 Drugs of abuse including the opioid morphine increase levels of reactive 

oxygen species (ROS) and predispose cells to insult-induced cell death. 
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However, it remains uncertain as to the underlying mechanisms. Iron has long 

been known to be required for the generation of mitochondrial ROS and 

endolysosomes are major storage sites of ferrous iron (Fe2+).  Yet, the degree to 

which and the precise mechanisms by which endolysosome iron plays a role in 

mitochondrial dysfunction remains uncertain. Here, our studies were aimed to 

determine the effects of morphine on inter-organellar signaling of Fe2+ from iron-

rich endolysosomes to mitochondria. We demonstrated, in U87MG astrocytoma 

cells, that endolysosome Fe2+ is translocated to mitochondria and results in 

mitochondrial dysfunction. Morphine de-acidification of endolysosomes caused 

the release of Fe2+ from endolysosomes and increased levels of Fe2+ in cytosol 

and in. The morphine-induced effects on endolysosome Fe2+ appeared to be 

regulated through mu opioid receptors because naloxone blocked the de-

acidification of endolysosomes by morphine and the release of endolysosome 

iron. Furthermore, the endocytosed iron chelator, deferoxamine, inhibited the 

release of redox-active Fe2+ into the cytosol and the morphine-induced increases 

in mitochondrial ROS. These findings demonstrate that redox-active Fe2+ in 

endolysosomes plays a key upstream role in mitochondrial dysfunction, and 

deferoxamine might be a potentially useful therapeutic strategy associated with 

opioid use disorders.   

 HIV-associated neurocognitive disorder (HAND) affects 50% of people 

living with HIV-1 despite viral suppression achieved by antiretroviral therapies. 

Pathologically, brain tissue from HAND patients has shown morphological 

changes to intracellular organelles including endolysosomes and mitochondria. 



xix 

Moreover, people living with HIV-1 show elevated iron serum levels and iron 

chelators have been suggested as an adjuvant therapy to antiretroviral 

therapeutics. Mechanistically, soluble factors including the HIV-1 coat protein 

gp120 have been implicated in HAND pathogenesis. Here, we tested the 

hypothesis that HIV-1 gp120-induced de-acidification of endolysosomes leads to 

an efflux of iron from endolysosomes and a subsequent increase in levels of 

cytosolic and mitochondrial reactive oxygen species (ROS). We used U87MG 

glioblastoma cells and time-lapse confocal microscopy to measure gp120-

induced changes in endolysosome pH, endolysosome iron, cytosolic and 

mitochondrial iron, and ROS levels. HIV-1 gp120 de-acidified endolysosomes, 

reduced endolysosome iron levels, increased levels of cytosolic and 

mitochondrial iron, and increased levels of cytosolic and mitochondrial ROS. 

These effects were all attenuated significantly by the iron chelator deferoxamine 

that only enters cells via endocytosis. These results suggest that cellular and 

subcellular effects of HIV-1 gp120 can be downstream of its ability to de-acidify 

endolysosomes and increase the release of iron from endolysosomes. Thus, 

endolysosomes might represent an early and upstream target for therapeutic 

strategies against HAND.  
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CHAPTER 1 

INTRODUCTION 

Endosomes and Lysosomes 

 The discovery and functional significance of endosomes and lysosomes 

were honored with Nobel prizes for lysosomes in 1955 by Christian de Duve (de 

Duve, 2005) and for endosomes and endocytosis in 1985 (Motulsky, 1986). 

Endosomes are membrane-bound compartments involved in the endocytic 

transport pathway, and molecules or ligands internalized from the plasma 

membrane follow this pathway to lysosomes for degradation. Alternatively, 

endocytosed materials and endosomes themselves can be recycled back to the 

plasma membrane from which they can release their contents extracellularly 

(Stoorvogel et al., 1991). The endomembrane system includes endosomes, 

lysosomes, the Golgi apparatus, endoplasmic reticulum, nuclear membranes; 

endosomes are known as sorting compartments of this system (Mellman, 1996). 

Endosomes are classified as early, sorting, or late, and as endosomes mature 

their lumen becomes more acidic where, eventually, they fuse with lysosomes as 

shown in Figure 1.1 (Futter et al., 1996, Luzio et al., 2000, Lafourcade et al., 

2008). This transition from late endosomes to lysosomes is unidirectional since 

late endosomes are consumed in the process of fusing with lysosomes. Thus, 
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Figure 1. 1.  The endolysosomal pathway: Schematic diagram showing early 

endosomes maturing into lysosomes. Also, the autophagy 
process is followed by fusion of autophagosomes either with 
lysosomes to form autophagosomes, or to late endosomes in 
which amphisomes fuse with lysosomes to form autolysosomes. 
(Cited from Hansen, T. BMC Biology (2011)). 

molecules in the lumen of endosomes transition into lysosomes. Because 

endosomes fuse with lysosomes as a part of the endomembrane pathway and 

the two are not distinguished in this study, the term “endolysosomes” will be used 

hereafter.  

 Endolysosomes have many key physiological functions including plasma 

membrane repair, cell homeostasis, energy metabolism, signal transduction, and 

immune responses (Settembre et al., 2013, Perera and Zoncu, 2016). The main 

function of endolysosomes is to process molecules taken in by cells and to 

recycle damaged cellular components, both of which are conducted by the 

hydrolytic enzymes within the lumen of endolysosomes (Perera and Zoncu, 
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2016). A defining feature of endolysosomes is their acidic internal pH, which 

ranges from 4.5 to 5.5. The acidic nature of endolysosomes is established and 

maintained by vacuolar H+ ATPase (v-ATPase) that pumps protons into the 

lumen of endolysosomes in conjunction with counterflux of other ion species 

such as Cl-, Na+, and K+ through membrane channels (Forgac, 2007, Ishida 

et al., 2013, Mindell, 2012B). The acidic luminal pH of endolysosomes provides 

an optimal environment for hydrolases that catalyze the degradation of 

macromolecules and the production of amino acids, monosaccharides, and free 

fatty acids, which are exported throughout the cell via permeases (Jezegou et al., 

2012, Rong et al., 2012, Liu et al., 2012, Sagne et al., 2001). The multiple 

endocytic pathways, including phagocytosis, macropinocytosis, clathrin and 

caveolin-dependent and -independent endocytosis, import macromolecules from 

the extracellular space to the endolysosome system for degradation (Conner and 

Schmid, 2003, Di Fiore and von Zastrow, 2014, Goldstein and Brown, 2015). It is 

through the self-catabolic process of autophagy that cytoplasmic 

macromolecules, damaged or misfolded proteins, and even entire organelles are 

captured and delivered to endolysosomes (Kaur and Debnath, 2015, Mizushima 

and Komatsu, 2011). Hence, endolysosomal processing of a variety of cargo is 

essential for the removal of cellular components, the elimination of damaged 

organelles, the termination of signal transduction, and the maintenance of 

metabolic homeostasis. These functions underscore the fundamental role of 

endolysosomes in maintaining cellular health. 
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 Endolysosomes are storage sites for ions including H+, Na+, K+, Cl-, Ca2+, 

Zn2+, Fe3+, and Fe2+ (Xu and Ren, 2015, Xiong and Zhu, 2016b) as they integrate 

and digest materials compartmentalized by endocytosis, phagocytosis or 

autophagy. These endolysosome ions have key roles in cellular functions. As 

known, H+ ions are important in maintaining the acidic environment, which 

provides an optimal environment for the activity of endolysosomal digestive 

enzymes (Mindell, 2012a). Ca2+ plays a role in vesicle trafficking (Wong et al., 

2012), and Na+ is important in the function of endolysosome transporters, 

including the SLC38 family transporters (Mackenzie and Erickson, 2004, Wang et 

al., 2015). K+ is known to regulate the membrane potential of endolysosomes as 

well as the Ca2+ homeostasis of endolysosomes (Cang et al., 2015, Cao et al., 

2015). Cl− regulates the membrane potential of endolysosomes as a counter-ion 

and also facilitates acidification of endolysosomes (Kasper et al., 2005, Lange et 

al., 2006). Fe2+ catalyzes the hydrolysis of H2O2 and produces reactive oxygen 

species (Dixon et al., 2012, Fenton, 1894). And, Zn2+ serves as a key coenzyme 

for many proteins (Tapiero and Tew, 2003). In addition, there are ion channels 

and transporters that mediate the flux or transport of these ions across 

endolysosomal membranes. As an example, two pore channels (TPCs) conduct 

Na+ and Ca2+ release from endolysosomes (Ishibashi et al., 2000, Calcraft et al., 

2009, Wang et al., 2012), and transient receptor potential mucolipin (TRPML) 

channels form non-selective cation channels on endolysosome membranes that 

are permeable to many types of positively charged ions (Dong et al., 2008, 

Eichelsdoerfer et al., 2010). Furthermore, defects in ion exchange can lead to 
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abnormal endolysosome morphology, defective vesicle trafficking, impaired 

autophagy, and diseases such as neurodegeneration and lysosomal storage 

disorders (Wong et al., 2012, Kasper et al., 2005, Cang et al., 2015, Lange et al., 

2006). Therefore, ions within endolysosomes play critical roles in maintaining 

endolysosomal function and these same ions can regulate cell survival.  

 Drug-induced de-acidification of the endolysosomes causes an efflux of 

cations such as Ca2+ from endolysosomes into the cytosol (Christensen et al., 

2002, Fernández et al., 2016b). These released cations then play crucial roles in 

exploiting cellular signaling pathways including endolysosomal exocytosis 

(Cheng et al., 2014, Medina et al., 2011). Thus, it has been important to 

determine the concentrations of endolysosomal ions to fully understand the roles 

they play in cellular function and dysfunction, as well as drug-induced 

ramifications due to altered ion homeostasis within endolysosomes. In 

endolysosomes, Na+ concentrations are in the range of 20-140 mM and K+ 

concentrations are in the range of 2-50 mM; both play key roles in controlling 

endolysosome acidification (Steinberg et al., 2010, Wang et al., 2012). Ca2+ 

concentration in endolysosomes is about 0.5 mM (Christensen et al., 2002, 

Lloyd-Evans et al., 2008), and Ca2+ efflux from endolysosomes is known to be 

important for signal transduction, organelle homeostasis, and organelle 

acidification (Luzio et al., 2000, Dong et al., 2010, Luzio et al., 2007, Morgan et 

al., 2011). Cl- concentrations within endolysosomes are about 80 mM (Stauber 

and Jentsch, 2013) and affect the function of catabolite exporters and regulate 

Ca2+ release (DeFelice and Goswami, 2007, Saito et al., 2007). Although 
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endolysosomes are the intracellular source of ferric iron (Fe3+) and ferrous iron 

(Fe2+), little to nothing is known about the level of ferrous iron stored within 

endolysosomes. One review article stated that Fe2+ ions within endolysosomes 

are in the low micromolar range (2-5 µM) because a higher ferrous iron 

concentration would lead to elevated ROS causing cell damage (Kiselyov et al., 

2011, Mills et al., 2010). However, the referred to study used the cytosolic iron 

stain Phen-Green to measure intracellular labile iron, which is not a 

measurement of endolysosome iron concentrations. Upon a further literature 

search, the Fe2+ concentration within endolysosomes was not found, possibly 

due to a lack of available probes. With ferrous iron being important in the 

formation of reactive oxygen species and oxidative damage, it is important to 

determine endolysosome levels of ferrous iron.  

Fenton Reaction, Haber-Weiss Reactions, and Reactive Oxygen Species 

 In 1894, H.J.H Fenton discovered that several metals have a special 

oxygen transfer property which improves the use of hydrogen peroxide. Since 

this discovery the iron-catalyzed production of hydrogen peroxide has been 

called Fenton’s reaction (Fenton, 1894). In addition, Fritz Haber and his student 

Joshua Weiss in 1932 developed the Haber-Weiss reaction in which hydroxyl 

radicals are generated from hydrogen peroxide and superoxide (Weiss, 1934). 

The main finding by Haber and Weiss was that hydrogen peroxide is 

decomposed by a chain reaction (Koppenol, 2001) and it proceeds by successive 

steps as shown below in Figure 1.2. Ferrous iron within the cell, known as free 

labile iron or chelatable iron, is a key reactant in the formation of the highly 
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Figure 1. 2.  Fenton and Haber-Weiss Reactions: H.J.H Fenton discovered 
that iron catalyzed hydrogen peroxide, and Haber and Weiss 
discovered hydroxyl radicals are generated from hydrogen 
peroxide and superoxide. 

reactive hydroxyl radical (HO.) from H2O2 and superoxide (O2-) from O2, which 

damages DNA, proteins, and membranes (Fenton, 1894) (Kehrer, 2000). The 

generation of reactive oxygen species (ROS) contributes to cellular dysfunction 

and cell death from oxidative stress and ischemia or reperfusion (Jaeschke et al., 

2002, Videla et al., 2003, Schwabe and Brenner, 2006). In 1970, there was an 

emerging interest for the effect of free radicals on ageing mechanisms of living 

cells due to oxygen (O2), so it was proposed that the Haber–Weiss reaction was 

a source of radicals responsible for cellular oxidative stress. However, this 

hypothesis was later disproved (Koppenol, 2001). The oxidative stress toxicity is 
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not caused by the Haber–Weiss reaction as a whole, but by the Fenton reaction, 

which is one specific part of it (Koppenol, 2001). 

Mitochondria, ROS, and Cellular Dysfunction 

 The term “mitochondria” was coined by Carl Benda in 1898 (Benda, 1898, 

Ernster and Schatz, 1981). Friedrich Meves made the first recorded observation 

of mitochondria in plants in 1904, and in 1925 the respiratory chain was 

described when David Keilin discovered cytochromes (Ernster and Schatz, 

1981). A mitochondrion is a double-membrane bound organelle in eukaryotic 

cells that generates most of the cell’s adenosine triphosphate (ATP) as a 

chemical source of energy; thus, mitochondria are termed the “powerhouse” of 

the cell (Siekevitz, 1957). In addition, mitochondria have key roles in signaling, 

cellular differentiation, cell death, and controlling the cell cycle and cell growth 

(McBride et al., 2006). Therefore, it is not surprising that mitochondrial 

dysfunction has been implicated in human disease including cardiac dysfunction 

(Lesnefsky et al., 2001), heart failure (Dorn et al., 2015), autism (Griffiths and 

Levy, 2017), and neurodegenerative diseases (Johri and Beal, 2012).  

 Mitochondria are an important source of ROS and they participate in redox 

signaling throughout cells (Andreyev et al., 2005, Muller, 2000, Balaban et al., 

2005). The first report that the respiratory chain produced ROS came in 1966 

(Jensen, 1966), which was followed by the pioneering work of Chance and his 

colleagues in 1979 who showed that isolated mitochondria produce H2O2 

(Chance et al., 1979). Later, it was confirmed that H2O2 generated within 

mitochondria was catalyzed from the dismutation of superoxide (Loschen et al., 
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1974). Near the same time, it was discovered that mitochondria contain their own 

SOD (superoxide dismutase) and MnSOD (manganese superoxide dismutase), 

which confirmed the biological significance of mitochondrial superoxide 

production (Weisiger and Fridovich, 1973). Since then, the literature has further 

elucidated the sources and consequences of mitochondrial ROS production and 

how it contributes to cellular dysfunction and a range of pathologies (Balaban et 

al., 2005, Droge, 2002). Specifically, it is now known that ROS production leads 

to oxidative damage of proteins, membranes, lipids, and DNA, as well as 

impairing mitochondria from synthesizing ATP and conducting normal metabolic 

functions such as amino acid metabolism, the tricarboxylic acid cycle, the urea 

cycle, and Fe-S assembly as shown in Figure 1.3 (Murphy, 2009).  

 Mitochondria have important functions in iron metabolism that includes the 

synthesis of iron-sulfur clusters (ISCs) and heme; both are vital for normal cell 

function. Iron is an important molecule involved in the electron transport chain 

because 12 proteins contain ISCs and 8 proteins contain heme in their active 

centers (Rouault and Tong, 2005). Further, mitochondria have a readily-available 

pool of redox-active iron (Petrat et al., 2002), and an increase in this iron pool 

directly associates with an increase in oxidative damage (Pelizzoni et al., 2011, 

Kumfu et al., 2012). Thus, mitochondrial iron levels are tightly regulated because 

a shortage affects processes that require iron as a co-factor such as the electron 

transport chain, whereas an excess of redox-active iron promotes the generation 

of elevated levels of ROS. Not surprisingly, mitochondrial iron accumulation has 

been associated with diseases including cancer and neurodegenerative diseases 
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Figure 1. 3.  Effects of mitochondrial ROS on cell physiology. ROS production 
within mitochondria leads to oxidative damage to proteins, 
membranes, lipids, and DNA, as well as impair mitochondria to 
synthesize ATP and carry out normal metabolic functions. 
Oxidative damage within mitochondria causes the release of 
cytochrome c to the cytosol and activating apoptosis, thus, 
mitochondrial damage contributes to a wide range of diseases. 
(Cited from Murphy, M., Biochemical Journal, 2009) 

(Zecca et al., 2004, Andersen et al., 2014, Urrutia et al., 2014, Enns, 2003). 

Cancer cells have a much higher requirement for iron and are sensitive to iron 

depletion (Richardson et al., 2009), and studies have shown that iron chelators 

induce apoptosis in cancer cells in vitro and reduce tumor size in vivo 

(Richardson et al., 2009, Kalinowski and Richardson, 2007). However, the 

mechanism of action by which iron chelators affect physiological and pathological 

processes are not fully understood (Bystrom et al., 2014). Although iron 
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metabolism and mitochondrial iron has been studied extensively, it still remains 

unclear where the excess iron in mitochondria is coming from and whether or not 

mitochondrial iron accumulation is a downstream or upstream event of disease. 

Deferoxamine (DFO) 

 Deferoxamine (DFO), otherwise known as Desferal or desferoxamine, is 

an iron chelator that was approved for medical use in 1968 (Ballas et al., 2018). 

Clinically, it is the only iron chelator proven of benefit and is used as adjunctive 

therapy for patients with acute iron overload or hemochromatosis (Mobarra et al., 

2016). DFO binds ferric and ferrous iron tightly rendering the molecule inactive 

and incapable of catalyzing redox reactions. DFO is used to treat iron overload 

because it has a large preference for iron over other ions such as calcium 

(Kd=10-31 M for iron, Kd=10-9 M for calcium) (Keberle, 1964). Iron ions have six 

electrochemical coordination sites, and a chelator molecule that binds all six sites 

completely inactivates labile iron. These chelators are termed hexidentate, and 

DFO is an example that chelates iron in a one-to-one ratio (Keberle, 1964). 

Furthermore, it has been shown that DFO cannot enter the cell by passive 

diffusion but enters the cell by endocytosis and remains within endolysosomes 

(Doulias et al., 2003, Lloyd et al., 1991b).  

Rationale, Purpose, and Hypotheses 

 Previous studies have emphasized the importance of measuring the 

concentration of ferrous iron in endolysosomes, which could lead to determining 

the extent to which and the mechanisms by which endolysosome Fe2+ plays a 

role in cellular processes (Xiong and Zhu, 2016b). However, to-date there are no 



12 

available probes with which to assess endolysosome Fe2+. Therefore, the 

purpose of the first study, outlined in Chapter 2, is to characterize a fluorescence 

probe that might be specific for ferrous iron within endolysosomes and that might 

find use as a probe to measure the iron concentrations in various types of cells. 

The hypothesis to be tested in our first study was that FeRhonox-1 is highly 

specific for Fe2+ molecules, localizes to endolysosomes, and it can be used to 

determine the role of endolysosome Fe2+ in cellular mechanisms. 

 Previous studies have shown that de-acidification of endolysosomes 

induced by certain drugs such as bafilomycin A1 and chloroquine causes a 

release of Ca2+ from endolysosomes into the cytosol (Christensen et al., 2002, 

Fernández et al., 2016b). In addition, previous works have determined the 

significant role iron plays in mitochondrial damage without the knowledge of 

where excess iron is coming from (Stehling et al., 2013, Carroll et al., 2011). 

Therefore, the purpose of the second study, outlined in Chapter 3, is to 

determine the role of endolysosome ferrous iron in inter-organelle communication 

with mitochondria. The hypothesis of this study is that ferrous iron within 

endolysosomes is translocated to the mitochondria induced by the 

pharmacological agents’ chloroquine and bafilomycin A1 that de-acidify the 

endolysosomes. The increase in mitochondrial iron leads to increased ROS 

levels and cell death.  

 The third study, outlined in Chapter 4, is an extension of the second study 

but looking at drugs of abuse. Drugs of abuse have been associated with 

neurodegenerative disorders, and, more specifically, evidence shows that drugs 
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of abuse increase free radicals and mitochondrial dysfunction such as decreased 

cellular energy production (Xu et al., 2011, Cunha-Oliveira et al., 2013). The 

purpose of this study is to determine if a drug of abuse, morphine, causes 

mitochondrial dysfunction due to endolysosome communication by Fe2+. The 

hypothesis of this study is that morphine de-acidifies endolysosome pH releasing 

Fe2+ into the cytosol and then taken up by the mitochondria leading to 

mitochondrial ROS.  

 The fourth study, outlined in Chapter 5, which is also an extension of the 

second study looks at HIV-1 associated proteins and their effect on 

endolysosomes and mitochondrial communication by exploiting iron. Previous 

studies have shown that the HIV-1 associated proteins glycoprotein (gp120) and 

trans-activator of transcription protein (Tat) exploit endolysosome Ca2+ and pH 

(Nath et al., 1995, Hui et al., 2012b)). Thus, the purpose of this study is to 

determine the role of gp120 in endolysosome and mitochondria communication 

by iron. The hypothesis of this study is that gp120 de-acidifies endolysosome, 

releases endolysosome iron into the cytosol, and this iron is taken up by the 

mitochondria.  
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Abstract 

 Endosomes and lysosomes (endolysosomes) are acidic organelles that 

are important both physiologically and pathologically. Implicated in the 

physiological and pathophysiological processes regulated by endolysosomes are 

readily releasable stores of cations including ferrous iron (Fe2+); an essential 

cofactor for the generation of reactive oxygen species (ROS). In determining the 

extent to which and mechanisms by which Fe2+ released from endolysosomes 

affects cellular functions it was important to determine levels of Fe2+ in 

endolysosomes. In some cells and by other researchers, FeRhoNox-1 was found 

to detect Fe2+ in acidic organelles known as Golgi. Here, using U87MG 

astrocytoma cells and primary cultures of rat neurons we report that FeRhoNox-1 

is highly specific for Fe2+, that FeRhoNox-1 positive stores are largely localized in 

endolysosomes and not in Golgi, that control levels of Fe2+ were 36.3 ± 13.6 µM 

in endolysosomes, and that the stores of Fe2+ in endolysosomes increased to 

75 ± 15.7 µM when cells were incubated with ferric ammonium citrate and 

decreased to 0.08 ± 0.05 µM when cells were incubated with the iron chelator 

deferoxamine. Furthermore, subpopulations of endolysosomes exist with 

extensive variability in Fe2+ content. Our findings demonstrate the utility of using 

FeRhoNox-1 to measure Fe2+ stores in endolysosomes and suggest that this 

probe will find important uses in better understanding cellular events downstream 

of released endolysosome Fe2+. 
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Introduction 

 The existence and functional significance of lysosomes and endosomes 

was honored with Nobel prizes for lysosomes in 1955 (de Duve, 2005) and for 

endosomes and endocytosis in 1985 (Motulsky, 1986). Endosomes and 

lysosomes (here after referred to as endolysosomes) are now known to regulate 

many physiological functions including plasma membrane repair, cell 

homeostasis, energy metabolism, nutrient-dependent signal transduction, and 

immune responses (Perera and Zoncu, 2016, Settembre and Ballabio, 2013). 

Pathologically, morphological and functional changes to endolysosomes have 

been described for a wide spectrum of diseases including cancer and 

neurodegenerative diseases (Colacurcio and Nixon, 2016). 

 A defining feature of endolysosomes is their acidic luminal pH; a discovery 

that predates the description of lysosomes by 60 years (Lellouch, 1993). 

Endolysosome acidification is mainly regulated by vacuolar-ATPase that drives 

protons against their electrochemical gradients into the lumen of endolysosomes 

(Perera and Zoncu, 2016). Such transmembrane proton gradients are well known 

to exist in endolysosomes as well as in mitochondria, Golgi complex, secretory 

granules, and plasma membranes (Mindell, 2012a). Endolysosome acidity is also 

essential for the functionality of 60 different hydrolase enzymes and the fusing of 

autophagosomes with lysosomes to form autophagolysosomes (Ktistakis and 

Tooze, 2016). 

 Endolysosomes are known to contain high levels of transition metals 

including iron, copper and zinc as well as readily releasable stores of calcium 



17 

(Hui et al., 2015, Xu and Ren, 2015). Iron, in particular, is essential for a variety 

of important biological events and iron overload has been implicated in such 

diseases as cancer and neurodegenerative diseases. Ferric iron (Fe3+) bound to 

transferrin enters cells by endocytosis whereupon it is reduced to unbound labile 

ferrous iron (Fe2+). Because of the importance of Fe2+ as a catalyst of Fenton and 

Haber-Weiss reactions that generate potentially toxic levels of reactive oxygen 

species (ROS), it is important to know the extent to which and the mechanisms 

by which Fe2+ exits endolysosomes and enters the cytosol and mitochondria.  

 About five years ago, the fluorescence ‘turn-on’ probe FeRhoNox-1 was 

found to have pronounced specificity for Fe2+ versus other biologically relevant 

metal ions (Mukaide et al., 2014). It was also shown that FeRhoNox-1 labels Fe2+ 

stores in acidic Golgi organelles at least in some cells (Hirayama et al., 2013). 

However, to date, no reports have appeared determining whether FeRhoNox-1 

labels Fe2+ alternatively in endolysosomes and whether FeRhoNox-1 can be 

used to quantitatively measure levels of Fe2+ in endolysosomes. Here, we report 

that FeRhoNox-1 was highly specific for Fe2+ versus other cations such as 

calcium, magnesium, copper and zinc. Further, FeRhoNox-1 positive stores were 

selectively localized in endolysosomes and that subpopulations of 

endolysosomes exist with extensive variability in Fe2+ content. And, finally as a 

proof of principle for quantitative measurements of labile iron stores, 

endolysosome Fe2+ stores were increased with ferric ammonium citrate 

supplementation and were decreased with the iron chelator deferoxamine. It is 
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likely that FeRhoNox-1 will find extensive use for better understanding the 

physiological relevance and pathological significance of Fe2+ in living cells.  

Materials and Methods 

Cultures of U87MG Astrocytoma Cells  

 U87MG cells were cultured in DMEM (Invitrogen) supplemented with 

10% fetal calf serum and penicillin/streptomycin (Invitrogen). Cells were grown to 

about 40% confluence (~15,000 cells) in 35 mm2 plastic culture dishes coated 

with poly-D-lysine in a 37oC and 5% CO2 environment.  

Primary Cultures of Rat Neurons  

 Primary neuronal cultures were prepared with cortical tissue from male 

and female Holtzman E17 rat embryos, as we have previously described (Festa 

et al., 2015, Sengupta et al., 2009, Pitcher et al., 2014). We prepare two different 

types of primary neuronal cultures, which allow for isolation of cortical neurons in 

the presence or absence of glia. Most of the experiments used primary cortical 

neurons grown in the absence of glia (neurobasal cultures), as originally 

described by (Brewer et al., 1993). Briefly, dissected cortical neurons were plated 

in Neurobasal medium containing 2% heat inactivated horse serum (Hyclone), 

2% B-27 supplement 50X (Gibco), 1% GlutaMAX (Gibco), and X uM L-Glutamic 

acid (Tocris 0218) for the first four hours of culture. Next, cultures were washed 

with neurobasal medium, before replacement with the same neurobasal medium 

formula, without horse serum. On fifth day in vitro (DIV 5), medium was replaced 

with neurobasal, containing 2% B27 and 1% Glutamax; the medium was 

changed every four days for the rest of the culture.  Select experiments used 
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primary cortical neurons cultured in the presence of a glial feeder layer (bilaminar 

cultures), as we described previously (Shimizu et al., 2011). The bilaminar 

culture system is more similar to the in vivo environment due to the presence of 

glia during neuronal maturation and throughout the culture; however, it still 

enables direct investigation of neurons, as they can be separated from the glial 

layer. Dissected primary neurons were plated in DMEM with 10% heat 

inactivated horse serum (Hyclone) for four hours. Following a wash with DMEM, 

culture media was changed to DMEM containing 1% N2.1 supplement (Gibco), 

and X mg Ovalbumin (Sigma). One-half of the culture medium was replaced 

every 7 DIV. Neurons were typically used for experiments from day 9-14 in vitro.  

FeRhoNox-1 Specificity for Fe2+ 

 To determine the specificity of FeRhoNox-1 for Fe2+, we first used a cell-

free system and a LSM800 laser scanning microscope system (Zeiss). 

FeRhoNox-1 was added to plates at a final concentration of 10 µM, and FeCl2, 

FeCl3, MgCl2, CaCl2, and ZnCl2 were added at final concentrations ranging from 

1 to 1000 µM in water. Following the addition of the reagents, plates were 

incubated at room temperature for 1 h and then analyzed at an excitation 

wavelength of 537 nm and an emission wavelength of 569 nm.  

Identification of FeRhoNox-1 Positive Organelles in U87MG Cells 

 Individual culture dishes containing U87MG cells were incubated with 

FeRhoNox-1 (10 µM) for 1 h, washed 3-times with PBS, and then imaged using a 

LSM800 laser scanning microscope system (Zeiss) at excitation and emission 

wavelengths of 537 and 569 nm, respectively. U87MG cells were incubated with 
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the late endosome/lysosome marker LysoTracker Green DND-26 (10 µM, 

Invitrogen) for 30 min at 37°C. Fields were chosen at random and at least five 

images from every experimental condition were acquired by confocal microscopy 

(LSM800, Zeiss). Pearson correlation coefficients were then determined for the 

colocalization of FeRhoNox-1 positive and LysoTracker-positive endolysosomes 

after the images were merged. Using Imaris software the LisICQ was determined 

for colocalization of FeRhonox-1 positive and LysoTracker-positive 

endolysosomes. 

Identification of Golgi-Positive Organelles in U87MG Cells  

 CellLight™ Golgi-GFP, BacMam 2.0 (ThermoFisher) was used to stain 

Golgi. Golgi-GFP was added to dishes of U87MG cells at a concentration of  

1 × 108 CellLight® particles/mL and after incubating cells overnight at 37oC in a 

5% CO2 environment, cells were washed 3-times with PBS and then imaged 

using confocal microscopy (LSM800, Zeiss) at excitation and emission 

wavelengths 488 and 510 nm, respectively. Pearson correlation coefficients were 

then determined for the colocalization of FeRhoNox-1 positive and LysoTracker-

positive endolysosomes after the images were merged.  

Materials 

 FeRhoNox-1 was purchased from Goryo Chemical Company (Japan). All 

other reagents including FeCl2, FeCl3, MgCl2, CaCl2, and ZnCl2 were obtained 

from standard sources (Millipore Sigma and ThermoFisher).  
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Statistical Analysis 

 All data were presented as means + standard deviation (SD). Statistical 

significance between two groups was analyzed with a Student’s t-test, and 

statistical significance among multiple groups was analyzed with one-way 

ANOVA plus a Tukey post-hoc test. p<0.05 was accepted to be statistically 

significant. Pearson Correlation Coefficients were performed using ImageJ 

software.  

Results 

FeRhoNox-1 specificity for Fe2+ 

 We first determined the specificity with which FeRhoNox-1 labels Fe2+. 

FeRhoNox-1 at a concentration of (5 μM) was incubated for 1 h in the absence or 

presence of FeCl2, FeCl3, MgCl2, CaCl2, and ZnCl2 at final concentrations 

ranging from 1 to 1000 µM. Following the incubations, aliquots were imaged by 

confocal microscopy. FeRhoNox-1 fluorescence was found to be highly specific 

for Fe2+ and not Fe3+ (Figure 2.1). FeRhoNox-1 fluorescence did not increase 

significantly in the presence of MgCl2, CaCl2 or ZnCl2 at any of the 

concentrations tested (see Supplemental Figure S.2.A.).  

FeRhoNox-1 labels endolysosome stores of Fe2+ 

 We next determined the extent to which FeRhoNox-1 positive stores of 

Fe2+ colocalized with LysoTracker-positive endolysosomes. Confocal microscope 

images of FeRhoNox-1 positive staining showed a normally distributed pattern of 

endolysosome staining (Figure 2.2). The late endosome/lysosome marker 

LysoTracker showed a staining pattern similar to that observed for FeRhoNox-1 
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in U87MG cells (Figure 2) and in primary cultures of rat neurons (Data not 

shown). When the images for FeRhoNox-1 and LysoTracker were merged, the 

staining patterns showed a very high degree of colocalization; the Pearson 

correlation coefficient for the colocalization was 0.84 + 0.03.  

 To further differentiate the observed localization of FeRhoNox-1 in 

endolysosomes, we determined next the extent to which FeRhoNox-1 staining 

colocalized with EEA1-positive early endosomes and LAMP1-positive late 

endosomes/lysosomes. As expected, confocal microscope images of FeRhoNox-

1 positive staining showed a normally distributed pattern of staining (Figure 2.3). 

The FeRhoNox-1-positive staining showed a very high degree of colocalization 

with EEA1-positive endosomes; the Pearson correlation coefficient for RhoNox-1 

and EEA1 colocalization was 0.86 + 0.04. The FeRhoNox-1-positive staining also 

showed a moderate degree of colocalization with the LAMP1-positive late 

endosomes/lysosomes; the Pearson correlation coefficient for FeRhoNox-1 and 

LAMP1 colocalization was 0.56 + 0.05. 

FeRhoNox-1 Positive Stores of Fe2+ Were Not Highly Expressed in Golgi 

 Having observed FeRhoNox-1 positive staining in endosomes and 

lysosomes, we next wanted to specifically determine the extent to which 

FeRhoNox-1 positive staining might also be co-localized in Golgi. FeRhoNox-1-

positive and Golgi Tracker-positive Golgi staining was observed in U87MG cells, 

but the staining patterns showed distinct differences (Figure 2.4). When the 

images were merged, FeRhoNox-1-positive staining a weak degree of 
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colocalization with Golgi Tracker-positive staining (Figure 2.4); the Pearson 

correlation coefficient for the colocalization was 0.13 + 0.06. 

FeRhoNox-1 Fluorescence Intensity Increased with Ferric Ammonium 
Citrate (FAC) and Decreased with Deferoxamine (DFO) 

 As a proof of principle for the utility of FeRhoNox-1 to measure 

quantitatively labile levels of iron, we next determined the extent to which 

increasing or decreasing levels of Fe2+ in endolysosomes were reflected by 

changes in FeRhoNox-1 fluorescence intensity. Incubation of U87MG cells for 

1 h with FAC (50 µM) to increase levels of endolysosome Fe2+ resulted in 

statistically significant (p<0.001) increases in FeRhoNox-1 fluorescence intensity 

to 146 ± 6 % from that of normal control cells of 101 ± 5 % (Figure 5B,D). 

Incubation of U87MG cells for 1 h with the iron chelator DFO (25 µM) to decrease 

levels of Fe2+ in endolysosomes resulted in statistically significant (p<0.0001) 

decreases in FeRhoNox-1 fluorescence intensity to 51 ± 5 % of control values 

(Figure 5C,D). Because little is known about quantitative levels of Fe2+ in 

endolysosomes we next developed a standard curve of the FeRhoNox-

1/Lysotracker ratios at concentrations of Fe2+ ranging from 10 to 100 µM. We 

observed a very strong linear relationship between FeRhoNox-1/Lysotracker 

ratios and Fe2+; the Pearson correlation coefficient for the colocalization was  

0.92 + 0.02 (Figure 5E). Using this standard curve, we determined that levels of 

Fe2+ under normal conditions were 36.3 + 13.6 µM, and that levels of Fe2+ were 

75.0 + 15.7 µM in cells pretreated with FAC and were 0.08 + 0.05 µM in cells 

pretreated with DFO (Figure 5E).  
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Intracellular Endolysosome Fe2+ Concentration Variability  

 Qualitatively, it appeared that concentrations of Fe2+ varied greatly among 

endolysosomes in individual cells. In order to measure quantitatively, the range 

of Fe2+ contained in subpopulations of endolysosomes we first developed a 

standard concentration-response relationship of the FeRhonox-1/LysoTracker 

ratio using a cell-free system. Individual endolysosome Fe2+ levels were 

measured and the data were separated into bins of 0-25, 26-50, 51-75, 76-100, 

and 100-150 µM (Figure 6). Although the average concentration of Fe2+ under 

normal conditions was 36.3 + 13.6 µM, the concentrations of Fe2+ in 

endolysosomes varied greatly and ranged from undetectable to over 100 µM.  

Discussion 

 Intracellular labile iron regulates a variety of physiological functions and 

increased levels of intracellular Fe2+ have been implicated in the genesis of a 

number of pathological conditions including cancer and neurodegenerative 

diseases (Rockfield et al., 2017, Padmanabhan et al., 2015). In non-intestinal 

cells, virtually all Fe3+ is endocytosed bound to transferrin whereupon it is 

reduced in endolysosomes to Fe2+ (Kurz et al., 2011). Thus, it is very important to 

be able to measure levels of Fe2+ in endolysosomes to appreciate its 

physiological roles and pathological relevance. However, due in part to the lack 

of probes with which to study endolysosome stores of Fe2+, it has been difficult to 

determine the degree to which and the mechanisms by which endolysosome 

Fe2+ affects physiologically- and pathologically-relevant processes. One such 
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probe is FeRhoNox-1; a highly selective turn-on fluorescence compound capable 

of detecting levels of Fe2+ in acidic organelles (Hirayama et al., 2013).  

 In agreement with previous studies (Hirayama et al., 2013, Mukaide et al., 

2014) we found that FeRhoNox-1 was highly selective for Fe2+; no significant 

increases in fluorescence were observed with Fe3+, zinc, copper, magnesium or 

calcium. When studies were conducted by others with human hepatocellular 

carcinoma cells (HepG2) and human breast cancer cells (MCF-7), a staining 

pattern consistent with FeRhoNox-1 positive staining of Golgi was reported 

(Hirayama et al., 2013). However, no co-distribution studies were conducted with 

markers for endolysosomes. Here, we report that FeRhoNox-1 stained 

endolysosome-positive stores of Fe2+ with very high correlation coefficients for 

the co-localization with markers for endolysosomes (LysoTracker), early 

endosomes (EEA1), and late endosomes/lysosomes (LAMP1). For example, the 

high correlation between LysoTracker and FeRhoNox-1 staining of 0.84 + 0.03 

that we found in U87MG astrocytoma cells and in primary cultures of rat neurons 

is virtually identical to that just reported for a different endolysosome-specific Fe2+ 

probe (Hirayama, 2018). On the other hand, we found a low correlation between 

FeRhoNox-1 staining and Golgi staining. Even qualitatively, the FeRhoNox-1 

staining we observed was consistent with the punctate nature of endolysosomes 

and was very different from the wispy nature of Golgi.  

 Although it has been reported that FeRhoNox-1 can exhibit marked 

background fluorescence signals (Niwa et al., 2014), in our studies the 

background fluorescence was limited and easily corrected for. With this 
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technique, we were able to detect increased levels of endolysosome Fe2+ 

following incubation of U87 cells with FAC and decreased levels following 

incubation with the Fe2+ chelating compound DFO that is known to specifically 

enter cells by endocytosis and once endocytosed DFO resides in endolysosomes 

for extended periods of time (Lloyd et al., 1991). We also noted that 

subpopulations of endolysosomes exist and can be differentiated on the basis of 

their Fe2+ content. While it is unclear why the Fe2+ content is so variable, one 

possibility is related to the differences noted in endolysosome pH depending on 

their positions in cells and findings that endolysosome de-acidification causes 

Fe2+ to be released from endolysosomes (Uchiyama et al., 2008). However, 

FeRhoNox-1 staining was not sensitive to changes in pH (see Supplemental 

Figure S.2.B.) and so the differences in staining were likely due to the content of 

Fe2+ and not the pH of the endolysosome. Thus, FeRhoNox-1 is a useful probe 

with which to detect relative and absolute levels of endolysosome Fe2+ and with 

this probe others and we can investigate further the physiological and 

pathological roles of this releasable and biologically-active store of Fe2+.  
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Figure 2. 1.  FeRhoNox-1 fluorescence intensity increased with increased 
concentrations of FeCl2. FeCl2 (closed circles) and FeCl3 (closed 
squares) were incubated at concentrations ranging from 1 to 
100 μM and FeRhoNox-1 (10 μM) in a cell-free environment. 
Solutions were incubated for 1 h and aliquots were imaged by 
confocal microscopy (LSM800, Zeiss) with a 63X oil objective 
lens. Data shown are means + SD from experiments performed 
on triplicate. 
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Figure 2. 2.  FeRhoNox-1 labeled endolysosome stores of Fe2+. FeRhoNox-1-
positive stores (red) of Fe2+ (FeRhoNox-1) and LysoTracker-
positive (green) endolysosomes (LysoTracker) were observed in 
U87MG cells. The FeRhoNox-1 positive staining showed a very 
high degree of colocalization with the LysoTracker-positive 
endolysosomes when the images were merged (Merged). The 
Pearson correlation coefficient for the colocalization determined 
from three independent experiments was 0.84 + 0.03. Scale bar 
is 2 µm. 

 



 

 

Figure 2. 3. FeRhoNox-1 labeled Fe2+ stores in endosomes and lysosomes. FeRhoNox-1-positive stores 
of Fe2+ (FeRhoNox-1, red), EEA1-positive early endosomes (EEA1, green), and LAMP1-
positive late endosomes/lysosomes (LAMP1, yellow) were observed in U87MG cells. The 
FeRhoNox-1 positive staining showed a very high degree of colocalization with the EEA1-
positive endosomes and a high degree of colocalization with the LAMP1-positive lysosomes 
when the images were merged (Merged). The Pearson correlation coefficients determined 
from three independent experiments for FeRhoNox-1 and EEA1 colocalization was 0.86 + 
0.04 and for FeRhoNox-1 and LAMP1 colocalization was 0.56 + 0.05. Scale bar is 5 µm.  
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Figure 2. 4.  FeRhoNox-1 positive staining was not strongly correlated with Golgi staining. FeRhoNox-1 positive 
stores of Fe2+ (FeRhoNox-1, red) and Golgi Tracker-positive Golgi (Golgi Tracker, green) were 
observed in U87MG cells. The FeRhoNox-1 positive staining showed a low degree of colocalization 
with the Golgi Tracker-positive staining when the images were merged (Merged). The upper three 
images were observed at a lower magnification (scale bar is 5 µm) than were the lower three images 
(scale bar is 2 µm). The Pearson correlation coefficient for the colocalization determined from three 
independent experiments performed in triplicate was 0.13 + 0.06. 
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Figure 2. 5.  FeRhoNox-1 fluorescence intensity increased with FAC and 
decreased with deferoxamine.  
(A.) As expected, we observed a high level of colocalization 
between FeRhoNox-1 and LysoTracker staining of 
endolysosomes (Control). 
(B.) Preincubation of U87MG cells with 50 µM ferric ammonium 
citrate (FAC) for 1 h increased FeRhoNox-1 fluorescence 
staining in endolysosomes.  
(C.) Preincubation of U87MG cells with 25 µM deferoxamine 
(DFO) for 1 h reduced FeRhoNox-1 fluorescence staining in 
endolysosomes.  
(D.) The quantification of FeRhoNox-1 fluorescence intensity for 
control cells, and cells treated with FAC and DFO.  
(E.) A standard dose-response relationship for FeRhoNox-1 and 
Lysotracker staining was developed in a cell-free system. The 
dose-response relationship was then used to quantify Fe2+ levels 
in endolysosomes of normal cells (square box) as well as in cells 
pretreated with FAC or DFO.  
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Figure 2. 6.  Intracellular endolysosome Fe2+ concentration variability: 
Qualitatively, it appeared that concentrations of Fe2+ varied 
greatly among endolysosomes in individual cells. In order to 
measure quantitatively, the range of Fe2+ contained in 
subpopulations of endolysosomes, we first developed a standard 
concentration-response relationship of the FeRhonox-
1/LysoTracker ratio using a cell-free system. Individual 
endolysosome Fe2+ levels were measured and the data were 
separated into bins of 0-25, 26-50, 51-75, 76-100, and  
100-150 µM. Although the average concentration of Fe2+ under 
normal conditions was 36.3 + 13.6 µM, the concentrations of 
Fe2+ in endolysosomes varied greatly and ranged from 
undetectable to over 100 µM. 
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Figure 2. A.  Supplemental Figure: RhoNox-1 does not increase with 
increased concentrations of ZnCl2, CaCl2, or MgCl2. ZnCl2, 
CaCl2, and MgCl2 were used at different concentrations along 
with FeRhoNox-1 (10 μM) in a cell free environment. The 
concentrations were incubated in a 1 ml tube for 1 hour and then 
added to an empty plate and imaged with a 63X oil objective and 
a Zeiss LSM800 confocal microscope (Zeiss).  
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Figure 2. B.  Supplemental Figure: FeRhoNox-1 does not significantly change 

with pH: In a cell free system with changing pH values from 3 to 
6, the FeRhonox-1 fluorescent intensity does not significantly 
change. This illustrates that FeRhoNox-1 intensity is 
independent of pH changes. 
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Abstract 

 Mitochondria are subject to iron overload under a variety of conditions and 

disease states, but it is not clear what are the subcellular origins of this iron nor 

its consequences. Endosomes and lysosomes, referred to as endolysosomes, 

are storage sites of ferrous iron (Fe2+), and the degree to which and the precise 

mechanisms by which endolysosome Fe2+ contribute to iron-dependent changes 

to mitochondria and cell injury remains uncertain. Here, our studies were aimed 

to determine the role of inter-organellar signaling of Fe2+ from iron-rich 

endolysosomes to mitochondria under pharmacologically-induced conditions. We 

demonstrated, in U87MG astrocytoma cells, mouse primary hepatocytes, and 

primary cultures of rat cortical neurons, that Fe2+ within endolysosomes was 

translocated to the mitochondria resulting in mitochondrial dysfunction and cell 

death. The weak-base chloroquine and the vacuolar-ATPase inhibitor bafilomycin 

A1 both de-acidify endolysosomes and both induced the release of Fe2+ and this 

resulted in increased concentrations of Fe2+ in the cytoplasm and in 

mitochondria. Furthermore, the endocytosed iron chelator, deferoxamine, 

inhibited the release of bafilomycin A1- and chloroquine-induced release of 

endolysosome stores of Fe2+ and prevented the induced increases of ROS in 

cytoplasm and mitochondria. These findings demonstrate that redox-active Fe2+ 

in endolysosomes plays a key upstream role in mitochondrial iron accumulation 

and dysfunction, and deferoxamine might be potential adjunctive therapeutic 

strategies in preventing neurotoxicity and enhancing therapeutic outcomes of 

disease.  
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Introduction 

 Although iron is an essential nutrient for cellular processes such as the 

electron transport chain, in excess it is a toxicant that can lead to acute cellular 

necrosis and injury (Christ et al., 1995). Excess iron may promote diseases such 

as diabetes, cancer, cardiovascular disease, and neurodegeneration (Swanson, 

2003, Petersen, 2005, Brewer, 2007, Imeryuz et al., 2007), and disrupted iron 

homeostasis appears to play an important role in disease pathogenesis (Enns, 

2003, Jellinger, 2009). These findings are further strengthened by observations 

that the iron chelator, deferoxamine (DFO), protects against the deleterious 

effects of iron in various models of oxidative stress and hypoxic/ischemic injury 

suggests a role for iron in the pathogenesis of variety of disorders and diseases 

(Starke and Farber, 1985). However, the intracellular source of excess iron and 

the precise mechanisms by which iron is mobilized to contribute to cellular injury 

remain poorly understood.  

 Ferrous iron (Fe2+), known as labile or chelatable iron, is a key reactant in 

the formation of the highly reactive hydroxyl radicals (HO.) from H2O2 and 

superoxide (O2-) radical from O2, both of which damage DNA, proteins, and 

membranes (Fenton, 1894) (Kehrer, 2000). The generation of reactive oxygen 

species (ROS), including O2- and HO, contribute to cellular dysfunction and cell 

death from oxidative stress, ischemia and ischemia-reperfusion (Jaeschke et al., 

2002, Videla et al., 2003, Schwabe and Brenner, 2006). The most important 

source of ROS is mitochondria through mechanisms linked to ATP production 

(Loschen et al., 1971, Loschen et al., 1974, Boveris and Cadenas, 1975). 
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Mitochondria have a constitutive presence of ROS from the electron transport 

chain, thus iron levels must be tightly regulated. However, the intracellular source 

of excess iron that leads to mitochondrial iron accumulation remains poorly 

understood. Furthermore, it is unclear whether mitochondrial iron accumulation 

causes or is a consequence of upstream events including ROS production and 

cell death (Mena et al., 2015).  

 Endosomes and lysosomes, referred to as endolysosomes, have many 

physiological roles including plasma membrane repair, cell homeostasis, cell 

adhesion and migration, apoptotic cell death, and metabolic signaling (Perera 

and Zoncu, 2016, Settembre et al., 2013). And it is well-known that 

endolysosomes are storage sites for readily-releasable cations including Ca2+, 

Zn2+, Fe3+, and Fe2+ (Xu and Ren, 2015, Xiong and Zhu, 2016). Furthermore, 

endolysosome-associated conductive cation channels like vacuolar-ATPase, 

transient receptor mucolipin type 1 channels (TRPML1), and two-pore channels 

(TPCs) regulate the homeostasis of cations and cation-based inter-organellar 

communication. The acidic pH of endolysosomes is maintained through the influx 

of protons via vacuolar-ATPases in conjunction with ion channels (TRPML1, 

TPCs and BK channels) and pH is known to affect cation concentrations in 

endolysosomes (Pu et al., 2016). The proton force generated by the vacuolar-

ATPase drives the movement of ions and small molecules across membranes, 

creating a voltage gradient which is sustained through counter-ions including 

Na+, K+, and Cl- (Mindell, 2012). Studies have shown endolysosome de-

acidification by bafilomycin A1 and chloroquine cause an efflux of cations such 



42 

as Ca2+ into the cytosol (Christensen et al., 2002, Fernández et al., 2016), and 

these released Ca2+ cations play crucial roles in exploiting cellular signaling 

pathways. However, little is known about the role of readily-releasable redox-

active Fe2+ in endolysosomes in inter-organellar signaling and cell death.  

 In this study, we showed that bafilomycin A1- and chloroquine-de-

acidification of endolysosomes causes an efflux of Fe2+ from endolysosomes and 

that this Fe2+ can accumulate in the cytoplasm and in mitochondria where it can 

contribute to ROS production and cell death. In addition, we demonstrated that 

DFO chelated endolysosome Fe2+ and blocked cytosolic and mitochondrial ROS 

induced by bafilomycin A1 and chloroquine as well as chloroquine- and 

bafilomycin A1-induced cell death. Furthermore, we demonstrated the 

involvement of two-pore channels in the release of Fe2+ cations from 

endolysosomes upon de-acidification and that mitochondrial permeability 

transition pores (MPTPs) uptake Fe2+ into mitochondria. 

Materials and Methods 

Cell Cultures 

 U87MG glioblastoma cells were cultured in 1x DMEM (Invitrogen) 

supplemented with 10% fetal calf serum and 1% penicillin/streptomycin 

(Invitrogen). Cells were grown to confluence in T75 flasks or 35 mm2 dishes to 

about 40% confluence in an environment of 5% CO2 at 37oC. Cells were only 

used at passage numbers of 10 or less. 



43 

Endolysosome pH 

 As previously described (Chen et al., 2013, Hui et al., 2012a, Hui et al., 

2012b), endolysosome pH was measured using a ratiometric indicator-dye, 

LysoSensor Yellow/Blue DND-160; a dual excitation dye that allows for the 

measurement of acidic organelles independent of dye loading efficiency. U87MG 

cells were loaded with 10 µM DND-160 for 5 minutes at 37°C. Post-incubation, 

dye-containing media was removed and PBS was added to the cells prior to 

them being taken for imaging. CellLight Lysosome-RFP (Thermosfisher), 

incubated in cells overnight, was used to label lysosomes in combination with 

LysoSensor DND-160 for selectivity of lysosomal labeling. Light emitted at 520 

nm in response to excitation at 340 nm and 380 nm was measured for 2 msec 

every 10 seconds using a filter-based imaging system (Zeiss, Germany). The 

ratios of light excited (340/380 nm) versus light emitted (520 nm) were converted 

to pH using a calibration curve established with 10 µM of the H+/Na+ ionophore 

monensin, and 20 µM of the H+/K+ ionophore nigericin; both were dissolved in 20 

mM 2-(N-morpholino) ethane sulfonic acid (MES), 110 mM KCl, and 20 mM NaCl 

adjusted to pH 3.0 to 7.0 with HCl/NaOH; the linear range was found to be 4.5 to 

6.0 pH. 

Endolysosome Iron 

 FeRhonox-1 (10 µM) (Goryo Chemical), which is highly specific for Fe2+, 

was incubated with cells for 1 h, washed with PBS, then measured using a 

confocal microscope at absorption and emission wavelengths 537 nm and 569 

nm, respectively. As reported elsewhere (see Chapter 2), FeRhonox-1 staining 
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colocalized with endolysosomes in U87MG cells and primary cultures of rat 

cortical neurons. Experiments were conducted on a LSM800 confocal laser-

scanning microscope (ZEISS). 

Cytosolic Iron 

 Cells were incubated with PhenGreen™ FL diacetate (10 µM) for 

30 minutes at 37oC. Cells were washed with PBS and analyzed (Alexa Fluor 488) 

using a ThermoFisher Attune flow cytometry and an Axiovert 200M (Zeiss) 

microscope. Alexa Fluor 488 is absorbed at 495 nm and emitted at 519 nm. The 

x-mean value of emission was recorded on flow cytometry. 

Mitochondrial Iron 

 Mitochondrial iron levels were measured using rhodamine  

B-[2,2'-bipyridine-4-yl)-aminocarbonyl]benzyl ester (RDA) dye (Squarix), a  

Fe2+ specific fluorescent sensor that is localized within mitochondria. Cells were 

treated with RDA (100 nM) for 10 minutes at 37°C, then washed with PBS 

followed by experiments conducted on a confocal laser scanning microscope 

(ZEISS). RDA absorbance is 562 nm and emission is 598 nm. Fluorescent 

intensity was measured across 30 mitochondria per cell per individual treatments 

for control cells and drug treated cells. The change in fluorescence for control 

cells was insignificant compared to chloroquine and bafilomycin A1 treated cells. 

Iron Chelation 

 Deferoxamine (50 µM), a Fe2+ chelator that is endocytosed (Doulias et al., 

2003), was incubated in cells for 1 h prior to analysis and administering other 

compounds. It is known that DFO does not enter cells by passive diffusion, that it 
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does enter cells by endocytosis, and that following endocytosis it resides in 

endolysosomes for extended periods of time (Lloyd et al., 1991). This make DFO 

a particular useful agent to determine roles for endolysosome Fe2+.  

ROS Measurements 

 Cytosolic ROS was measured using H2DCFDA,  

2,7-dichlorodihydrofluoroscein diacetate (10 µM) (Thermofisher), and 

mitochondrial ROS was measured using MitoSox Red (5 µM) (Thermofisher). 

Cells were incubated with the respective dyes at 37ºC for 30 minutes in serum 

free media and then washed with PBS prior to analysis by flow cytometry.  

Generation of TPCN2-Knock Down U87MG Cells 

 In U87MG cells, expression levels of TPCN2 channels were knocked 

down using 1 μg/ml shRNA (Santa Cruz) against TPCN2 (Sc-); scrambled 

shRNA (Sc-108060) was used as a control. Jet prime reagent (2 μl) was used for 

transfection. Following 36 h incubation, 25 μg/ml puromycin (Invitrogen) was 

added to activate the shRNA promoter. After incubation for 2 to 3 days, cells 

were passaged to remove the dead and dying cells; the remaining living cells 

were cultured for an additional 36 h prior to being taken for experimentation. 

Knockdown efficiency was confirmed by immunoblotting using antibodies against 

TPCN2 (Novus, NBP1-30670).  

Cell Death Measurements 

 Cell death was measured using 20 ug/ml of propidium iodide (PI) staining 

(Sigma-Aldrich). Cells were treated with the various compounds for 24 h, then 

incubated with propidium iodide for 30 minutes, washed with PBS, and then 
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measurements were acquired by flow cytometry (Attune NxT). The positive 

control was methanol (10 µM) incubated for 2 hours. PI excitation/emission is 

493 nm/636 nm. Cells treated with only PI were gated on flow cytometry and 

used as a baseline for sample treated cells. 

Statistical Analysis 

 All results are expressed as mean ± SD. Data were analyzed using 

GraphPad Prism Version 6 (GraphPad Software, Inc., La Jolla, CA). Statistical 

significance between two groups was analyzed with a Student’s t-test, and 

statistical significance among multiple groups was analyzed with one-way 

ANOVA plus a Tukey post-hoc test. p<0.05 was considered to be statistically 

significant. 

Results 

 Bafilomycin A1 and chloroquine de-acidify endolysosome pH: 

Cultured U87MG cells were incubated with CellLight Lysosome-RFP and 

Lysosensor DND-160, which is a ratiometric excitation dye that allows for the 

measurement of acidic organelles. Cells were treated with bafilomycin A1 (80 nM 

and 200 nM) and chloroquine (100 µM and 200 µM). Bafilomycin A1 is a known 

inhibitor of vacuolar-ATPase and chloroquine is a weak base; both are known to 

increase the pH of endolysosomes (Tapper and Sundler, 1995, Steinman et al., 

1983). Bafilomycin A1 and chloroquine de-acidified endolysosomes within 

seconds of being added to cells as shown in Figure 3.1A. In addition, the de-

acidification of endolysosomes by bafilomycin A1 and chloroquine was dose-

dependent (Figure 3.1B). Furthermore, cells were stained with Lysosensor  



47 

DND-189; an alternate method for measuring endolysosome pH. As with DND-

160, bafilomycin A1 and chloroquine de-acidified endolysosome pH as 

determined using DND-189, time-dependently (Figure 3.1C). For ease of 

illustration, data were represented as a reciprocal of the mean fluorescent 

intensity so that the increases in pH were readily apparent.  

Bafilomycin A1 and Chloroquine Release Fe2+ from  
Endolysosomes into the Cytosol 

 The FeRhonox-1 dye was previously determined to be highly specific for 

Fe2+ and endolysosomes (see Chapter 2). In addition, it has been shown that the 

iron chelator DFO inhibits FeRhonox-1 fluorescent intensity because it is 

endocytosed and chelates Fe2+ (see Chapter 2). U87MG cells were co-stained 

with FeRhonox-1 and LysoTracker for 1 h prior to experimentation. The dual dye 

method was used to ensure measurement of endolysosome iron as well as to be 

more indicative of iron release from endolysosomes rather than just an efflux of 

the FeRhonox-1 dye from non-descript sources. Therefore, the FeRhoNox-

1/LysoTracker ratio was used as a method of analysis. In addition, these 

experiments were conducted at times ranging from 0 to 10 min; intervals that are 

consistent with time intervals for de-acidification of endolysosomes by 

bafilomycin A1 and chloroquine (Figure 3.1). FeRhonox-1 colocalized with 

LysoTracker with a Pearson Correlation Coefficient of 0.84 (Figure 3.2A) as 

previously determined (see Chapter 2). In control cells treated with PBS, the 

FeRhonox-1/LysoTracker ratio did not change significantly (Figure 3.2B). 

Chloroquine significantly decreased (**P < 0.001) the FeRhonox-1/LysoTracker 

from 1.0 to 0.91 (Figure 3.2C). Quantification of the FeRhonox-1/LysoTracker 
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ratios within endolysosomes for control and chloroquine treated cells is shown in 

Figure 3.2D, and the quantification of the cytosolic FeRhonox-1/LysoTracker ratio 

for control and chloroquine treated cells is shown in Figure 3.2E. Similar 

experiments were conducted with bafilomycin A1. In control cells treated with 

0.1% DMSO the FeRhonox-1/LysoTracker ratio was not affected significantly 

(Figure 3.3A). However, bafilomycin A1 significantly decreased (**P < 0.001) the 

FeRhonox-1/LysoTracker from 1.0 to 0.89 (Figure 3.3B). Quantification of the 

FeRhonox-1/LysoTracker ratio within endolysosomes for control and bafilomycin 

A1 treated cells is shown in Figure 3.3C, and the quantification of the cytosolic 

FeRhonox-1/LysoTracker ratio for control and bafilomycin A1 treated cells is 

shown in Figure 3.3D. 

 To determine whether iron was released into the cytosol, Phen-Green FL 

was used; a dye whose fluoresence quenches in the presence of metals such as 

zinc, copper, and ferrous iron. Because Phen Green is a quenching stain, the 

reciprocal of the mean fluorescent intensity was calculated to illustrate more 

easily de-acidification induced increase in cytosolic iron. Deferoxamine is a 

ferrous iron chelator that is endocytosed (Doulias et al., 2003), and DFO 

significantly decreased the quenching of Phen-Green, indicating there is a 

constitutive leak of Fe2+ from endolysosomes into the cytosol as shown in 

Figure 4. Bafilomycin A1 and chloroquine significantly quenched Phen-Green. 

Pretreatment with DFO, prior to bafilomycin A1 and chloroquine treatment, 

blocked the quenching of Phen-Green, indicating a release of Fe2+ from 
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endolysosomes into the cytosol by bafilomycin A1 and chloroquine as shown in 

Figure 3.4 by flow cytometry.  

Endolysosome Iron is Taken up by Mitochondria 

 Rhodamine B 4-[(2,2'-bipyridin-4-yl)aminocarbonyl]benzyl ester (RDA) is a 

dye specific to Fe2+ and the mitochondria, and RDA fluorescence is 

stoichiometrically (3:1) quenched by Fe2+ ions (Rauen et al., 2007). U87MG cells 

were stained with RDA (100 nM) and MitoTracker (10 µM); the two dyes 

colocalized with a Pearson Correlation Coefficient of 0.97 as shown in 

Figure 3.5A. The following RDA experiments were conducted using incubation 

intervals ranging from 0 to 10 min; a time frame consistent with de-acidification of 

endolysosomes by bafilomycin A1 and chloroquine (Figure 3.1) and the release 

of Fe2+ from endolysosomes (Figures 3.2 and 3.3). Control cells treated with PBS 

and DMSO which did not yield significant changes to RDA fluorescence (Figure 

3.5B), and DFO did not significantly change the fluorescence intensity of RDA 

(Figure 3.5C). Bafilomycin A1 and chloroquine quenched RDA fluorescence as 

shown in Figure 3.5D and 3.5F, and DFO pretreatment blocked RDA quenching 

induced by bafilomycin A1 and chloroquine treatment (Figure 3.5E and 3.5G). 

These data indicate that endolysosome iron was translocated to mitochondria. 

Quantification of these mitochondrial iron experiments is shown in Figure 3.5H. 

An increase in mitochondrial iron was dose-dependent for bafilomycin A1 and 

chloroquine (Figure 3.5I and 3.5J) as were changes in endolysosome pH 

(Figure 3.1). The compound dipeptide glycyl-l-phenylalanine 2-naphthylamide 

(GPN) is a lysosomotropic agent that disrupts endolysosome membranes and 
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releases contents of endolysosomes into the cytosol (Berg et al., 1994); as such 

GPN was used to induce non-selectively the release of Fe2+ from 

endolysosomes. GPN quenched RDA in a dose-dependent manner as shown in 

Figure 3.5K. These data taken together demonstrate inter-organellar signaling of 

Fe2+ from endolysosomes to mitochondria.  

Bafilomycin A1 and Chloroquine-Induced Fe2+ Release from 
Endolysosomes Increases Cytosolic ROS and Mitochondrial ROS 

 Ferrous iron is a key reactant in the formation of the highly reactive 

hydroxyl and superoxide radicals (Fenton, 1894). U87MG cells were stained with 

2′,7′-dichlorofluorescin diacetate (H2DCFDA), which is a measure of cytosolic 

ROS. Bafilomycin A1 and chloroquine both increased cytosolic ROS, and DFO 

blocked bafilomycin and chloroquine-induced increases in cytosolic ROS 

(Figure 3.6A). U87MG cells were stained with MitoSox, a mitochondrial measure 

of ROS. Bafilomycin A1 and chloroquine both increased mitochondrial ROS, and 

DFO blocked bafilomycin and chloroquine-induced increases in mitochondrial 

ROS (Figure 3.6B).  

Two-pore Channels are Involved in Fe2+ Release from Endolysosomes 

 Two-pore channels have been shown to be involved in the release of 

divalent cations including calcium from endolysosomes (Rivero-Rios et al., 2016). 

Therefore, TPCs were analyzed as an endolysosome channel for Fe2+ release. 

Nicotinic acid adenine dinucleotide phosphate (NAADP) is a TPC activator 

(Boccaccio et al., 2014), and NED-19 is a known inhibitor of TPCs (Zharkich et 

al., 2016). U87MG cells were stained with RDA and treated with NAADP-AM, 

which caused a dose-dependent increase in mitochondrial iron as shown in 
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Figure 3.7A. Pretreatment with NED-19 for 30 minutes significantly reduced 

mitochondrial iron uptake induced by chloroquine or bafilomycin A1 treatment 

(Figure 3.7B and 3.7C). TPCN2 knockdown cells (Figure 3.7D) significantly 

reduced mitochondrial iron uptake (Figure 3.7B and 3.7C).  

Mitochondrial Permeability Transition Pores (MPTPs) Uptake Fe2+  
into the Mitochondria 

 Mitochondrial permeability transition pores are known to regulate 

mitochondrial iron (Sripetchwandee et al., 2014), and auranofin is a known 

activator of MPTPs (Rigobello et al., 2002). Cyclosporin A and TRO19622 inhibit 

MPTP (Sripetchwandee et al., 2014, Bordet et al., 2010). GPN (1 µM) plus 

auranofin (1 µM) increased mitochondrial uptake of iron, and CSA and 

TRO19622 blocked mitochondrial iron uptake (Figure 3.8A). As for GPN, similar 

findings were found with bafilomycin A1 and chloroquine as shown in Figure 3.8B 

and 3.8C.  

Deferoxamine Protects Cells from Chloroquine and Bafilomycin  
A1-Induced Cell Death 

 U87MG cells were treated with chloroquine and bafilomycin A1 for 24 h, 

stained with propidium iodide (PI) (20 ug/ml), and analyzed for cell death using 

flow cytometry. The positive control for cell death was cells treated with methanol 

(10 µM) for 2 h. In addition, cells were pretreated with DFO (50 µM) for 1 hr prior 

to chloroquine and bafilomycin A1 treatment. Chloroquine and bafilomycin A1 

induced cell death after 24 h and DFO protected cells from chloroquine- and 

bafilomycin A1-induced cell death (Figure 3.9).  
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Schematic Diagram of Overall Cellular Mechanisms 

 The schematic diagram of the proposed involved cellular mechanisms is 

illustrated in Figure 3.10. According to this scheme, chloroquine and bafilomycin 

A1 de-acidification of endolysosomes causes the release of iron from 

endolysosomes into the cytosol where it can be up-taken by mitochondria. The 

iron released from endolysosomes leads to increased ROS in the cytosol and in 

mitochondria. DFO chelates endolysosome iron and inhibits levels of ROS 

induced by chloroquine and bafilomycin A1 as well as cell death. 

Discussion 

 Intracellular labile iron has key roles in many physiological functions and 

excess levels of intracellular Fe2+ have been implicated in the pathogenesis of 

cancer and neurodegenerative diseases (Padmanabhan et al., 2015, Rockfield et 

al., 2017). Disrupted iron homeostasis may be an important factor in disease 

initiation and progression (Enns, 2003, Jellinger, 2009) and it is well-known that 

endolysosomes are storage sites for readily-releasable redox-active Fe2+ cations 

(Xu and Ren, 2015, Xiong and Zhu, 2016b). However, due at least in part to the 

lack of available probes with which to study endolysosome Fe2+, it has been 

difficult to determine the degree to which and the mechanisms by which 

endolysosome Fe2+ affects such physiologically and pathologically relevant 

processes as inter-organellar signaling, production of ROS, and disease 

pathogenesis.  
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 In agreement with previous studies by others and us, we demonstrated 

that chloroquine and bafilomycin A1 de-acidified endolysosomes (Yoshimori et 

al., 1991) (Steinman et al., 1983), and de-acidification is known to cause an 

efflux of Ca2+ into the cytosol (Christensen et al., 2002, Fernández et al., 2016b, 

Xiong and Zhu, 2016b, Hui et al., 2015). Using the FeRhonox-1 probe, we 

demonstrated that bafilomycin A1 and chloroquine decreased levels of Fe2+ in 

endolysosomes.  

 To determine if the deacidification-induced decreases in endolysosome 

Fe2+ resulted in increases in the cytosol, we used Phen Green Diacetate, which 

is a cell permeant dye that quenches when exposed to ions including Cu2+, Fe2+, 

Pb2+, Cd2+, Zn2+ and Ni2+. However, a study has shown using external metals 

that only Fe2+ and Cu2+ produced significant fluorescent quenching of Phen 

Green, and the other metals produced very little change in dye fluorescence 

(Chavez-Crooker et al., 2001). Furthermore, previous studies have used calcein 

as a measurement of Fe2+ (Uchiyama et al., 2008), but recent studies have 

shown that calcein binds Fe3+ and not Fe2+ (Thomas et al., 1999). We 

demonstrated that bafilomycin A1 and chloroquine quenched Phen-Green, and 

even though Cu2+ can quench Phen-Green, the quenching induced by 

chloroquine and bafilomycin A1 was prevented by pretreatment with DFO, which 

is highly specific for iron and not copper (Liu and Hider, 2002). Thus, Phen Green 

quenching is most likely from an increase in chelatable ferrous iron. Interestingly, 

pretreatment of DFO increased PhenGreen fluorescence which indicates a 

constitutive leak of Fe2+ from endolysosomes into the cytosol.  
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 Rhodamine B 4-[(2,2'-bipyridin-4-yl)aminocarbonyl]benzyl ester (RDA) is a 

dye specific for Fe2+ and mitochondria, and RDA fluorescence is 

stoichiometrically (3:1) quenched by Fe2+ (Rauen et al., 2007). We confirmed this 

with RDA and MitoTracker, which colocalized with a Pearson Correlation 

Coefficient of 0.97. After chloroquine and bafilomycin A1 treatment, RDA 

fluorescence quenched, which signifies an increase of chelatable ferrous iron 

within the mitochondria. Moreover, DFO pretreatment suppressed mitochondrial 

RDA quenching after chloroquine and bafilomycin A1 treatment. Thus, Fe2+ 

released from endolysosomes into the cytosol by chloroquine and bafilomycin A1 

was being taken up by mitochondria. These findings suggest that there is inter-

organellar signaling of the ferrous iron cation between endolysosomes and 

mitochondria. 

 In the presence of H2O2 and O2, Fe2+ catalyzes hydroxyl radicals and 

superoxides (Fenton, 1894), and the presence of H2O2 and O2 in the cytosol and 

mitochondria is well studied (Halliwell et al., 2000, Veal et al., 2007). After 

chloroquine and bafilomycin A1 treatment, cytosolic ROS and mitochondrial ROS 

significantly increased; findings that suggest that ferrous iron catalyzed ROS 

formation. Furthermore, DFO blocked bafilomycin and chloroquine-induced 

cytosolic and mitochondrial ROS. These findings indicate that endolysosome 

ferrous iron is responsible for ROS production in the cytosol and mitochondria.  

Two-pore channels have been shown to be involved in the release of 

calcium from endolysosomes (Rivero-Rios et al., 2016). Therefore, we studied 

the possible involvement of TPCN2 in the release of Fe2+ from endolysosomes. 



55 

Nicotinic acid adenine dinucleotide phosphate (NAADP) a TPC activator 

(Boccaccio et al., 2014) caused a dose-dependent increase in mitochondrial iron. 

On the other hand, NED-19 a known inhibitor of TPCs (Zharkich et al., 2016) 

significantly decreased mitochondrial iron uptake induced by chloroquine or 

bafilomycin A1. Furthermore, knocking down expression levels of TPCN2 

significantly reduced mitochondrial iron uptake, which is consistent with the NED-

19 experiments. 

 Mitochondrial permeability transition pores are known to regulate levels of 

mitochondrial iron (Sripetchwandee et al., 2014). Auranofin is a known activator 

of mPTPs ((Rigobello et al., 2002) and we showed that auranofin increased 

mitochondrial uptake of iron. On the other hand, cyclosporin A and TRO19622 

both inhibit mPTPs (Sripetchwandee et al., 2014, Bordet et al., 2010) and we 

found that CSA and TRO19622 blocked mitochondrial iron uptake.  

 Lastly, chloroquine (100 µM) and bafilomycin A1 (200 nM) treatment 

induced cell death after 24 h, and DFO protected cells against chloroquine- and 

bafilomycin A1-induced cell death. These findings are consistent with chloroquine 

and bafilomycin A1 inducing mitochondrial iron overload leading to increased 

ROS production which irreversibly damages the cells to the point of cell death. 

DFO prevented mitochondrial iron overload induced by chloroquine and 

bafilomycin A1 and thereby protected cells against the induced cytotoxicity.  

 In conclusion, excess iron is a known toxicant that can lead to acute 

cellular injury (Christ et al., 1995), and excess iron may promote diseases such 

as diabetes, cancer, cardiovascular disease, and neurodegeneration (Swanson, 
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2003, Petersen, 2005, Brewer, 2007, Imeryuz et al., 2007). With recent studies 

showing there is more ferrous iron in endolysosomes than previously thought 

(see Chapter 2), it is important to determine the role of endolysosome iron in 

cellular functions. This study reveals that Fe2+ stored in endolysosomes is 

mobilized into the cytosol and mitochondria following endolysosome 

deacidification and that this can ultimately lead to mitochondrial dysfunction and 

cell death. These data support the idea that mitochondrial iron accumulation is 

downstream of changes to endolysosomes. Thus, possible treatments against 

disease states might best include strategies against endolysosomes as well as 

mitochondria. 



57 

 

Figure 3. 1  Chloroquine and bafilomycin A1 de-acidified endolysosomes:  
(A) Chloroquine and bafilomycin A1 increased endolysosome pH 
as measured using LysoSensor DND-160.  
(B) Treatment with different concentrations of bafilomycin A1 and 
chloroquine resulted in an increase in endolysosome pH.  
(C) Using Lysosensor DND-189, bafilomycin A1 and chloroquine 
de-acidified endolysosomes in a time-dependent manner as 
shown here using the reciprocal of 1 to illustrate an increase in 
pH.  
(Vehicle for bafilomycin A1 was 0.1% DMSO and vehicle for CQ 
was PBS. n=30; ** P < 0.01, *** P < 0.001, **** P < 0.0001). 
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Figure 3. 2.  Chloroquine reduced Fe2+ levels in endolysosomes:  
(A) FeRhoNox-1 colocalized with LysoTracker with a Pearson 
Correlation Coefficient of 0.84.  
(B) Control treatment with PBS did not significantly change 
fluorescent intensity.  
(C) Treatment with chloroquine (100 µM) resulted in a significant 
decrease in FeRhoNox-1 fluorescence intensity at 10 minutes. 
(D) Quantification of FeRhoNox-1/Lysotracker ratio in 
endolysosomes.  
(E). Quantification of FeRhoNox-1/Lysotracker ratio in the 
cytosol. FeRhoNox-1 fluorescence intensity decreased faster 
than LysoTracker fluorescence intensity in endolysosomes upon 
treatment, which is indicative of a reduction of iron. 
(n=30; * P < 0.05, *** P < 0.001). 
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Figure 3. 3.  Bafilomycin A1 reduced Fe2+ levels in endolysosomes:  
(A) Treatment of U87MG cells with vehicle (DMSO 0.1%) did not 
significantly change fluorescence intensity.  
(B) Treatment with bafilomycin A1 (200 nM) resulted in a 
significant decrease in FeRhoNox-1 fluorescence intensity.  
(C) Quantification of FeRhoNox-1/Lysotracker ratios in 
endolysosomes.  
(D) Quantification of FeRhonox-1/Lysotracker ratios in the 
cytosol. FeRhoNox-1 fluorescence intensity is decreasing faster 
than LysoTracker fluorescent intensity in endolysosomes upon 
treatment, which is indicative of a reduction in iron content. 
(n=30; * P < 0.05, *** P < 0.001). 
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Figure 3. 4.  Chloroquine and bafilomycin A1 increased cytosolic Fe2+: 
Chloroquine (100 µM) and bafilomycin A1 (200 nM) quenched 
Phen-Green; data were illustrated as a reciprocal of the Mean 
Fluorescent Intensity (MFI) to illustrate more clearly the increase 
in cytosolic iron. DFO blocked chloroquine and bafilomycin  
A1-induced quenching of Phen-Green. DFO alone suppressed 
Phen-Green quenching a finding that suggests the presence of a 
constitutive leak of Fe2+.  
(n=5; ** P < 0.01, *** P < 0.001, **** P < 0.0001). 
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Figure 3. 5.  Chloroquine and bafilomycin A1 increased mitochondrial Fe2+: 
(A) Colocalization of the mitochondrial iron stain (RDA) and 
MitoTracker with a Pearson Correlation Coefficient of 0.97.  
(B) Control cells stained with RDA treated with PBS (DMSO 
yielded similar results as PBS).  
(C) DFO (100 µM) did not alter fluorescence intensity.  
(D-G) Chloroquine (100 µM) and bafilomycin A1 (200 nM) 
quenched RDA fluorescence and DFO blocked chloroquine and 
bafilomycin A1-induced quenching as quantified in (H).  
(I-K) Mitochondrial iron uptake is dose-dependent on GPN, 
chloroquine, and bafilomycin A1.  
(n=30; * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001). 
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Figure 3. 6.  Chloroquine and bafilomycin A1 increased cytosolic ROS and 
mitochondrial ROS:  
(A) Using H2DCFDA for measures of cytosolic ROS, chloroquine 
(100 µM) and bafilomycin A1 (200 nM) increased ROS, and 
these increases were inhibited by DFO.  
(B) Using MitoSox for measures of mitochondrial ROS, 
chloroquine (100 µM) and bafilomycin A1 (200 nM) increased 
ROS, and these increases were inhibited by DFO. 
(n=5; * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001). 
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Figure 3. 7.  Mitochondrial iron uptake was regulated by two-pore channels 
on endolysosomes:  
(A) The TPC activator, NAADP-AM, dose-dependently increased 
mitochondrial iron.  
(B-C) The TPC antagonist, NED-19, dose-dependently blocked 
mitochondrial iron uptake induced by chloroquine (100 µM) and 
bafilomycin A1 (200 nM).  
(D) TPCN2 knockdown cells significantly decreased 
mitochondrial iron uptake induced by bafilomycin A1 and 
chloroquine.  
(E) Interestingly, NAADP-AM (20 µM) significantly de-acidifies 
endolysosomes whereas NED-19 remains unchanged.  
(n=30; * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001). 
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Figure 3. 8.  Mitochondrial permeability transition pores (mMPTP) regulated 
iron uptake:  
(A) Auranofin (AF) increased GPN-induced mitochondrial iron 
uptake, and cyclosporine A (CSA) in combination with 
TRO19622 (TRO) inhibited GPN-induced mitochondrial iron 
uptake.  
(B-C) AF increased chloroquine- and bafilomycin A1-induced 
mitochondrial iron uptake, and CSA and TRO inhibited 
mitochondrial iron uptake.  
(n=30; * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001). 
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Figure 3. 9.  Deferoxamine protected against chloroquine- and bafilomycin 
A1-induced cell death:  
(A) Histogram of cell death experiment with propidium iodide. 
Methanol (10 µM) caused 80% cell death after 2 h and was used 
as a positive control.  
(B) Chloroquine (100 µM) and bafilomycin A1 (200 nM) 
increased cell death after 24 hours, and DFO pretreatment 
protected cells against chloroquine- and bafilomycin A1-induced 
cell death.  
(n=5; * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001). 
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Figure 3. 10.  Schematic diagram of cellular mechanisms: De-acidification of 
endolysosomes can cause the release of iron from 
endolysosomes and this released iron can accumulate in the 
cytoplasm and in mitochondria. The iron released from 
endolysosomes leads to increased levels of ROS in the cytosol 
and in mitochondria. DFO chelates endolysosome iron and 
inhibits ROS and cell death induced by chloroquine and 
bafilomycin A1.  
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Abstract 

 Drugs of abuse including the opioid morphine increase levels of reactive 

oxygen species (ROS) and predispose cells to insult-induced cell death. 

However, it remains uncertain as to the underlying mechanisms. Iron has long 

been known to be required for the generation of mitochondrial ROS and 

endosomes and lysosomes, referred to as endolysosomes, are major storage 

sites of ferrous iron (Fe2+). Yet, the degree to which and the precise mechanisms 

by which endolysosome iron plays a role in mitochondrial dysfunction remains 

uncertain. Here, our studies were aimed to determine the effects of morphine on 

inter-organellar signaling of Fe2+ from iron-rich endolysosomes to mitochondria. 

We demonstrated, in U87MG astrocytoma cells, that endolysosome Fe2+ is 

translocated to mitochondria and results in mitochondrial dysfunction. Morphine 

de-acidification of endolysosomes caused the release of Fe2+ from 

endolysosomes and increased levels of Fe2+ in cytosol and in. The morphine-

induced effects on endolysosome Fe2+ appeared to be regulated through mu 

opioid receptors because naloxone blocked the de-acidification of 

endolysosomes by morphine and the release of endolysosome iron. 

Furthermore, the endocytosed iron chelator, deferoxamine, inhibited the release 

of redox-active Fe2+ into the cytosol and the morphine-induced increases in 

mitochondrial ROS. These findings demonstrate that redox-active Fe2+ in 

endolysosomes plays a key upstream role in mitochondrial dysfunction, and 

deferoxamine might be a potentially useful therapeutic strategy associated with 

opioid use disorders.  
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Introduction 

 Drugs of abuse including the opioid morphine have been associated with 

the pathogenesis of neurological diseases; mechanistically this had been linked 

through increases in reactive oxygen species (ROS), mitochondrial dysfunction, 

and bioenergetic failure (Imam and Ali, 2000, Imam and Ali, 2001, Stephans et 

al., 1998, Cunha-Oliveira et al., 2013, Xu et al., 2011). Drugs of abuse-induced 

decreases in levels of ATP and increased levels of ROS (Acikgoz et al., 1998, 

Binienda et al., 1998) and such measures of neurotoxicity can be blocked by the 

antioxidants (Fosslien, 2001, Imam and Ali, 2000). However, mechanisms by 

which opioids (and other drugs of abuse) increase levels of ROS remain unclear.  

 Iron plays a crucial role in cellular functions such as the iron-sulfur clusters 

in the electron transport chain and iron in excess is toxic and leads to cellular 

injury and death (Christ et al., 1995). Excess iron can promote 

neurodegeneration (Swanson, 2003, Petersen, 2005, Brewer, 2007, Imeryuz et 

al., 2007) and iron dyshomeostasis has been linked to disease initiation and 

progression (Enns, 2003, Jellinger, 2009). Even though various models of 

oxidative stress and hypoxia have pointed to a role for iron in their pathogenesis 

(Jellinger, 2009), the intracellular source of excess iron and the precise 

mechanisms by which iron is mobilized intracellularly to contribute to cellular 

injury remain poorly understood. 

 A key reactant in the formation of ROS is ferrous iron (Fe2+) (Fenton, 

1894, Kehrer, 2000, Weiss, 1934). In the presence of H2O2 and O2, Fe2+ 

generates highly reactive hydroxyl radicals (HO) and superoxides (O2-) that 
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ultimately damage DNA and proteins (Kehrer, 2000). It is well established that 

ROS contributes to cellular dysfunction and cell death (Jaeschke et al., 2002, 

Videla et al., 2003, Schwabe and Brenner, 2006). Furthermore, the most 

important source of ROS happens in the mitochondria because that is where 

ATP is produced (Loschen et al., 1974, Boveris and Cadenas, 1975). Because 

mitochondria have a constitutive presence of ROS generated by the electron 

transport chain, the levels of mitochondrial iron must be tightly regulated. The 

accumulation of iron in the mitochondria has been observed in neurogenerative 

diseases, but the source of excess iron and how mitochondrial iron accumulation 

is a downstream effect remains undetermined (Mena et al., 2015).  

 Endosomes and lysosomes, referred to as endolysosomes, have key 

physiological roles including plasma membrane repair, cell homeostasis, cell 

adhesion and migration, apoptotic cell death, and metabolic signaling (Perera 

and Zoncu, 2016, Settembre et al., 2013). And, it is well-established that 

endolysosomes store readily-releasable cations including Ca2+, Zn2+, Fe3+, and 

Fe2+ (Xu and Ren, 2015, Xiong and Zhu, 2016b). The acidic pH of endolysosome 

lumens is maintained through the influx of protons via v-ATPases in conjunction 

with ion channels (TRPML1, TPCs, and BK) regulating cation concentrations 

within endolysosomes (Pu et al., 2016). The v-ATPase mechanism generates a 

proton force that drives ions across endolysosome membranes creating a 

voltage gradient which is sustained by counter-ions including Na+, K+, and Cl- 

(Mindell, 2012a). The efflux of cations such as Ca2+ from endolysosomes into the 

cytosol has been demonstrated with drugs that de-acidify endolysosomes, and 
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these released cations play crucial roles in cellular signaling pathways 

(Christensen et al., 2002). However, very little is known about the role of the 

redox-active Fe2+ cation within endolysosomes in inter-organellar signaling and 

cell death. 

 In this study, we show morphine de-acidifies endolysosomes causing an 

efflux of Fe2+ out of endolysosomes into the cytosol and into mitochondria 

increasing. As well, morphine increased levels of ROS and these effects of 

morphine were controlled by mu opioid receptors because naloxone blocked 

morphine-induced de-acidification of endolysosomes and morphine-induced 

release of iron from endolysosomes. In addition, we demonstrate that the iron 

chelator DFO blocked morphine-induced increases in cytosolic and mitochondrial 

Fe2+ as well as morphine-induced increases in mitochondrial ROS. These studies 

emphasize the link between opioids and endolysosomes as intracellular sources 

of iron that translocate into mitochondria leading to increased ROS and 

dysfunction. 

Materials and Methods 

Cell Culture 

 U87MG astrocytoma cells were cultured in 1x DMEM (Invitrogen) 

supplemented with 10% fetal calf serum and 1% penicillin/streptomycin 

(Invitrogen). Cells were grown to confluence in T75 flasks or to about 

40% confluence in 35 mm2 dishes in an environment of 5% CO2 at 37oC. Cells 

were only used at passage numbers of 10 or less.  
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Endolysosome pH 

 As previously described (Chen et al., 2013, Hui et al., 2012a, Hui et al., 

2012b), endolysosome pH was measured using a ratiometric indicator-dye, 

LysoSensor Yellow/Blue DND-160; a dual excitation dye that allows for the 

measurement of acidic organelles independent of dye loading efficiency. U87MG 

cells were loaded with 10 µM DND-160 for 5 minutes at 37°C. Post-incubation, 

dye-containing media was removed and PBS was added to the cells prior to 

them being taken for imaging. CellLight Lysosome-RFP (Thermosfisher), 

incubated in cells overnight, was used to label lysosomes in combination with 

LysoSensor DND-160 for selectivity of lysosomal labeling. Light emitted at 

520 nm in response to excitation at 340 nm and 380 nm was measured for 

2 msec every 10 seconds using a filter-based imaging system (Zeiss, Germany). 

The ratios of light excited (340/380 nm) versus light emitted (520 nm) were 

converted to pH using a calibration curve established with 10 µM of the H+/Na+ 

ionophore monensin, and 20 µM of the H+/K+ ionophore nigericin; both were 

dissolved in 20 mM 2-(N-morpholino) ethane sulfonic acid (MES), 110 mM KCl, 

and 20 mM NaCl adjusted to pH 3.0 to 7.0 with HCl/NaOH; the linear range was 

4.5 to 6.0 pH. 

Endolysosome Iron 

 FeRhonox-1 (10 µM) (Goryo Chemical), which is highly specific for Fe2+, 

was incubated with cells for 1 h, washed with PBS, then measured using a 

confocal microscope at absorption and emission wavelengths 537 nm and 569 

nm, respectively. Halcrow et el. (see Chapter 2) colocalized FeRhonox-1 with 
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endolysosomes in U87MG cells and primary neurons. Experiments were 

conducted on a LSM800 confocal laser-scanning microscope (ZEISS). 

Cytosolic Iron 

 Cells were incubated with PhenGreen™ FL diacetate (10 µM) for 

30 minutes at 37oC. Cells were washed with PBS and analyzed (Alexa Fluor 488) 

using a ThermoFisher Attune flow cytometry and an Axiovert 200M (Zeiss) 

microscope. 

Mitochondrial Iron 

 Mitochondrial iron levels were measured using rhodamine  

B-[2,2'-bipyridine-4-yl)-aminocarbonyl]benzyl ester (RDA) dye (Squarix), a Fe2+ 

specific fluorescent sensor that is localized within mitochondria. Cells were 

treated with RDA (100 nM) for 10 minutes at 37°C, then washed with PBS 

followed by experiments conducted on a confocal laser scanning microscope 

(ZEISS).  

Iron Chelator 

 Deferoxamine (50 µM), a Fe2+ chelator that is endocytosed (Doulias et al., 

2003), was incubated in cells for 1 h prior to analysis and administering other 

compounds.  

ROS Measurements 

 Cytosolic ROS was measured using H2DCFDA,  

2,7-dichlorodihydrofluoroscein diacetate (10 µM) (Thermofisher), and 

mitochondrial ROS was measured using MitoSox Red (5 µM) (Thermofisher). 
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Cells were incubated with the respective dyes at 37ºC for 30 minutes in serum-

free media and then washed with PBS prior to analysis by flow cytometry. 

Statistical Analysis 

 All results were expressed as mean ± SD. Data were analyzed using the 

software GraphPad Prism Version 6 (GraphPad Software, Inc., La Jolla, CA). 

Statistical significance between two groups was analyzed with a Student’s t-test, 

and statistical significance among multiple groups was analyzed with one-way 

ANOVA plus a Tukey post-hoc test. p<0.05 was considered to be statistically 

significant. 

Results 

Morphine De-acidified Endolysosome pH 

 Cultured U87MG cells were incubated with CellLight Lysosome-RFP and 

Lysosensor DND-160, which is a ratiometric excitation dye that allows for the 

measurement of pH in acidic organelles. Cells were treated with different 

concentrations of morphine (1 µM, 50 µM, and 100 µM). Morphine (10 µM) de-

acidification of endolysosomes is a delayed response as shown in Figure 4.1A. 

Naloxone, a mu opioid antagonist, which did not by itself change endolysosome 

pH blocked the de-acidification of endolysosomes by morphine as shown in 

Figure 4.1B. In addition, the de-acidification of endolysosomes by morphine was 

dose-dependent (Figure 4.1C).  

Morphine Releases Fe2+ from Endolysosomes into the Cytosol 

 The FeRhoNox-1 dye was previously determined to be highly specific for 

Fe2+ and endolysosomes (see Chapter 2). In addition, it has been shown that the 
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iron chelator DFO inhibits FeRhoNox-1 fluorescent intensity because it is 

endocytosed and chelates Fe2+ (see Chapter 2). U87MG cells were stained with 

FeRhoNox-1 for 1 h prior to experimentation. Also, these experiments were 

conducted from 0 min to 30 min, times consistent with rates of endolysosome de-

acidification by morphine (Figure 4.1). In control cells treated with PBS, 

FeRhoNox-1 fluorescence intensity did not significantly change (Figure 4.2). 

Morphine significantly decreased FeRhoNox-1 fluorescence intensity, and 

naloxone inhibited the effects of morphine. Quantification of the FeRhoNox-1 

within endolysosomes for control and morphine treated cells is shown in 

Figure 4.2D. To determine whether iron was released into the cytosol, Phen-

Green FL was used; Phen-Green is a dye that quenches in the presence of 

metals such as zinc, copper, and ferrous iron. Because Phen-Green is a 

quenching stain, the reciprocal of the mean fluorescent intensity was calculated 

to illustrate an increase in cytosolic iron. Morphine treatment significantly 

quenched Phen Green, and naloxone blocked morphine-induced effects as 

shown in Figure 4.3A. Quantification of these effects are shown in Figure 4.3B. 

Deferoxamine is a ferrous iron chelator that is endocytosed (Doulias et al., 2003), 

and DFO significantly decreases the quenching of Phen Green, indicating there 

is a constitutive leak of Fe2+ from endolysosomes into the cytosol as shown in 

Figure 3C. Pretreatment with DFO prior to morphine treatment blocked the 

quenching of Phen Green, indicating a release of Fe2+ from endolysosomes into 

the cytosol by morphine as shown in Figure 4.3C by flow cytometry.  
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Endolysosome Iron is Taken up by Mitochondria 

 Rhodamine B 4-[(2,2'-bipyridin-4-yl)aminocarbonyl]benzyl ester (RDA) is a 

dye specific to Fe2+ and the mitochondria, and RDA fluorescence is 

stoichiometrically (3:1) quenched by Fe2+ ions (Rauen et al., 2007). U87MG cells 

were stained with RDA (100 nM), and the experiments were conducted from 

0 min to 30 min, times consistent with the rate of endolysosome de-acidification 

by morphine (Figure 4.1) and the release of Fe2+ from endolysosomes 

(Figures 4.2 and 4.3). Control cells stained with RDA were treated with PBS 

which did not yield significant changes to RDA fluorescence (Figure 4.4). 

Morphine quenched RDA fluorescence as shown in Figure 4.4.  

Morphine-induced Fe2+ Release from Endolysosomes Increases 
Mitochondrial ROS 

 Ferrous iron is a key reactant in the formation of the highly reactive 

hydroxyl radical and superoxide (Fenton, 1894). U87MG cells were stained with 

MitoSox, a mitochondrial measure of ROS. Morphine increased mitochondrial 

ROS, and DFO blocked morphine-induced mitochondrial ROS (Figure 4.5).  

Schematic Diagram of Overall Cellular Mechanisms 

 The schematic diagram of the proposed cellular mechanisms involved in 

these studies was illustrated in Figure 4.6. Morphine de-acidifies the pH of 

endolysosomes, releases iron into the cytosol, and iron is up-taken into 

mitochondria. The iron released from endolysosomes leads to increased levels of 

ROS in the cytosol and in mitochondria. DFO chelates endolysosome iron and 

inhibits ROS induced by morphine.
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Discussion 

 Although intracellular labile iron plays key roles in many cellular functions, 

excess iron has been implicated in promoting diseases and neurodegeneration 

(Padmanabhan et al., 2015, Rockfield et al., 2017). Moreover, a disrupted iron 

homeostasis has been established as a key factor in disease initiation and 

progression (Enns, 2003, Jellinger, 2009). Specifically, drugs of abuse have been 

observed to increase ROS and mitochondrial damage in the brain followed by a 

decrease in energy metabolism (Imam and Ali, 2000, Imam and Ali, 2001). 

Because iron is a key reactant in the formation of ROS and endolysosomes are 

major storage sites of ferrous iron, it was important to determine inter-organellar 

signaling between iron-rich endolysosomes and mitochondria (Fenton, 1894, Xu 

and Ren, 2015).  

 This study demonstrates that morphine, a drug of abuse, de-acidifies 

endolysosomes and releases Fe2+ into the cytosol. These findings are novel but 

are consistent with studies illustrating Ca2+ release with other de-acidifying 

agents (Christensen et al., 2002). Furthermore, this labile iron is translocated to 

the mitochondria resulting in increased ROS production and dysfunction. The 

morphine-induced formation of ROS is blocked with the iron chelator DFO, which 

emphasizes the significance of endolysosome iron.  

 In summary, these data confirm our hypothesis that endolysosome ferrous 

iron is an upstream event of morphine-induced mitochondrial ROS and 

dysfunction. DFO is a protectant from morphine-induced cytotoxicity, and 

emphasizes the importance of inter-organellar signaling of ferrous iron. Future 
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studies should include deferoxamine as a potential adjunctive strategy in the 

treatment of opioid use disorders. 
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Figure 4. 1.  Morphine de-acidified endolysosomes.  
(A) Morphine (10 µM) de-acidified endolysosome pH and 
naloxone (50 µM) inhibited morphine de-acidification.  
(B) Quantification of (A).  
(C) Morphine dose-dependently de-acidified endolysosome pH. 
Endolysosome de-acidification was measured using Lysosensor 
DND-160.  
(Vehicle for morphine and naloxone is PBS; n=30; * P < 0.05, ** 
P < 0.01, *** P < 0.001, **** P < 0.0001). 
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Figure 4. 2.  Morphine decreased endolysosome iron.  
Morphine (10 µM) significantly decreased FeRhonox-1 
fluorescence intensity at 30 minutes and naloxone (50 µM) 
inhibited morphine’s effects. The change in fluorescence 
intensity was calculated as a percentage compared to the 
change in fluorescence intensity. 
(n=30; * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001). 
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Figure 4. 3.  Morphine increased cytosolic Fe2+:  
(A) Morphine (10 µM) quenched Phen-Green(the reciprocal of 
the Mean Fluorescent Intensity illustrates an increase in cytosolic 
iron), and naloxone (50 µM) inhibited morphine-induced iron 
release.  
(B) Quantification of (A).  
(C) DFO blocked morphine-induced quenching of Phen-Green, 
and DFO alone suppressed Phen-Green quenching, which 
indicates a constitutive leak of Fe2+.  
(n=5; * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001). 
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Figure 4. 4.  Morphine increased mitochondrial Fe2+: Control cells stained 
with RDA and treated with PBS did not exhibit any significant 
changes in fluorescence intensity. Morphine (10 µM) quenched 
RDA fluorescence, and DFO inhibited morphine-induced RDA 
quenching. 
(n=30; * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001). 
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Figure 4. 5.  Chloroquine and bafilomycin A1 increased cytosolic ROS and 
mitochondrial ROS: Using MitoSox as a mitochondrial ROS 
measurement, morphine (10 µM) increased ROS, which was 
inhibited with DFO pretreatment.  
(n=5; * P < 0.05, ** P < 0.01, *** P < 0.001, ****P<0.0001) 
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Figure 4. 6.  Schematic diagram of cellular mechanisms: Morphine-induced 
de-acidification of endolysosomes causes ferrous iron in 
endolysosomes to be released into the cytosol and into 
mitochondria thereby resulting in mitochondrial dysfunction. DFO 
chelated endolysosome iron and blocked morphine-induced 
cytotoxicity.  
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Abstract 

 HIV-associated neurocognitive disorder (HAND) affects 50% of people 

living with HIV-1 despite viral suppression achieved by antiretroviral therapies. 

Pathologically, brain tissue from HAND patients has shown morphological 

changes to intracellular organelles including endolysosomes and mitochondria. 

Moreover, people living with HIV-1 show elevated iron serum levels and iron 

chelators have been suggested as an adjuvant therapy to antiretroviral 

therapeutics. Mechanistically, soluble factors including the HIV-1 coat protein 

gp120 have been implicated in HAND pathogenesis. Here, we tested the 

hypothesis that HIV-1 gp120-induced de-acidification of endolysosomes leads to 

an efflux of iron from endolysosomes and a subsequent increase in levels of 

cytosolic and mitochondrial reactive oxygen species (ROS). We used U87MG 

glioblastoma cells and time-lapse confocal microscopy to measure gp120-

induced changes in endolysosome pH, endolysosome iron, cytosolic and 

mitochondrial iron, and ROS levels. HIV-1 gp120 de-acidified endolysosomes, 

reduced endolysosome iron levels, increased levels of cytosolic and 

mitochondrial iron, and increased levels of cytosolic and mitochondrial ROS. 

These effects were all attenuated significantly by the iron chelator deferoxamine 

that only enters cells via endocytosis. These results suggest that cellular and 

subcellular effects of HIV-1 gp120 can be downstream of its ability to de-acidify 

endolysosomes and increase the release of iron from endolysosomes. Thus, 

endolysosomes might represent an early and upstream target for therapeutic 

strategies against HAND. 
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Introduction 

 HIV-associated neurocognitive disorder (Bor et al.) affects about 50% of 

people living with HIV-1(PLWH) despite highly-effective viral suppression 

achieved using antiretroviral therapeutics (ART). Clinically, HAND is 

characterized by deficits in cognition, memory and motor function (Clifford and 

Ances, 2013); the severity of which varies from mild (asymptomatic) to severe 

(dementia) (Antinori et al., 2007). Pathologically, post mortem brain samples 

were found to exhibit decreased synaptodendritic arborization (Masliah et al., 

1997) (Everall et al., 1999), Alzheimer’s disease-like changes (Sacktor et al., 

2002), and morphological changes in subcellular organelles including 

endolysosomes (Gelman et al., 2005), endoplasmic reticulum (Lindl et al., 2007), 

and mitochondria (Avdoshina et al., 2016). Molecular contributors to HAND 

pathogenesis include HIV-1 proteins (Ogishi and Yotsuyanagi, 2018, Scutari et 

al., 2017), oxidative stress (Turchan et al., 2003), and the ART themselves 

(Heaton et al., 2011). However, the full spectrum of underlying mechanisms of 

HAND still remain unclear.  

 Implicated in the pathogenesis of HAND are a number of soluble factors 

including HIV-1 transactivator of transcription protein (Tat) and the glycoprotein 

120 (gp120) (Kovalevich and Langford, 2012). Tat and gp120 both are 

neurotoxic, decrease synaptodendritic arborization (Bruce-Keller et al., 2003, 

Toggas et al., 1996), and disrupt intracellular cation homeostasis (Haughey et al., 

2001, Nath et al., 1995). Furthermore, Tat and gp120 are capable of affecting the 
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structure and function of subcellular organelles including endolysosomes and 

mitochondria (Hui et al., 2012b, Bae et al., 2014, Avdoshina et al., 2016). 

 Endolysosomes are acidic organelles that participate in the regulation of 

many important physiological functions including plasma membrane repair 

(Jaiswal et al., 2002), cell homeostasis, energy metabolism (McKenna et al., 

2018), nutrient-dependent signal transduction (Zhang et al., 2016), and immune 

responses (Watts, 2012). Additionally, endolysosomes contain readily releasable 

stores of biologically-important cations including calcium and iron (Xiong and 

Zhu, 2016a). Efflux of calcium and iron from endolysosomes is induced when 

endolysosomes are de-acidified (Christensen et al., 2002, Fernández et al., 

2016a), and when endolysosome membrane integrity is disrupted (Hui et al., 

2012a, Hui et al., 2012b). Mitochondria too regulate a wide-variety of 

physiological functions, and when levels of calcium and iron are overloaded in 

mitochondria this results in increased levels of ROS (Brookes et al., 2004., 

Huang et al., 2017), toxic cellular responses, and cell death via apoptosis and 

ferroptosis (Dixon et al., 2012).  

 HIV-1 gp120 de-acidifies endolysosomes and increases levels of ROS 

(Viviani et al., 2001, Bae et al., 2014). The gp120-induced increases in cytosolic 

and mitochondrial ROS might result from endolysosome de-acidification-induced 

release of iron, increased iron accumulation in the cytoplasm and mitochondria, 

and formation of oxygen radicals mediated by the Fenton and Haber-Weiss 

reactions. Accordingly, we tested the hypothesis that gp120-induced de-

acidification of endolysosomes leads to decreased levels of iron in 
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endolysosomes and increased levels of iron in cytoplasm and mitochondria, and 

that chelation of endolysosome iron can block downstream gp120-induced 

increases in cytosolic and mitochondrial ROS.  

Materials and Methods 

Cell Cultures 

 Glioblastoma (U87MG) cells were cultured in 1x DMEM (Invitrogen) 

containing 10% fetal bovine serum and 1% penicillin/streptomycin (Invitrogen). 

U87MG cells were grown in 35 mm2 dishes to confluence in a 5% CO2 incubator 

maintained at 37oC. Cells were not used past their tenth passage.  

Endolysosome pH Measurements 

 As previously described (Hui et al.) (Liu et al., 2000), endolysosome pH 

was measured using a ratiometric indicator-dye, LysoSensor Yellow/Blue DND-

160; a dual excitation dye that allows for pH measurements of acidic organelles 

that are independent of intracellular dye concentration. U87MG cells were loaded 

with 10 µM of DND-160 for 5 minutes at 37°C. Post-incubation, dye containing 

media was removed and fresh media was added to the cells just prior to them 

being taken for imaging. Light emitted at 520 nm in response to excitation for 

2 msec at 340 nm and 380 nm was measured every 10 seconds using a filter-

based imaging system (Zeiss, Germany). The ratios of light excited (340/380 nm) 

versus light emitted (520 nm) were converted to pH using a calibration curve 

established using 10 µM of the H+/Na+ ionophore monensin, and 20 µM of the 

H+/K+ ionophore nigericin; both were dissolved in a solution containing 20 mM  
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2-(N-morpholino) ethane sulfonic acid (MES), 110 mM KCl, and 20 mM NaCl, 

and the pH was adjusted to 3.0 to 7.0 with HCl/NaOH. 

Endolysosome Iron Measurements 

 FeRhoNox-1 (Goryo Chemical), which stains specifically for Fe2+, was 

added to cultured U87MG cells at a final concentration of 5 µM and cells were 

incubated at 37oC for 1 h after which they were washed twice with PBS. 

Following washing, fluorescence microscopy was used to visualize FeRhoNox-1 

fluorescence at absorption and fluorescence wavelengths of 537 nm and 569 

nm, respectively.  

Cytosolic Iron Measurements 

 U87MG cells were incubated with PhenGreen™ SK diacetate at a 

concentration of 10 µM for 30 minutes at 37oC. Cells were then washed three-

times with PBS and analyzed either with a ThermoFisher Attune flow cytometry 

(Alexa Fluor 488) or an Axiovert 200M (Zeiss) microscope-based system. 

Mitochondrial Iron Measurements 

 Mitochondrial iron levels were measured using rhodamine B-[2,2'-

bipyridine-4-yl)-aminocarbonyl]benzyl ester dye (RDA) (Squarix), a Fe2+-specific 

fluorescence dye that localizes within mitochondria (Lindl et al.). Cells were 

incubated with RDA at a concentration of 100 nM for 10 minutes at 37°C. Cells 

were washed once with PBS followed by the addition of fresh DMEM media and 

then were examined using confocal scanning microscopy (Zeiss LSM800); 

changes in RDA mean fluorescence intensity were measured 30 minutes after 

gp120 was added. The red fluorescence intensity of RDA was captured using 
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absorption and emission wavelengths of 562 nm and 598 nm, respectively and 

captured images were analyzed using ImageJ software. 

ROS Measurements in Cytosol and Mitochondria  

 Cytosolic ROS levels were measured using DCECF, 2,7-

dichlorodihydrofluoroscein diacetate (10 µM) and mitochondrial ROS was 

measured using MitoSox Red (5 µM). U87MG cells were incubated with DCECF 

or MitoSox Red for 30 minutes at 37ºC in serum-free media and then washed 

twice with PBS prior to being analyzed using confocal scanning microscopy 

(Zeiss LSM800). For MitoSox Red, images were captured using absorption and 

emission wavelengths of 510 and 580 nm, respectively. For DCECF, images 

were captured using absorption and emission wavelengths of 495 and 529 nm, 

respectively. All images were analyzed using ImageJ software.  

Cell Death Measurements 

 Cell death was measured using 20 ug/ml of propidium iodide (PI) staining 

(Sigma-Aldrich). U87MG cells were treated with gp120 (4 nM) in the absence or 

presence of DFO (100 µM) for 24-hours. Cells were then incubated with 

propidium iodide for 30 minutes and analyzed using an Attune NxT flow 

cytometer (ThermoFisher). PI-positive cells were identified using excitation and 

emission wavelengths of 493 and 636 nm, respectively. The percentage of PI-

positive versus total number of cells was determined using Attune NxT software. 

Cellular and Subcellular Morphology  

 Morphological features of U87MG cells and their subcellular organelles 

were determined by immunostaining for plasma membranes, nucleus, and 
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endolysosomes. Lysosomes were stained with an anti-LAMP1 antibody and an 

Alexa 488 anti-rabbit secondary antibody (Thermo Fisher. Plasma membranes 

were stained with an anti-beta1 sodium potassium ATPase antibody and an 

Alexa 594 anti-mouse antibody (Thermo Fischer). Nuclei were stained with DAPI 

(blue). Confocal scanning microscopy (Zeiss LSM800) was used to acquire 

images and when necessary Z-stack images were taken. Images were acquired 

and processed using Zen microscope imaging system software (Zeiss).  

Reagents 

 All reagents were purchased from Thermo Fisher Scientific unless noted 

otherwise. HIV-1 gp120 IIIb was purchased from ABL Inc and aliquots were 

prepared and stored at -80oC to prevent freeze-thaw problems.  

Statistics 

 All data were expressed as means and either S.D or S.E.M. Data 

analyses were completed using GraphPad Prism8 software. Statistical 

significance between two groups was determined using a Student's t test with a 

Welch’s correction that did not include an assumption that both groups had the 

same SD. One-way ANOVA with Tukey’s post-hoc tests were used to compare 

differences between multiple groups. p ≤ 0.05 was designated to be statistically 

significant. 

Results 

Effects of gp120 on Cell Viability  

 The main focus of the studies reported on here was to determine the 

effects of HIV-1 gp120 on intracellular levels of Fe2+ and ROS. Because HIV-1 
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gp120 has the capacity to decrease cell viability, it was first necessary to 

determine whether gp120-induced cell death occurred under the experimental 

conditions used for our endolysosome morphological and functional studies. 

Using propidium iodide (PI) staining as a measure of cell death, we determined 

first the extent to which 30 min incubations with 4 nM gp120 decreased cell 

viability of U87MG cells. No statistically significant changes in cell viability were 

observed (see Supplemental Figure 5.A). Next, we determined the extent to 

which 24 h incubations with 4 nM gp120 decreased cell viability of U87MG cells 

and again observed no statistically significant changes in cell viability with either 

gp120 or the iron chelator DFO alone or in combination. Thus, under the 

conditions used we were not studying the effects of cell death on levels of Fe2+ 

and ROS. 

Effects of gp120 on Endolysosome pH 

 Similar to our previously reported results on the effects of HIV-1 gp120 on 

endolysosome pH in primary cultures of rat hippocampal neurons (Bae et al., 

2014), we found that gp120 at a concentration of 4 nM significantly increased 

endolysosome pH in U87MG cells from control values of 5.28 + 0.05 pH units to 

values of 5.43 + 0.04 pH units for gp120-treated cells (Figure 2, n=15; p<0.001). 

On average gp120 treatment increased endolysosome pH by 0.15 pH units; this 

equals a 32% reduction in endolysosomes proton concentrations as calculated 

using the formula pH = -log[H+].  
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Effects of gp120 on U87MG Cell Morphology and  
Endolysosome Numbers and Volume 

 Endolysosome deacidification has been shown by others and us to cause 

changes in endolysosome morphology including their volume and numbers as 

well as the distribution of endolysosomes within multiple cell types. To determine 

the effects of gp120 on endolysosome morphology and number, we incubated 

U87MG cells with 4 nM gp120 for 30 minutes and then measured changes in 

LAMP1-positive endolysosomes. In Imaris reconstructed and confocal (inset) 

images, it is visually apparent that endolysosomes are fewer in number but 

greater in volume when exposed to gp120 or the v-ATPase inhibitor bafilomycin 

that is known to de-acidify endolysosomes (Figure 5.2A). Quantitatively, gp120 

significantly decreased significantly (p<0.0001) the number of endolysosomes 

(average number of LAMP1-positive vesicles per cell), but significantly 

(p<0.0001) increased the volume of LAMP1-positive endolysosomes 

(Figure 5.2B).  

gp120 Reduced the Levels of Iron within Endolysosomes 

 Next, we determined the degree to which gp120 released iron from 

endolysosomes. U87MG cells were incubated with 5 µM FeRhoNox-1 and 

fluorescence was measured 30-minutes after gp120 was added to the cells; 

gp120 significantly (p<0.001) decreased endolysosome iron levels by 49% 

(Figure 5.3).  

gp120 Increased Iron Levels in the Cytosol 

 To determine the effects of gp120 on the labile pool of cytosolic iron, we 

treated U87MG cells with PhenGreen SK (PG SK), which is a transition metal 
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indicator and a reported quenching probe for cytosolic iron (Petrat et al., 1999). 

First, we determined the extent to which gp120 increased levels of cytosolic iron 

and found that HIV-1 gp120 (4 nM) significantly (p<0.001) increased cytosolic 

iron levels (Figure 5.4). Next, we determined the extent to which the iron 

accumulating in the cytosol originated from endolysosomes. Using deferoxamine 

(DFO), an iron chelator that only enters cells by endocytosis (Cable and Lloyd, 

1999, Lloyd et al., 1991a), we found that DFO significantly (p<0.0001) blocked 

gp120-induced increases in cytosolic iron to levels that were significantly 

(p<0.05) less than those in control cells (Figure 4). For ease of illustration, our 

fluorescence data were transformed as 1/MFI to illustrate more readily the 

gp120-induced increases in cytosolic iron.  

gp120 Increased Mitochondrial Iron Levels 

 To determine the effects of gp120 on mitochondrial iron levels, we treated 

U87MG cells with rhodamine B-[2,2'-bipyridine-4-yl)-aminocarbonyl]benzyl ester 

dye (RDA; 100 nM) a dye whose fluorescence is quenched in the presence of 

mitochondrial ferrous iron (Rauen et al., 2007). For ease of illustration, our 

fluorescence data were transformed into 1/MFI to illustrate more readily the 

gp120-induced increases in mitochondrial iron. DFO by itself was found to cause 

a small but statistically significant (p<0.01) increase in levels of mitochondrial iron 

(Figure 5). gp120 (4 nM) significantly (p<0.0001) increased levels of 

mitochondrial iron (Figure 5.5). Pre-treatment of U87MG cells for 1hr with DFO 

significantly (p<0.001) blocked gp120-induced increases in mitochondrial iron 

level (Figure 5.5).  
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gp120 Increased Reactive Oxygen Species (ROS) in  
Cytosol and Mitochondria 

 An increase of free labile iron levels is a catalyst for the production of ROS 

through the Haber-Weiss and/or the Fenton reactions. Because we observed that 

gp120 increased levels of cytosolic and mitochondrial iron, we next explored the 

effects of gp120 on levels of ROS in the cytosol and mitochondria. DFO alone 

significantly (p<0.01) reduced ROS levels in cytosol (Figure 6A), but not in 

mitochondria (Figure 6B). gp120 (4 nM) significantly increased cytosolic 

(p<0.0001) and mitochondrial (p<0.001) ROS (Figures 6A and 6B). Pretreatment 

of cells with DFO for 1 h prior to the addition of gp120 decreased significantly 

levels of ROS in cytosol (p<0.001) and in mitochondria (p<0.01).  

Discussion 

 Over the past three decades, the development and use of effective 

antiretroviral therapeutics (ART) targeting HIV-1/AIDS has made this a 

manageable but chronic disease. Associated with HIV-1/AIDS in the ART-era is a 

high prevalence of neurological symptoms such has cognitive, motor, and 

behavioral problems that range in intensity from mild (asymptomatic) to severe 

(dementia) (13(Bhaskaran et al., 2008). Underlying the development of what has 

now been termed HIV-1 associated neurological disorders (HAND) are such 

pathological features as synaptodendritic damage, neuroinflammation, increased 

levels of oxidative stress, and damage to subcellular organelles (Everall et al., 

1999). Current investigative efforts focused on determining mechanisms causing 

HAND include the involvement of soluble factors such as HIV-1 proteins as well 

as ART treatments themselves (Ogishi and Yotsuyanagi, 2018) (Gelman et al., 
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2005) (Avdoshina et al., 2016) (Turchan et al., 2003) (Scutari et al., 2017). Here, 

we tested the hypothesis that HIV-1 gp120-induced de-acidification of 

endolysosomes leads to an efflux of iron from endolysosomes, an accumulation 

of iron in the cytosol and mitochondria, and a subsequent increase in levels of 

cytosolic and mitochondrial reactive oxygen species (ROS). The main findings of 

this work were that HIV-1 gp120 de-acidified endolysosomes, and that de-

acidification led to increased efflux of ferrous iron out of endolysosomes. Further, 

the efflux of iron from endolysosomes led to increased accumulation of iron in 

cytoplasm and mitochondria; the result of which was increased levels of cytosolic 

and mitochondrial ROS. Together, these results suggest that cellular and 

subcellular effects of HIV-1 gp120 can be downstream of its ability to de-acidify 

endolysosomes and increase the release of iron from endolysosomes. Thus, 

endolysosomes might represent an early and upstream target for therapeutic 

strategies against HAND. 

 HIV-1 gp120 has been shown to affect endolysosomes (Bae et al., 2014) 

and mitochondria (Avdoshina et al., 2016), however virtually nothing is known 

about the extent to which gp120-induced endolysosome dysfunction causes 

mitochondrial dysfunction. In the current era of cell biology, there is an increased 

emphasis on better understanding physical and functional cross-talk between 

subcellular organelles and how these interactions help maintain cellular 

homeostasis (Bravo-Sagua et al., 2014). Indeed, inter-organellar signaling has 

been implicated in the pathogenesis of multiple diseases including cancer and 
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neurodegenerative diseases (Hughes and Gottschling, 2012, Plotegher and 

Duchen, 2017).  

 Oxidative stress has been implicated in the pathogenesis of 

neurodegenerative diseases including HAND (Scutari et al., 2017, Turchan et al., 

2003), and the HIV-1 proteins gp120 and Tat have been shown by others and us 

to increase levels of ROS (Viviani et al., 2001). Implicated in the generation of 

ROS through the Fenton and Haber-Weiss reactions is iron and serum iron levels 

are elevated in PLWH (Nekhai et al., 2013). Ferric iron (Fe3+) is endocytosed 

when bound to transferrin where it is reduced to redox-active ferrous iron (Fe2+). 

Endolysosomes, which are acidic organelles, store ferrous iron and ferrous iron 

efflux is regulated by many factors including luminal pH and various cation 

channels (Fernández et al., 2016a). The iron released from endolysosomes can 

then accumulate in the cytoplasm and in mitochondria where it can generate 

ROS (Eaton and Qian, 2002).  

 Endolysosomes are dynamic organelles whose structure and function is 

closely regulated by changes in luminal pH. De-acidification of endolysosomes 

disrupts their trafficking, ability to degrade waste, and the maintenance of ion 

homeostasis (Christensen et al., 2002), (Fernández et al., 2016a). Previously, we 

reported that gp120 de-acidified neuronal endolysosomes (Bae et al., 2014). 

Here, we showed that gp120 de-acidified endolysosomes and increased their 

sizes while decreasing their numbers. The effects of gp120 are similar to the 

effects of HIV-1 Tat that we reported on previously; HIV-1 Tat disrupted 

endolysosome structure and increased endolysosome pH (Hui et al., 2012b). The 



109 

result of gp120-induced endolysosome de-acidification was increased release of 

ferrous iron from endolysosomes and the accumulation of ferrous iron in the 

cytosol and mitochondria. These effects were blocked completely by using the 

ferrous iron chelator deferoxamine that only enters cells by endocytosis (Doulias 

et al., 2003). Thus, it appears that gp120-induced ROS production is mediated 

upstream by endolysosome de-acidification and the release of their ferrous iron 

stores. Such a scenario where endolysosome iron might be transported into 

mitochondria was referred to as a “kiss and run” phenomenon (Hamdi et al., 

2016).  

 It is important to note that the effects observed in these studies were not 

due to gp120-induced cell death. Under the conditions used here, we did not find 

any significant cell death with incubations of gp120 for either 30 min or 24-h. 

Others have shown that gp120 induced U87MG cell proliferation (Valentín-

Guillama et al., 2018) by activation of glycolysis resulting in increased lipid and 

protein synthesis and cyto-protection by inducing GRP78 in astrocytomas (Lopez 

et al., 2017). However, it remains a possibility that over extended treatment 

intervals, gp120 by itself or in synergistic combination with other HIV-1 proteins 

could result in cell loss. Nevertheless, the effects of gp120 observed here were 

noted in the absence of measurable cell death. Thus, this study provides 

evidence that gp120 induces endolysosome de-acidification which leads to the 

efflux of iron from endolysosomes, the accumulation of iron in the cytosol and in 

mitochondria, and that the iron led to the increased production of cytosolic and 

mitochondrial ROS (Figure 5.7). This cross-talk between endolysosomes and 
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mitochondria might participate in the pathogenesis of HAND and endolysosomes 

might represent early and upstream targets for therapeutic interventions against 

HAND. 
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Figure 5. 1.  HIV-1 gp120 treatment affected lysosome number and 
morphology.  
(A) Representative Imaris reconstructed and confocal (inset) 
images of control and treated U87 cells with the lysosomes 
stained green(α-LAMP1), plasma membrane stained red (α- 
beta1 sodium ATPase) and nucleus blue (DAPI).  
(B) U87 glioblastoma cells treated with gp120 (4nM) for 30 min 
showed a significant decrease in average number and a 
simultaneous increase in volume of LAMP1 vesicles compared 
to control. Bafilomycin A1 (0.2µM, 30 min) served as positive 
control.  
Bar graph shows mean ± SD (p<0.0001, n=72). 
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Figure 5. 2.  HIV-1 gp120 increased endolysosome pH in U87MG cells. 
Treatment of U87MG cells with HIV-1 gp120 (4 nM) for 30 min 
caused statistically significant (n=15; ***p<0.001) increases in 
endolysosome pH when compared to phosphate-buffered saline 
vehicle (PBS) treated cells. 

 

 

 

Figure 5. 3.  HIV-1 gp120 reduced levels of iron in endolysosomes. HIV-1 
gp120 (4 nM), but not phosphate buffered saline (PBS) vehicle 
significantly reduced the percentage mean fluorescence intensity 
(MFI) of FeRhoNox-1 staining for ferrous iron (Fe2+) in 
endolysosomes of U87MG cells.  
(n= 15; ***p<0.001). 
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Figure 5. 4.  HIV-1 gp120 increased cytosolic iron levels. HIV-1 gp120 
significantly (p<0.0001) decreased PhenGreen SK (PG SK) 
mean fluorescent intensity (MFI) in U87MG cells. Here, we 
transformed the data into 1/MFI to illustrate more clearly the 
gp120-induced increases in cytosolic iron (n=15; ****p<0.0001) 
because PhenGreen fluorescence quenches at high levels of 
iron. Deferoxamine (DFO, 100 µM) alone did not significantly 
affect PhenGreen MFI (n=15). Pretreatment of cells for 1 h with 
DFO (100 µM) followed by administration of gp120 (4 nM) 
significantly (***p<0.001) reduced the effects of gp120 on 
PhenGreen MFI (n=15).  
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Figure 5. 5.  HIV-1 gp120 increased mitochondrial iron levels. HIV-1 gp120 at 
4 nM significantly (****p<0.0001) increased mitochondrial iron 
levels (n=47), while DFO at 100 µM significantly (***p<0.001) 
reduced gp120-induced effects on mitochondrial iron levels 
(n=26). Deferoxamine (DFO, 100 µM) alone significantly 
(**p<0.01) increased levels of mitochondrial iron (n=15). 
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Figure 5. 6.  HIV-1 gp120-induced increases in cytosolic and mitochondrial 
reactive oxygen species were blocked by deferoxamine (DFO). 
(A) HIV-1 gp120 treatment significantly increased the mean 
fluorescence intensity (MFI) of DCECF,  
2,7-dichlorodihydrofluoroscein diacetate, a measure of cytosolic 
ROS (n=15; ****p<0.0001). Treatment of cells with DFO alone 
significantly reduced levels of mitochondrial ROS (n=15; 
**p<0.01). Treatment of cells with a combination of DFO and 
gp120 resulted in significantly (***p<0.001) reduced MFI 
compared to gp120 (n=15).  
(B) HIV-1 gp120 treatment significantly increased mitochondrial 
ROS. (n=15; ***p<0.001). A combination of DFO and gp120 
significantly (**p<0.01) reduced mitochondrial ROS. 
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Figure 5. 7.  Schematic representation of the effects of gp120 on 
endolysosomes and mitochondria. Internalized gp120 within 
endolysosomes increases endolysosome pH, which then triggers 
a release of ferrous iron from endolysosomes. The released 
ferrous iron can accumulate in the cytosol and in mitochondria 
where it can be oxidized via the Fenton reaction to produce 
reactive oxygen species. 
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Figure 5. A. Supplemental Figure: Effects of HIV-1 gp120 and DFO on cell 
death. Incubation of U87MG cells with HIV-1 gp120 (4 nM) for 30 
min did cause statistically significant decreases in propidium 
iodide mean fluorescence intensity.  
Incubation of U87MG cells for 24 h with HIV-1 gp120 (4 nM), 
DFO (100 µM), or gp120 in combination with DFO did cause 
statistically significant decreases in propidium iodide mean 
fluorescence intensity.  
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CHAPTER 6 

GENERAL DISCUSSION 

 After ferric iron is released from enterocytes and macrophages into the 

bloodstream it binds to transferrin (Tf), which is an abundant plasma glycoprotein 

able to bind two atoms of iron with very high affinity (Aisen et al., 1978, Morgan, 

1981). Consequently, very little toxic iron is in the bloodstream (Anderson and 

Vulpe, 2009). Furthermore, the circulating Tf-Fe complex binds to the plasma 

membrane transferrin receptor 1 and the complex is endocytosed (Richardson 

and Ponka, 1997). Within endolysosomes ferric iron is reduced to ferrous iron by 

STEAP3, a metalloreductase (Ohgami et al., 2006). Therefore, it is well 

established that ferrous iron resides within endolysosomes (Starke and Farber, 

1985, Kurz et al., 2011). However, the concentration of ferrous iron within 

endolysosomes has yet to be determined. This study determined the level of 

ferrous iron concentration within endolysosomes as well as inter-organellar 

signaling of ferrous iron from endolysosomes to mitochondria. This present study 

was initiated under Dr. Geiger, who had returned from a conference where he 

discussed the effects of iron on mitochondria at a poster session. It was 

uncertain at the time where iron was coming from that might be leading to 

mitochondrial dysfunction. Thus, we began to look at the literature to further 
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investigate and study endolysosome iron as an upstream effect of mitochondrial 

dysfunction. 

 The present study, outlined in Chapter 2, was initiated by looking for a 

probe specific to Fe2+ and endolysosomes. About five years ago, the 

fluorescence ‘turn-on’ probe FeRhoNox-1 was found to have pronounced 

specificity for Fe2+ versus other biologically relevant metal ions (Mukaide, Hattori 

et al. 2014). It was also shown that FeRhoNox-1 labels Fe2+ stores in acidic Golgi 

organelles at least in some cells (Hirayama, Okuda et al. 2013). However, prior 

to our work, no reports have appeared determining whether FeRhoNox-1 labels 

Fe2+ in endolysosomes and whether FeRhoNox-1 can be used to quantitatively 

measure levels of Fe2+ in endolysosomes. Here, we found that FeRhoNox-1 was 

highly specific for Fe2+ versus other cations such as calcium, magnesium, copper 

and zinc. Further, FeRhoNox-1 positive stores were selectively localized in 

endolysosomes. FeRhonox-1 colocalized with LysoTracker with a high Pearson 

Correlation Coefficient of 0.84. FeRhonox-1 colocalized with EEA1-positive 

endolysosomes with a Pearson correlation coefficient of 0.86, and FeRhonox-1 

colocalized with LAMP1-positive late endosomes/lysosomes with a Pearson 

correlation coefficient of 0.56.  

 As a proof of principle for quantitative measurements of labile iron stores, 

endolysosome Fe2+ stores were increased with ferric ammonium citrate 

supplementation and were decreased with the iron chelator deferoxamine. 

Control levels of Fe2+ were 36.3 ± 13.6 µM in endolysosomes, and stores of Fe2+ 

in endolysosomes increased to 75 ± 15.7 µM when cells were incubated with 
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ferric ammonium citrate and decreased to 0.08 ± 0.05 µM when cells were 

incubated with the iron chelator deferoxamine. It is likely that FeRhoNox-1 will 

find extensive use for better understanding the physiological relevance and 

pathological significance of Fe2+ in living cells. Our findings demonstrate the 

utility of using FeRhoNox-1 to measure Fe2+ stores in endolysosomes and 

suggest that this probe will find important uses in better understanding cellular 

events downstream of released endolysosome Fe2+. 

 Endolysosomes are storage sites for readily-releasable ions including H+, 

Na+, K+, Cl-, Ca2+, Zn2+, Fe3+, and Fe2+ (Xu and Ren, 2015, Xiong and Zhu, 

2016b) as they integrate and digest materials compartmentalized by endocytosis, 

phagocytosis or autophagy. Further, studies have shown that drug-induced de-

acidification of the endolysosome lumen causes an efflux of cations such as Ca2+ 

from endolysosomes into the cytosol (Christensen et al., 2002, Fernández et al., 

2016b). With this knowledge, the study, outlined in Chapter 3, was to determine 

whether chloroquine and bafilomycin A1 would act like controls and release iron 

from endolysosomes as they both de-acidify endolysosome pH. It was 

determined that ferrous iron is released from endolysosomes upon treatment with 

chloroquine and bafilomycin A1. We determined that ferrous iron enters into the 

cytosol via two-pore channels and it is taken up by the mitochondria via 

mitochondrial permeability transition pores. The iron that enters the cytosol 

increases ROS levels and the iron that enters the mitochondria increases the 

ROS levels. These findings were further confirmed with the use of deferoxamine, 

which is an iron chelator that is cell impermeable and is taken up into cells by 
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endocytosis. DFO pretreatment chelated endolysosome iron and significantly 

blocked chloroquine- and bafilomycin A1-induced cytosolic and mitochondrial 

ROS levels.  

 Taken together, these findings demonstrate the importance of 

endolysosome ferrous iron as an upstream event of mitochondrial iron overload 

and dysfunction. Under pharmacological conditions such as chloroquine and 

bafilomycin A1, which de-acidify endolysosomes, ferrous iron accumulated in 

mitochondrial, increased mitochondrial ROS, and caused cell death. Since 

mitochondrial iron overload has been implicated in numerous diseases, these 

results open up new understandings of the role of endolysosome iron. 

 The study, as outlined in Chapter 4, was an extension of the previous 

Chapter 3 study. Morphine is a drug of abuse, and drugs of abuse have been 

associated with neurological diseases. More specifically, evidence shows that 

drugs of abuse increase free radicals and mitochondrial dysfunction such as 

decreased cellular energy production followed by toxicity (Imam and Ali, 2000, 

Imam and Ali, 2001, Stephans et al., 1998, Cunha-Oliveira et al., 2013, Xu et al., 

2011). Neuronal degeneration is associated with failed ATP production due to an 

increase in ROS and nitrogen species (Acikgoz et al., 1998, Binienda et al., 

1998), and studies have shown that neurotoxicity induced by drugs of abuse can 

be protected by antioxidants such as selenium and melatonin (Fosslien, 2001, 

Imam and Ali, 2000). However, the increase in mitochondrial ROS production 

induced by drugs of abuse remains uncertain. Our study demonstrated that 

morphine increased endolysosome pH, released ferrous iron into the cytosol, and 
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increased ferrous iron in mitochondria. Not surprisingly, morphine increased 

mitochondrial ROS levels. Furthermore, morphine effects were blocked by DFO. 

These results taken together shows that endolysosome iron is an upstream event 

of mitochondrial iron overload and dysfunction, and drugs of abuse, like 

morphine, affect mitochondrial function through inter-organellar signaling of 

ferrous iron.  

 The last study, Chapter 5, determined the effects of the HIV-1 protein 

gp120 on endolysosome iron and mitochondrial dysfunction. People living with 

HIV-1 show elevated iron serum levels and iron chelators have been suggested 

as an adjuvant therapy to antiretroviral therapeutics. Mechanistically, soluble 

factors including the HIV-1 coat protein gp120 have been implicated in HAND 

pathogenesis. Here, we determined that gp120 de-acidified endolysosomes, 

released iron into the cytosol, which is then taken up by the mitochondria. gp120 

lead to increased cytosolic ROS and mitochondrial ROS. DFO blocked gp120-

induced ROS and mitochondrial iron overload. These results suggest that cellular 

and subcellular effects of HIV-1 gp120 can be downstream of its ability to de-

acidify endolysosomes and increase the release of iron from endolysosomes, 

and that DFO might serve as adjunctive therapy.  

 The main mechanisms underlying these studies demonstrate some of the 

roles of ferrous iron within endolysosomes in inter-organellar signaling with 

mitochondria. Endolysosome ferrous iron plays an upstream role in mitochondrial 

iron overload, dysfunction, and cell death. These studies outline the key 

mechanisms of inter-organellar signaling and stress the significance that DFO 
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might serve as adjunctive therapy in protecting mitochondria from iron overload 

and dysfunction. With the probe of FeRhoNox-1 and the results within this 

dissertation, future studies should key on endolysosome ferrous iron and the 

roles this redox-active molecule has on normal cellular processes as well as 

cellular dysfunction and cell death. 
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APPENDIX 

Abbreviations 

ATP Adenosine Triphosphate  

AF Auranofin 

BAF Bafilomycin A1 

CSA Cyclosporin A 

CQ Chloroquine 

DFO Deferoxamine 

DMEM Dulbecco’s Modified Eagle’s Medium 

EEA1 Early Endolysosomes 

FAC Ferric Ammonium Citrate 

Fe2+ Ferrous Iron 

Fe3+ Ferric Iron 

GPN Glycyl-l-Phenylalanine 2-Naphthylamide 

Gp120 Glycoprotein 120 

HAND HIV-Associated Neurocognitive Disorders 

HO Hydroxyl Radical 

H2O2 Hydrogen Peroxide 
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ISC Iron-Sulfur Clusters 

LAMP1 Late Endosomes/Lysosomes 

MFI Mean Fluorescent Intensity 

MnSOD Manganese Superoxide Dismutase 

MOR Morphine 

MPTP Mitochondrial Permeability Transition Pores 

NAADP Nicotinic Acid Adenine Dinucleotide Phosphate 

O2 Oxygen 

O2- Superoxide 

PI Propidium Iodide 

RDA Rhodamine B 4-[(2,2'-bipyridin-4-yl)Aminocarbonyl]Benzyl 
Ester 

ROS Reactive Oxygen Species 

SOD Superoxide Dismutase 

TPC Two-Pore Channls 

TAT Trans-activator of Transcription Protein 

TRPML Transient Receptor Potential Mucolipin 

U87MG Glioblastoma 
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