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Abstract

Background—Recent studies have shown that low density lipoproteins reconstituted with the 

natural omega 3 fatty acid docosahexaenoic acid (LDL-DHA) is selectively cytotoxic to liver 

cancer cells over normal hepatocytes. To date, little is known about the subcellular events which 

transpire following LDL-DHA treatment.

Methods—Herein, murine noncancer and cancer liver cells, TIB-73 and TIB-75 respectively, 

were investigated utilizing confocal microscopy, flow cytometry and viability assays to 

demonstrate differential actions of LDL-DHA nanoparticles in normal versus malignant cells.

Results—Our studies first showed that basal levels of oxidative stress are significantly higher in 

the malignant TIB-75 cells compared to the normal TIB-73 cells. As such, upon entry of LDL-

DHA into the malignant TIB-75 cells, DHA is rapidly oxidized precipitating global and lysosomal 
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lipid peroxidation along with increased lysosomal permeability. This leakage of lysosomal 

contents and lipid peroxidation products trigger subsequent mitochondrial dysfunction and nuclear 

injury. The cascade of LDL-DHA mediated lipid peroxidation and organelle damage was partially 

reversed by the administration of the antioxidant, N-acetylcysteine, or the iron-chelator, 

deferoxamine. LDL-DHA treatment in the normal TIB-73 cells was well tolerated and did not 

elicit any cell or organelle injury.

Conclusion—These studies have shown that LDL-DHA is selectively cytotoxic to liver cancer 

cells and that increased levels of ROS and iron catalyzed reactions promote the peroxidation of 

DHA which lead to organelle dysfunction and ultimately the demise of the cancer cell.

General significance—LDL-DHA selectively disrupts lysosomal, mitochondrial and nuclear 

function in cancer cells as a novel pathway for eliminating cancer cells.
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Liver cancer; Omega-3 fatty acid; Lipid peroxidation; Lysosome membrane permeability; 
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1. Introduction

Therapeutic selectivity is a highly desired property for anticancer medicines. The ideal 

cancer therapy should be toxic to malignant cells while invoking minimal harm to normal 

cells. Traditional chemotherapy indiscriminately damages both cancer and healthy cells 

resulting in significant adverse effects that compromise their therapeutic benefits. More 

recently, molecular–targeted drugs, such as Gleevec and trastuzumab, which exploit genetic 

differences between cancer and normal cells have shown promising therapeutic activity, 

while producing few toxic side effects [1,2]. However, as a result of their targeting 

specificity, these agents are only indicated for a select group of cancers [3]. In addition, 

incurred mutations and genomic instability of the target molecules often lead to drug 

resistance and limited therapeutic utility of these target specific drugs [3]. Hence, continued 

efforts for the discovery and development of novel drugs that exploit the unique biology of 

cancer cells are ongoing.

Natural products have and continue to be an invaluable source for anticancer drug discovery 

[4]. The natural omega-3 polyunsaturated fatty acid, docosahexaenoic acid (DHA), best 

known for its cardioprotective and health promoting benefits, has in recent years also been 

shown to possess promising anticancer properties [5–8]. Epidemiological studies have 

implicated the intake of this omega-3 fatty acid with reduced rates of cancer development 

[9–11]. These findings have led many to consider DHA as a cancer preventative agent. 

Although in vitro cell culture experiments have demonstrated that unesterified DHA at 

concentrations in excess of 50 μM can inhibit malignant cell growth and induce cancer cell 

death [12–15], plasma concentrations of unesterified DHA typically saturate at 

approximately 13 μM when consuming a DHA-enriched diet [16]. Thus, at these levels 

dietary DHA is likely to only antagonize the carcinogenesis process, and not serve as a 

viable treatment against established tumors. Alternate delivery strategies that directly 

transport DHA to tumors cells would greatly enhance the anticancer potency of this natural 
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lipid. Previous studies from our lab have shown that the low-density lipoprotein (LDL) 

nanoparticle can serve as an ideal transport vehicle for DHA [17]. The unesterified DHA 

readily incorporates into the LDL nanoplatform at high concentrations and with good 

stability [17]. The LDL nanoparticle is then able to ferry DHA directly to cells enabling 

their intracellular transport via LDL receptor mediated endocytosis. LDL particles 

reconstituted with DHA (hereon referred to as LDL-DHA) are avidly taken up by normal 

and malignant liver cells [17]. These experiments went on to show that LDL-DHA 

nanoparticles are selectively toxic to malignant liver cells while normal cells under the same 

conditions do not experience harm [17]. The hallmark feature of LDL-DHA cytotoxicity is 

the selective deregulation of reactive oxygen species (ROS) within malignant cells. The 

intracellular uptake of LDL-DHA induces lethal increases of oxidative stress and lipid 

peroxidation within cancer cells [17]. Although these global redox disturbances ultimately 

usher in the demise of the cancer cell, little is known about the subcellular events or 

organelle dysfunctions that lead to this redox crisis.

The goal of the present study is to elucidate the cytotoxic sequelae that occur within cancer 

cells following LDL-DHA nanoparticle treatment. These experiments will be performed 

using the paired Balb/C derived noncancer and cancer liver cell lines, TIB-73 and TIB-75, to 

demonstrate the differential and contrasting actions of LDL-DHA nanoparticles in normal 

versus malignant cells.

2. Materials and methods

2.1. Low density lipoprotein isolation and reconstitution

LDL was isolated from the plasma of a hypercholesteremic patients using ultracentrifugation 

according to the method described by Lund-Katz et al. [18]. Incorporation of DHA (Nu-

Chek Prep, Inc.; Elysian, MN) into LDL was performed by the reconstitution (core-loading) 

method as described previously [17,19]. Control LDL Nanoparticles: Native LDL, LDL 

reconstituted with oleic acid (LDL-OA). Physicochemical characterization of the LDL 

nanoparticles (which include composition analyses, mean particle size and surface charge) 

were performed as previously described [17] and is presented in Supplemental Table 1.

2.2. Preparation of HSA-DHA

Human serum albumin (HSA; 5% w/v) was dissolved in 1 mL of 75 mM KCl solution (pH = 

7.4). DHA in ethanol (0.125% w/v; final concentration) was added to the HSA solution, 

vortexed briefly and incubated at 37 °C for 1 h. HSA bound DHA (HSA-DHA) was then 

filtered through 0.2 μm syringe filter and stored under N2 atmosphere at 2–8 °C until further 

use.

2.3. Cell culture

The normal mouse hepatocyte cell line TIB-73 (BNL CL.2) and its malignant counterpart 

TIB-75 (BNL 1ME A.7R.1) were obtained from ATCC. TIB-73 and TIB-75 cells were 

cultured in DMEM (Sigma Aldrich, Cat #D6429; St. Louis, MO) supplemented with 10% 

FBS (Invitrogen, Carlsbad, CA). All cells were grown at 37 °C in a 5% CO2 atmosphere in a 

humidified incubator.
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2.4. Primary hepatocyte isolation and culture from mice

Hepatocytes were isolated from Balb/C mice by non-recirculating collagenase perfusion 

through the inferior vena cava using liver perfusion reagents from Life Technologies 

(Carlsbad, CA). Refer to Supplementary Information for details on liver perfusion, isolation, 

and culture conditions.

2.5. MTS cell viability assay

Cells were plated in 96-well plates and treated for each experiment. After treatment, the 

media was removed and replaced with 100 μL media mixed with CellTiter 96® AQueous 

Non-Radioactive Cell Proliferation Assay (MTS) (Promega; Madison, WI) for ≈4 h at 37 °C 

according to the manufacturer’s instructions. After incubation, the absorbance of the well 

plates was read at 450 nm on a Molecular Devices ThermoMax M5 microplate reader. The 

relative cell viability was expressed as a percentage of the untreated controls.

2.6. Protein measurement by western blot

Cell proteins were separated on a 10% sodium dodecyl sulfate polyacrylamide gel and 

transferred to PVDF. Membranes were then probed with primary antibodies from Santa Cruz 

Biotechnology (Dallas, TX) against superoxide dismutase 1(SOD-1 ((FL-154), sc-11407), 

catalase ((N-17), sc-34280), glutathione peroxidase 4 (GPx-4 (H-90), sc-50497), and β-actin 

((C4) sc-47778). Secondary antibodies conjugated to horseradish peroxidase (HRP) against 

goat IgG (sc-2350), mouse IgG (sc-2954), and rabbit IgG (sc-2313) from Santa Cruz 

Biotechnology were used to detect primary antibodies and developed using enhanced 

chemiluminescence.

2.7. GSH/GSSG assay

Total soluble reduced glutathione (GSH) and glutathione disulfide (GSSG) were measured in 

cell lysates using the enzymatic recycling method [20]. Briefly, about 3 × 106 cells were 

homogenized in 10 volumes of cold sulfosalicylic acid (0.6%) plus 0.1% Triton-X. Protein 

was precipitated and the supernatant was used to determine GSH and GSSG. Results were 

expressed in mmol per mg of cell protein as determined by Bradford assay.

2.8. Thiobarbituric acid reactive substances assay

The total amount of lipid peroxidation products formed in the cells was determined using the 

thiobarbituric acid reactive substances (TBARS) method [21]. Refer to Supplementary 

Information for details.

2.9. Confocal microscopy experiments

For all confocal microscopy experiments, TIB-73 and TIB-75 cells were seeded into 35-

mm2 glass bottom dishes coated with 10 μg/mL fibronectin until 80–90% confluent and then 

serum starved for 6 to 18 h prior to treatment and staining. Cells were imaged at 63× 

magnification on a Leica SP5 confocal microscope. Images were deconvoluted using 

AutoQuant ×3 software and analyzed using Imaris imaging software. Refer to 

Supplementary Information for details on treatment, staining, and imaging analysis.
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2.10. Flow cytometry experiments

For all flow cytometry experiments, TIB-73 and TIB-75 cells were grown to 80–90% 

confluency in 6-well plates, serum starved for 6 to 18 h, and then treated and stained as 

described in the Supplementary Information. Cells were removed from the plates using 500 

μL 0.25% trypsin-EDTA, quenched with 1 mL cold DMEM + 10% FBS, and washed twice 

with 750 μL PBS and stored on ice before analyzing on a BD FACSCalibur. The flow 

cytometry data was analyzed on FlowJo software. Data was gated to remove cellular debris 

and clumps (FSC versus SSC) and then the single cell populations were plotted as described 

in the Supplementary Information.

2.11. γ-H2AX immunofluorescence for DNA damage

TIB-73 and TIB-75 cells were seeded to 80–90% confluency on an 8-chamber glass slide 

coated with 10 μg/mL fibronectin and serum starved prior to treatment with serum free 

DMEM, 40 μM LDL-DHA, 60 μM LDL-DHA, or 60 μM LDL-OA for 6 or 18 h. Following 

treatment, cells were immunofluorescently stained with Alexafluor 488-conjugated antibody 

targeted to γ-H2AX (Millipore; Billerica, MA) and coverslipped with ProLong® Gold 

Antifade Mountant with DAPI (Life Technologies). Refer to Supplemental Information for 

immunofluorescence staining details. Slides were imaged at 63× magnification on a Leica 

SP5 confocal microscope. ImageJ software was used to count both the total number of cells 

and the number of cells with ≥3 γ-H2AX foci per field of view.

2.12. Silver sulfide autometallography

The silver sulfide autometallography staining was adapted from the protocol by Danscher 

[22]. Refer to Supplemental Information for details on staining and imaging.

2.13. Iron measurement by ICP-MS

Measurement of iron by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was 

adapted from the protocol by Au-Yeung et al. [23]. Samples were analyzed on an Agilent 

7700× ICP-MS with auto-sampler using argon carrier gas. Iron signal was detected and 

compared to a 10 ppm standard (Inorganic Ventures, MSFE-10PPM; Christianburg, VA).

2.14. Iron measurement by ferrozine assay

Ferrozine assay for total iron was measured in TIB-73 and TIB-75 cell pellets according to 

the protocol by Riemer et al. [24]. Iron absorbance values were compared to a FeCl3 

standard curve and normalized to cell protein measured by Bradford assay.

2.15. Statistical analysis

The results were expressed as mean ± standard error. Analysis of variance (ANOVA) with 

Tukey’s multiple comparison post hoc testing was used for evaluation of differences 

between groups. Differences with a p value < 0.05 were deemed significant.
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3. Results

3.1. Selective cytotoxicity of LDL-DHA

Primary Balb/C hepatocytes and the Balb/C derived non-cancerous and cancer liver cells, 

TIB-73, and TIB-75, respectively, were treated for 72 h with increasing doses of LDL-DHA 

(Fig. 1A). Cell viability assessed by the MTS assay indicated that LDL-DHA treatment was 

selectively cytotoxic to the malignant TIB-75 cells (IC50 = 27.7 μM DHA) compared to 

nonmalignant TIB-73 (IC50 = 91.4 μM DHA) and primary hepatocytes (IC50 = 148.8 μM 

DHA). Previously published studies showed that control nanoparticles of LDL-OA and 

LDL-TO were not cytotoxic to either cell line [17]. These control LDL nanoparticles were 

also non-toxic to the primary hepatocytes at doses exceeding 200 μM. Given that albumin is 

the principle transporter of unesterified fatty acids in plasma, the sensitivity of TIB-75 cells 

to HSA-mediated delivery of DHA was evaluated in direct comparison to LDL-DHA. Fig. 2 

shows that at 40 μM LDL-DHA TIB-75 cells experience pronounced toxicity, at 80 and 160 

μM LDL-DHA near-complete and complete kill of the TIB-75 cells are respectively seen. 

Meanwhile, at each of these concentrations of HSA-DHA the TIB-75 cells remained 

unharmed and looked similar to the untreated cells. Collectively, these findings indicate that 

the LDL nanoplatform is superior to HSA at mediating the cancer killing effects of DHA. 

The cell death that ensues following LDL-DHA treatment has previously been described to 

involve both apoptosis and necrosis processes [17]. To clarify the mechanism by which 

LDL-DHA induces TIB-75 cell death, TIB-75 cells were pretreated with inhibitors of 

apoptosis, programmed cell necrosis, or autophagy, but inhibition of these individual 

pathways were not sufficient to prevent the LDL-DHA cytotoxicity (Supplemental Fig. 1).

3.2. Baseline ROS and antioxidant capacity of TIB-73 and TIB-75 cells

Basal levels of oxidative stress play an important role in sensitizing cells to exogenous pro-

oxidant agents like DHA. Several assays were used in the present study to assess the 

baseline levels of oxidative stress in TIB-73 and TIB-75 cells. From the fluorescent ROS 

reporters DHE and DCF, spectrofluorometry indicated that DHE levels were equivalent 

between the two cells (Fig. 3A), but DCF fluorescence was significantly higher in the 

TIB-75 cells (Fig. 3B). Co-localization experiments (Fig. 3C) with the lysosomal probe, 

LysoTracker, went on show that greater co-registration of DCF fluorescence was evident 

with LysoTracker in TIB-75 cells than TIB-73 cells, suggesting that lysosomes in TIB-75 

contained significantly higher levels of ROS compared to TIB-73 (the Manders coefficient 

for the co-localization of DCF with LysoTracker was 0.14 ± 0.02 and 0.27 ± 0.04 (p-value = 

0.007) for TIB-73 and TIB-75 respectively). Measurements of the glutathione ratio (reduced 

glutathione (GSH):oxidized glutathione (GSSG)), also indicated that the TIB-75 cells 

maintained a more highly oxidized state (GSH:GSSG = 40:1) than TIB-73 cells 

(GSH:GSSG = 115:1) (Fig. 4A). Finally, Western blot analysis of the antioxidant enzyme 

system revealed that TIB-75 cells had significantly lower GPx-4 and catalase expression, 

while SOD-1 levels did not differ compared to TIB-73 cells (Fig. 4B). Collectively, these 

results indicate that TIB-75 cells are more oxidized and are less capable of safely removing 

ROS than TIB-73 cells, and this difference likely contributed to rendering the TIB-75 cells 

more susceptible to LDL-DHA-induced cytotoxicity.
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3.3. Effect of LDL-DHA on ROS and lipid peroxidation

Next, we examined the effect of LDL-DHA treatment on the temporal generation of ROS in 

the cells as measured by DCF fluorescence. Over time LDL-DHA significantly increased the 

number of DCF staining TIB-75 cells starting as early as 30 min and this continued to 

increase up to 4 h (Fig. 5A). Elevated populations of DCF staining TIB-75 cells continued 

over the next 20 h. Conversely, TIB-73 cells did not experience any meaningful increase in 

the number of cells with elevated DCF staining, which is consistent with previous 

measurements from our lab using DCF spectrofluorometry [17]. If effective quenching of 

ROS serves to protect TIB-73 cells from LDL-DHA cytotoxicity it stands to reason that 

excessive generation of ROS exceeding their antioxidative defense, should increase the 

sensitivity of TIB-73 cells to LDL-DHA treatment. Increasing doses of exogenous hydrogen 

peroxide was unable to achieve this effect (Supplemental Fig. 2A); however, pretreatment of 

TIB-73 cells with menadione, an ROS generating hydroquinone, was able to sensitize the 

TIB-73 cells to LDL-DHA treatments after 24 h (Supplemental Fig. 2B). A 25 μM dose of 

menadione was able to reduce the IC50 of TIB-73 cells from 131.8 μM down to 20.3 μM 

LDL-DHA (Supplemental Fig. 2C). These findings support the important role for ROS 

generation in sensitizing cells to LDL-DHA cytotoxicity.

Lipid peroxidation is another hallmark feature of LDL-DHA cytotoxicity since DHA is 

prone to undergo peroxidation in environments with elevated ROS [13,25–27]. Temporal 

FACS measurement of the number of cells undergoing lipid peroxidation as detected by 

BODIPY C11 581/591 staining showed that TIB-75 cells treated with LDL-DHA had 

significantly more cells undergoing lipid peroxidation starting at 4 h and continuing to 24 h 

where ≈75% of cells experienced enhanced lipid peroxidation (Fig. 5B). TIB-73 cells had a 

slower and less pronounced increase in the number of cells with lipid peroxidation (≈25%) 

after a twenty-four hour LDL-DHA treatment. When TIB-75 cells were pretreated with 

antioxidant and free radical scavenger N-Acetyl-L-Cysteine (LNAC) prior to LDL-DHA 

treatment, LDL-DHA cytotoxicity was effectively blocked and the TIB-75 cells retained 

good viability (Fig. 5C).

Supplementary TBAR measurements were also used to assess the LDL-DHA induced lipid 

peroxidation; however, in these studies albumin transported DHA was also assessed to 

investigate the capability of HSA-DHA particles to induce cytotoxic lipid peroxides (Fig. 

5D). From this experiment it can first be seen that TIB-75 cells have higher baseline TBARS 

than TIB-73 cells. Secondly, LDL mediated delivery of DHA was able to further induce 

pronounced increases in lipid peroxidation selectively in the TIB-75 cells. In contrast, HSA-

DHA was unable to elicit a significant increase in lipid peroxidation within the TIB-75 cells. 

The changes in lipid peroxidation were also observed using confocal microscopy imaging 

BODIPY C11 581/591 and heat maps of the data were displayed as ratios of oxidized to 

unoxidized lipid dye (Fig. 5E). This ratiometric image analysis also confirmed that TIB-75 

cells had higher baseline LPO compared to TIB-73 cells and that LDL-DHA exacerbated 

lipid peroxidation activity in the TIB-75 cells.
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3.4. Effect of LDL-DHA on lysosome lipid peroxidation and membrane permeability

LDL receptor endocytosis deposits LDL-DHA nanoparticles in the lysosome, where DHA is 

liberated. The resulting high concentrations of DHA in the lysosome can disrupt lysosomal 

membrane function and integrity [28,29]. Confocal microscopy using BODIPY C11 581/591 

dye and colocalization image analysis showed that lipid peroxidation colocalizes within the 

lysosome in both TIB-73 and TIB-75 cells and that LDL-DHA treatment further increases 

that colocalization of lipid peroxidation in the lysosomes of TIB-75 cells (Fig. 6A–B). 

Further confocal microscopy studies using acridine orange (AO) were performed to examine 

the integrity of the lysosome membranes. Early in the post LDL-DHA treatment period (4 h) 

TIB-75 cells exhibit marked loss of intracellular red punctate fluorescence which is 

indicative of increased lysosomal permeability (Fig. 6C and Supplemental Fig. 3). These 

findings were later confirmed using a second lysosome permeability probe called Magic Red 

Cathepsin B (Supplemental Fig. 4). Experiments with HSA-DHA and AO were also 

performed at this time, but even at high doses HSA-DHA was unable to alter the 

permeability of lysosomes within TIB-75 cells (Supplemental Fig. 5). Temporal FACS 

analysis was also employed and experiments using AO showed that LDL-DHA increases the 

number of cells with lysosome membrane permeability (LMP) starting at 8 h, as opposed to 

4 h seen with confocal microscopy, this disruption in lysosomal integrity continued through 

the 24 h post treatment period in the TIB-75 cells (Fig. 6D). TIB-73 cells had a much 

smaller number of cells with LMP and the kinetics for this increase was slower. Overall, 

these results indicated that basal levels of lipid peroxidation occurs in the lysosomes in 

TIB-73 and TIB-75 cells and that LDL-DHA treatment further enhances lysosomal lipid 

peroxidation and selectively induces large amounts of LMP in the TIB-75 cells.

3.5. Role of iron in LDL-DHA cytotoxicity

Iron plays a critical role in the generation of ROS and lipid peroxide species. As such, the 

differences in cellular iron between the TIB-73 and TIB-75 cells were assessed. The 

ferrozine assay showed that TIB-75 cells had higher total iron levels (Fig. 7A), while 

measurements by ICP-MS were approaching a significant difference between TIB-73 and 

TIB-75 (p-value = 0.072) (Supplemental Fig. 6). In addition, silver sulfide 

autometallography for labile iron showed that TIB-75 cells had darker staining than TIB-73 

cells (Fig. 7B). Labile iron was also examined by confocal microscopy using the labile iron 

detecting fluorophore, IP1; this showed that labile iron colocalized with the lysosome in 

both cell types, but differences in the total amount of labile iron between cells was not 

observed with IP1 (Supplemental Fig. 7). Pretreatment of TIB-75 cells with an iron chelator, 

deferoxamine (DFO), was able to partially block LDL-DHA cytotoxicity and retain the 

viability of the TIB-75 cells to approximately 75% of its untreated controls (Fig. 7C). DFO 

pretreatment was also able to partially rescue lipid peroxidation and LMP that was induced 

by LDL-DHA (Fig. 7D–F). Interestingly, DFO pretreatments were unable to prevent other 

LDL-DHA induced subcellular perturbations involving mitochondrial membrane 

permeability (MMP) and ROS generation in TIB-75 cells (Supplemental Fig. 8). Additional 

studies were performed to sensitize TIB-73 cells with exogenous iron, however, the addition 

of excess FeCl3 was unable to increase the cytotoxicity of LDL-DHA to TIB-73 cells 

(Supplemental Fig. 9). Overall, these results suggest that labile iron in the lysosome may be 
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catalyzing lipid peroxidation and LMP after LDL-DHA treatment in the TIB-75 cells as 

DFO was able to partially reverse these effects in TIB-75 cells.

3.6. Effect of LDL-DHA on mitochondria membrane potential and ROS production

Subcellular mechanistic experiments continued with investigations into the effects of LDL-

DHA treatment on mitochondrial function. In these studies, TIB-73 and TIB-75 cells were 

stained with Tetramethylrhodamine Methyl Ester (TMRM) after LDL-DHA treatment and 

MMP was observed by confocal microscopy. LDL-DHA treatment caused a selective loss of 

MMP in TIB-75 cells indicated by their significant loss of TMRM fluorescence (Fig. 8A, 

Supplemental Fig. 10). Flow cytometry using TMRM showed that the number of TMRM 

negative TIB-75 cells increases significantly at 6 h, peaks at 8 h, and remains elevated at 24 

h while TIB-73 cells remained unaffected by this treatment (Fig. 8B). When mitochondrial 

ROS production was examined using MitoSox dye, it was observed that only the TIB-75 

cells treated with LDL-DHA had a significant increase in the number of MitoSox positive 

cells (Fig. 8C). Given these findings, we attempted to render TIB-73 cells sensitive to LDL-

DHA induced cytotoxicity by pretreating them with increasing doses of carbonyl cyanide m-

chlorophenyl hydrazone (CCCP), a mitochondria oxidative phosphorylation inhibitor, prior 

to LDL-DHA treatment (Fig. 8D). TIB-73 cells treated with CCCP or LDL-DHA alone did 

not experience significant cytotoxicity, but the combination of CCCP and LDL-DHA 

resulted in increased sensitivity to LDL-DHA dependent on the CCCP dose administered. 

MitoSox flow cytometry showed that CCCP treatment alone with 50 μM (2.2 ± 0.7%) and 

75 μM (2.9 ± 0.7%) gave the TIB-73 cells a similar population of MitoSox positive cells 

compared to untreated TIB-75 cells (2.6 ± 0.5%) (Fig. 8E). Additionally, TIB-73 cells 

treated with both CCCP and LDL-DHA had a significant increase in the number of MitoSox 

positive cells compared to untreated cells indicating that mitochondrial ROS production can 

sensitize cells to LDL-DHA cytotoxicity.

3.7. Effect of LDL-DHA on DNA damage

Lastly, LDL-DHA treatments were evaluated for nuclear or DNA damaging effects. γ-

H2AX foci formation were counted in TIB-73 and TIB-75 cells after LDL-DHA treatment 

(40 or 60 μM). TIB-75 cells treated with 60 μM LDL-DHA for 6 h (Fig. 9A) exhibited an 

increased number of cells with γ-H2AX foci formation. Similarly, overnight treatment with 

both 40 μM and 60 μM LDL-DHA (Fig. 9B) also significantly increased γ-H2AX foci 

formation in TIB-75 cells, but not in TIB-73 cells. The DNA damage along with the 

lysosome and mitochondria changes indicate that LDL-DHA treatment causes a multitude of 

subcellular changes selectively in the malignant TIB-75 cells.

4. Discussion

Conventional chemotherapy and radiation therapy continue to play a central role in cancer 

treatment. Both therapies induce cancer cell killing through the cytotoxic actions of 

chemicals or radiation exposure respectively. Unfortunately these therapies also 

indiscriminately destroy healthy cells, particularly those that divide quickly. These actions 

can lead to severe side effects such as bone marrow suppression and organ damage which 

ultimately compromise efficacy of the treatment [30,31]. Modern research efforts are now 
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avidly pursuing the discovery and development of drugs, like Gleevec and trastuzumab, 

which demonstrate more targeted and selective cytotoxicity towards cancer cells [1,2]. The 

present and previous papers from our group have shown that LDL-DHA nanoparticles can 

selectively kill HCC cells and tumors without injury to their nonmalignant counterparts 

[17,32]. Earlier work by Begin and others reported that unesterified polyunsaturated fatty 

acids could inhibit the growth and kill various cancer cell lines [33,34]. Normal fibroblasts, 

however, did not experience cytotoxic effects from these treatments. This differential action 

of polyunsaturated fatty acids on normal and malignant cells has intrigued many to consider 

utilizing these lipids in cancer treatment [35,36]. We postulate that the selective cancer 

killing activity of the LDL-DHA is not the result of increased nanoparticle uptake by the 

malignant TIB-75 cells (our previous study showed that both TIB-73 and TIB-75 cells 

avidly bind and internalize LDL nanoparticles to a similar degree) [17], but rather is 

triggered by the increased basal levels of oxidative stress present in cancer cells. Emerging 

evidence now suggests that, compared with normal cells, tumor cells maintain increased 

intracellular levels of reactive oxygen species (ROS) [37,38]. The elevated concentrations of 

ROS play a critical role in the development and growth of the cancer by promoting genetic 

instability and uncontrolled proliferation [39,40]. Dysregulated redox homeostasis was 

evident in the malignant TIB-75 cells. Significantly increased levels of DCF fluorescence 

and a diminished ratio of the glutathione redox couple, GSH:GSSG, indicated that the 

TIB-75 cells experienced greater oxidative stress than TIB-73 cells. In addition, TIB-75 

cells, also expressed lower levels of the antioxidant enzymes, GPx4 and catalase. Lower 

levels of the enzyme antioxidants have previously been reported in HCC [41,42], this 

deficiency is believed to diminish the ROS scavenging capacity in the cell allowing ROS to 

accumulate to promote oxidative stress. These increased levels of ROS, however, renders the 

cancer cell more vulnerable to damage from further ROS insults induced by exogenous 

agents [43]. While moderate amounts of ROS can promote cell differentiation and 

proliferation, excessive amounts of ROS will cause oxidative damage to lipids, protein and 

DNA and if not corrected can lead to cell death [44]. When LDL-DHA is internalized into 

cancer cells the many unsaturated bisallylic protons in DHA are readily attacked by the high 

intracellular concentrations of ROS initiating the lipid peroxidation cascade. Given the high 

payload of DHA from each LDL nanoparticle, the self-propagating process of lipid 

peroxidation can quickly overwhelm and ravage the entire cell. Rapid increases in ROS 

generation and lipid peroxidation were detected early in the treatment period for TIB-75 

cells, and by 24 h of LDL-DHA treatment pronounced levels of ROS and lipid peroxidation 

were present throughout the population of TIB-75 cells (Fig. 5C and E). Our studies went on 

to show that oxidative stress and lipid peroxidation play a central role in LDL-DHA 

mediated cancer cell killing as N-acetylcysteine, a free radical scavenger and precursor of 

the ROS scavenger glutathione, was able to rescue the TIB-75 cells. For non-malignant cells, 

like TIB-73, ROS levels are low and the concentration of scavenging antioxidants are high, 

thus DHA that is taken up by these cells likely undergoes esterification or enzyme-mediated 

oxidation rather than damaging auto-oxidation. TIB-73 cells did experience small increases 

in ROS and lipid peroxides with LDL-DHA treatment, however these disturbances were not 

sufficient to compromise their viability. On the contrary, when TIB-73 cells were pretreated 

with menadione, a redox cycling oxidant [45], the sensitivity of the cells to LDL-DHA 

drastically increased such that their IC50 (20.32 μM) was even lower than that of TIB-75. 
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Collectively, these findings support the hypothesis that basal levels of oxidative stress 

determine the sensitivity of cells/tissues to LDL-DHA treatment. Given the increased levels 

of ROS in malignant cells, it can be generally expected that LDL-DHA treatments would be 

selectively damaging to cancer cells over normal cells.

Given that albumin is the principal fatty acid carrier in the plasma [46], we also explored its 

capacity to transport DHA to cancer cells. DHA loading onto HSA is achieved as this 

protein possesses approximately seven binding sites for fatty acids with high to moderate 

affinity [46]. Unlike LDL mediated delivery of DHA, HSA transport of DHA was unable to 

elicit significant cytotoxicity to the malignant TIB-75 cells. Previous papers from our group 

and others have reported similar observations for various cancer cells [47,48]. The study by 

Kanno et al. suggests that albumin is able to modulate the cytotoxic actions of DHA by 

acting as an absorbent, to stabilize the unsaturation of DHA, and as an antioxidant, directly 

scavenging ROS and metals from free radical reactions [48]. Indeed, HSA is known to have 

considerable antioxidant capacity as previous work has shown that >70% of the free radical-

trapping activity of serum arises from HSA [49]. This reasoning likely explains why even 

greatly increased concentrations of HSA-DHA were unable to induce lipid peroxidation or 

cell kill among the TIB-75 cells.

The endo-lysosome compartment is the first subcellular organelle the endocytosed LDL-

DHA nanoparticle will engage. Within the acidic and enzyme-rich milieu of the lysosome 

the LDL-DHA nanoparticle is hydrolyzed to amino acids, glycerolipids and free fatty acids. 

The liberated DHA is then free to interact in the lysosome (incorporate into lysosomal 

membranes) or traverse out of the lysosome to other locations in the cell. Conditions within 

the lysosomal microenvironment can differ considerably between normal and malignant 

cells, these differences in turn determine the fate and ultimately the effect of DHA on the 

cell. Within the cancer cell, the high global levels of ROS may permeate into the lysosomal 

compartment further increasing the oxidative potential of the lysosomes [50]. Our findings 

confirm that not only do the lysosomes in the malignant TIB-75 cells experience 

significantly higher basal levels of oxidative stress (Fig. 3C), but these cells also contain 

higher concentrations of iron than TIB-73 cells. Thus, within the confines of lysosomes from 

cancer cells DHA will be exposed to increasing concentrations of ROS and labile iron [51]. 

Under these conditions the Fenton-like reactions are favored, and the generated hydroxyl 

radical will readily attack the lysosomal pools of non-esterified and esterified DHA [52]. 

The ensuing lipid peroxidation proceeds to ravage the lysosomal membrane and compromise 

its integrity [53]. These events were played out in the TIB-75 cells as lysosomal membrane 

permeabilization, as measured by Acridine Orange and Magic Red fluorogenic probes, 

progressed with global and intralysosomal lipid peroxidation. Interestingly, HSA-DHA was 

unable to evoke LMP in the TIB-75 cells even at increased concentrations of DHA. Since 

HSA mediated delivery of DHA occurs via diffusion/facilitative transporters, and not 

through endocytic pathways, LMP is not expected to occur. This differing transport pathway 

likely also contributes to the reduced cytotoxicity of HSA-DHA in cancer cells.

Cancer cells are known to accumulate higher levels of intracellular iron to promote cell 

signaling, proliferation and growth [51,54]. However, iron is also a key catalyst in free 

radical formation and initiation and promotion of lipid peroxidation. The role of iron in 
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mediating LDL-DHA cytotoxicity was evaluated with the iron chelator deferoxamine 

(DFO). DFO is a hexadentate hydrophilic chelator weighing >600 Da. It is not expected to 

penetrate cellular membranes, but rather has been proposed to be taken up by fluid-phase 

endocytosis [55,56]. As such, DFO is cited to act mainly by chelating lysosomal/endosomal 

iron. Within this environment DFO is able to chelate redox-active iron and inhibit Fenton-

type reactions that propagate the lipid peroxidation process. Our experiments showed that 

DFO proved to be effective in preserving cellular viability, reducing lipid peroxidation and 

LMP in TIB-75 cells after LDL-DHA treatment. It should be noted that DFO treatment did 

not completely restore the cellular perturbations brought about by LDL-DHA, this finding 

suggests while iron does participate in the cytotoxicity induced by LDL-DHA, additional 

iron-independent processes are also at play.

Numerous cytopathic sequelae follow LMP as a result of many acidic hydrolases that leak 

into the cytosol of the cell. Although these enzymes have optimal activity at acidic pH, they 

retain some activity at the neutral pH of the cytosol and are capable damaging other 

organelles and inducing cell death [57,58]. Moderate lysosomal rupture can trigger 

apoptosis, while pronounced lysosomal leakage will result in necrosis [59]. Given the 

heterogeneous uptake of LDL-DHA across the population of exposed cells and 

heterogeneous distribution of iron within lysosomes, the extent of lysosomal leakage is 

expected to vary across the cells [60]. This likely accounts for the mixed picture of cell death 

experienced by the LDL-DHA treated TIB-75 cells. Accompanying the release of acid 

hydrolases there will also be considerable leakage of DHA and its reactive peroxide and 

aldehyde end-products from the destabilized lysosomes. The mitochondria and other cellular 

organelles lie vulnerable in the path of these damaging molecules [61]. Significant 

disruptions in mitochondrial function and integrity were detected in the TIB-75 cells after 

LDL-DHA treatment in our study. MMP, which is known to accompany LMP [62], was seen 

in TIB-75 cells approximately 6 h after treatment (corresponding or slightly trailing LMP). 

The treated TIB-75 cells also experienced additional mitochondrial dysfunction in the form 

of increased mitochondrial ROS production. This dysfunction was likely triggered by the 

MMP which is known to stimulate ROS generation, which in turn can elicit more lysosomal 

damage [62]. This vicious cycle is likely to continue in the TIB-75 cells given their reduced 

ROS scavenging capacity. The LDL-DHA treatment caused a smaller and later loss of MMP 

in the TIB-73 cells. This minor change in MMP, however, did not affect the viability of the 

TIB-73 cells. Mitochondrial ROS production remained unaltered for the TIB-73 cells over 

the course of experiments. If mitochondrial ROS production was stimulated with an electron 

transport chain uncoupler, as was seen with CCCP, the sensitivity of TIB-73 cells to LDL-

DHA treatment significantly increased. These findings show that disruptions in 

mitochondrial function can play a central role in sensitizing cells to LDL-DHA cytotoxicity.

The nucleus proved to be another organelle selectively damaged by LDL-DHA in the 

TIB-75 cells. The incurred DNA damage in the TIB-75 cells may have resulted from the 

propagated lipid peroxidation, circulating acid hydrolases, and/or increase in ROS [63,64]. 

The highly reactive α, β-unsaturated aldehyde end-products of lipid peroxidation are known 

to readily attack DNA bases to form exocyclic DNA adducts [64]. The DNA damage 

resulting from these processes can be mutagenic in small quantities promoting 

tumorigenesis, but in large quantities they are genotoxic and can result in cell death [65,66]. 
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Disruptions in other organelle systems (e.g. endoplasmic reticulum, peroxisomes, etc.) are 

also expected to follow LDL-DHA treatment in malignant TIB-75 cells. Dysregulation of 

each of these additional organelle systems contribute to the trauma sustained by the cancer 

cells. In addition, alterations in mitogenic signaling (suppression of β-catenin [67], HIF1α 
[68], NFκB [69], etc.) have also been attributed to DHA; collectively, all these disturbances 

act to ultimately usher in the demise of the cancer cell. While the current study provides 

valuable insight into the mechanisms governing LDL-DHA selective anticancer activity, 

further investigation are required to advance this nanotechnology towards clinical 

translation. Issues related to: the need for plasma-derived components; the finite shelf life of 

LDL; the need for facile formulation for large-scale production, must all be addressed in 

order for this nanomedicine to reach its full therapeutic potential.

In conclusion, we have demonstrated that basal levels and balance of ROS can determine the 

susceptibility of cells to LDL-DHA toxicity. Cancer cells, which are known to upregulate 

their generation of ROS, inadvertently, render themselves prone to LDL-DHA cytotoxicity. 

The selective LDL-DHA induced toxicity that is seen in tumor tissue and cells is also 

experienced at the subcellular level. LDL receptor mediated endocytosis first deposits the 

LDL-DHA nanoparticle in the lysosome, which in the case of cancer cells is a highly 

oxidizing environment that triggers the destructive peroxidation of DHA and destabilization 

of the lysosomal membrane. The subsequent intracellular events which follow arise from the 

release of lysosomal hydrolases, DHA and oxidized DHA intermediate and end-products 

into the cell cytosol. Mitochondrial and nuclear damage incurred in these events, promote 

further organelle dysfunction and trauma which eventually prove fatal to the cancer cell. 

Collectively, the findings of the present study indicate that the selectivity of LDL-DHA 

cytotoxicity is mediated via the altered redox and iron biology of cancer cells. These 

dysregulated processes which favor tumorigenesis and proliferation can also serve to trigger 

the catastrophic cytotoxic cascade induced by the intralysosomal peroxidation of LDL-

DHA.
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Abbreviations

HCC hepatocellular carcinoma

DHA docosahexaenoic acid

PUFA polyunsaturated fatty acid

LPO lipid peroxidation

ROS reactive oxygen species

COX cyclooxygenase

LOX lipoxygenase

LDL low density lipoprotein

LDL-DHA low density lipoprotein reconstituted with docosahexaenoic acid

LDL-OA low density lipoprotein reconstituted with oleic acid

LDL-TO LDL reconstituted with oleic acid triglyceride (triolein)

HSA human serum albumin

HSA-DHA human serum albumin conjugated to docosahexaenoic acid

MTS CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay

SOD-1 superoxide dismutase-1

GPx-4 glutathione peroxidase-4

HRP horseradish peroxidase

GSH reduced glutathione

GSSG glutathione disulfide

TBARS thiobarbituric acid reactive substances

ICP-MS inductively couple plasma mass spectrometry

DCF dichlorofluorescein

LNAC N-acetyl-L-cysteine

LMP lysosome membrane permeability

AO acridine orange

DFO deferoxamine

MMP mitochondrial membrane permeability

TMRM tetramethylrhodamine methyl ester
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CCCP carbonyl cyanide m-chlorophenyl hydrazone
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Fig. 1. 
Cytotoxicity of LDL-DHA in TIB-73, TIB-75, and 1° Balb/C hepatocytes TIB-73, TIB-75, 

and primary Balb/C hepatocytes were treated for 72 h with increasing doses of LDL-DHA 

(0–200 μM DHA) after serum starvation. TIB-75 cells were more sensitive to LDL-DHA 

treatment (IC50 = 27.7 μM LDL-DHA) than TIB-73 cells (IC50 = 91.4 μM LDL-DHA) and 

Balb/C primary hepatocytes (148.8 μM LDL-DHA). The error bars represent the standard 

error of the mean (n ≥ 5). Viability was significantly lower from untreated cells for TIB-75 

cells starting at 20 μM LDL-DHA (p-value < 0.0001), TIB-73 cells starting at 85 μM LDL-

DHA (p-value < 0.0001), and primary Balb/C hepatocytes at 80 μM LDL-DHA (p-value = 

0.0025) and continuing from 100 μM LDL-DHA (p-value < 0.0001).
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Fig. 2. 
Cytotoxicity of LDL-DHA versus HSA-DHA in TIB-75 cells Micrographs (20× 

magnification) of TIB-75 cells after 72 h exposure to various concentrations of LDL-DHA 

or HSA-DHA. (A) Untreated cells; (B) 40 μM LDL-DHA; (C) 80 μM LDL-DHA; (D) 160 

μM LDL-DHA; (E) 40 μM HSA-DHA; (F) 80 μM HSA-DHA; (G) 160 μM HSA-DHA.
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Fig. 3. Baseline oxidative stress
(A) Spectrofluorometry of TIB-73 and TIB-75 cells dyed with 10 μM DHE normalized to 

cell protein. There was not a significantly higher amount of superoxide levels in TIB-75 

cells compared to TIB-73 cells at baseline (p-value = 0.45, n = 3). (B) Flow cytometry of 

TIB-73 and TIB-75 cells dyed with 15 μM DCF-DA to determine ROS generation. TIB-75 

cells had higher DCF fluorescence than TIB-73 cells at baseline (p-value = 0.0008, n = 3). 

(C) Confocal imaging (40× magnification) of TIB-73 and TIB-75 cells incubated for 30 min 

with 50 nM LysoTracker Deep Red and 10 μM DCF. Images were deconvoluted prior to 

analysis to determine signal co-localization. The Manders coefficient for the co-localization 

of DCF with LysoTracker is 0.14 ± 0.02 and 0.27 ± 0.04 (p-value = 0.007) for TIB-73 and 

TIB-75, respectively.
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Fig. 4. Baseline glutathione levels and antioxidants defenses
(A) GSH and GSSG levels of TIB-73 and TIB-75 cell pellets were determined using an 

enzymatic recycling method. TIB-75 cells had a significantly lower GSH:GSSG ratio 

compared to TIB-73 cells (p-value < 0.0001, n = 5). (B) Antioxidant protein levels from 

TIB-73 and TIB-75 cell lysates were determined by Western Blot and normalized to β-actin 

protein. SOD-1 protein expression was not significantly different (p-value = 0.50, n = 8), but 

TIB-75 cells had significantly lower GPx-4 (p-value = 0.004, n = 10) and catalase (p-value 

=0.009, n = 5) protein expression compared to TIB-73 cells. * = p-value ≤ 0.05, ** = p-value 

≤ 0.01, *** = p-value ≤ 0.001, **** = p-value ≤ 0.0001. The error bars represent the 

standard error of the mean.
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Fig. 5. LDL-DHA selectively increases reactive oxygen species in TIB-75 cells
(A) Flow cytometry of TIB-73 and TIB-75 cells after treatment for different time periods 

with 60 μM LDL-DHA followed by staining with 15 μM DCF-DA to determine ROS 

generation. TIB-75 cells exhibited increased baseline ROS levels and ROS levels increased 

over time with LDL-DHA treatment compared to TIB-73 cells (n = 4). (B) Flow cytometry 

of TIB-73 and TIB-75 cells after staining with 1 μM BODIPY C11 581/591 dye followed by 

treatment for different time periods with 60 μM LDL-DHA to measure oxidized (green 

fluorescence) and unoxidized (red fluorescence) lipid species. TIB-75 cells had a higher 

Moss et al. Page 23

Biochim Biophys Acta. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



percentage of cells with oxidized lipids following LDL-DHA treatment and that lipid 

oxidation increased with time (n = 6). (C) TBARS of TIB-73 and TIB-75 cells treated with 

serum free DMEM, 60 μM LDL-TO (not shown), LDL-DHA or HSA-DHA or 150 μM 

HSA-DHA for 24 h. LDL-DHA treatment significantly increased lipid peroxidation in 

TIB-75 cells, but HSA-DHA and LDL-TO treatment did not have an effect (n = 3). (D) 
TIB-75 cell viability after a 1 h pretreatment with increasing doses of N-acetyl-L-cysteine 

(0–30 mM LNAC) followed by a 24 h treatment with 60 μM LDL-DHA. Pretreatment with 

LNAC to remove lipid peroxide species did significantly rescue TIB-75 cell cytotoxicity to 

60 μM LDL-DHA compared to untreated cells (n = 5). (E) Confocal imaging (63× 

magnification) of TIB-73 and TIB-75 cells after overnight treatment with 60 μM LDL-DHA 

followed by staining with 2 μM BODIPY C11 581/591 dye for 25 min at 37 °C. A MatLab 

plug-in of the Imaris imaging software was used to create the heat map images by dividing 

the fluorescence intensity per pixel of the green channel by the red channel. TIB-75 cells 

have a higher baseline oxidized state compared to TIB-73 cells and LDL-DHA treatment 

increases the lipid oxidation of the TIB-75 cells. * = p-value ≤ 0.05, ** = p-value ≤ 0.01, 

*** = p-value ≤ 0.001, **** = p-value ≤ 0.0001. The error bars represent the standard error 

of the mean.
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Fig. 6. LDL-DHA selectively causes lipid peroxidation and lysosome leaking in TIB-75 cells
(A) Confocal images (63× magnification) of TIB-73 and TIB-75 cells after staining with 2 

μM BODIPY C11 581/591 dye for 25 min at 37 °C, treatment with serum free media or 60 

μM LDL-DHA for 4 h, then stained with 75 nM LysoTracker Deep Red for 30 min prior to 

imaging. (B) Imaris imaging software was used to calculate LysoTracker Deep Red 

colocalization with green oxidized BODIPY C11 581/591 dye in the cells (n = 3). (C) 
Confocal images (63× magnification) of TIB-73 and TIB-75 cells dyed with 5 μg/mL 

acridine orange for 20 min, treated with serum free media or 60 μM of LDL-OA or LDL-
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DHA for 5 h. Red punctate fluorescence (640 nm emission) indicates intact lysosomes and 

green diffuse fluorescence (540 nm emission) indicates leaking lysosomes. TIB-75 cells 

treated with LDL-DHA demonstrated loss of lysosome membrane integrity. (D) Flow 

cytometry of TIB-73 and TIB-75 cells treated for different time periods with 60 μM LDL-

DHA followed by staining with 0.5 μg/mL acridine orange for 15 min at 37 °C. Decreased 

red acridine orange fluorescence (FL2) determined the number of cells with loss of intact 

lysosomes. TIB-75 cells exhibited increased loss of intact lysosomes over time with LDL-

DHA treatment compared to TIB-73 cells (n = 7). * = p-value ≤ 0.05, ** = p-value ≤ 0.01, 

*** = p-value ≤ 0.001, **** = p-value ≤ 0.0001. The error bars represent the standard error 

of the mean.
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Fig. 7. Iron determination in TIB-73 and TIB-75 cells
(A) Iron determination in cell lysates by the colorimetric ferrozine assay. Iron concentration 

of each sample was determined by comparison to a FeCl3 standard curved and normalized to 

protein (n = 3). (B) Labile iron was visualized in TIB-73 and TIB-75 cells by silver sulfide 

autometallography (the images above were developed for 10 min). The slides were imaged 

using a brightfield microscope at 20× magnification. TIB-75 cells displayed a higher amount 

of silver sulfide staining compared to TIB-73 cells. In the following figures (C–F), cells 

were serum-starved, pretreated for 3 h with the iron chelator deferoxamine, and then 60 μM 
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LDL-DHA was added for 24 h. (C) Cell viability of TIB-75 cells. Pretreatment with 

deferoxamine to remove labile iron partially rescued LDL-DHA cytotoxicity in TIB-75 cells 

(n = 7). (D) Flow cytometry of TIB-73 and TIB-75 cells stained with 1 μM BODIPY C11 

581/591 prior to treatment. TIB-75 cells had a higher percentage of cells with oxidized lipids 

following LDL-DHA treatment and that lipid oxidation was removed with deferoxamine 

pretreatment (n = 5). (E) TBARS of TIB-73 and TIB-75 cells after treatment. Deferoxamine 

pretreatment to remove labile iron significantly reduced lipid peroxidation caused by LDL-

DHA in TIB-75 cells, but not back to baseline levels (n = 9). (F) Flow cytometry of TIB-73 

and TIB-75 cells after treatment and staining with 0.5 μg/mL acridine orange for 15 min. 

Decreased red acridine orange fluorescence (FL2) of the cells was measured by flow 

cytometry to determine the number of cells with loss of intact lysosomes. Deferoxamine 

pretreatment was able to significantly increase the number of TIB-75 cells with intact 

lysosomes following LDL-DHA treatment (n = 9). * = p-value ≤ 0.05, ** = p-value ≤ 0.01, 

*** = p-value ≤ 0.001, **** = p-value ≤ 0.0001. The error bars represent the standard error 

of the mean.
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Fig. 8. LDL-DHA causes selective mitochondrial dysfunction in TIB-75 cells
(A) Confocal images (63× magnification) of TIB-73 and TIB-75 cells after treatment with 

serum free media or 60 μM of LDL-OA or LDL-DHA overnight, 200 nM TMRM for 25 

min, and then 50 nM TMRM for imaging. Bright punctate fluorescence indicates normal/

hyperpolarized mitochondrial membrane potential and dim fluorescence indicates abnormal/

depolarized mitochondrial membrane potential. (B) Flow cytometry of TIB-73 and TIB-75 

cells treated for different time periods with 60 μM LDL-DHA and stained with 100 nM 

TMRM for 15 min. TIB-75 cells had a higher percentage of TMRM negative cells following 
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LDL-DHA treatment that increased with time compared to TIB-73 cells (n = 7). (C) Flow 

cytometry of TIB-73 and TIB-75 cells treated with serum free media, 40 μM LDL-OA, 

LDL-DHA or HSA-DHA overnight and then 5 μM MitoSox and 0.2 μM MitoTracker Green 

for 15 min. TIB-75 cells had a higher percentage of MitoSox positive cells following LDL-

DHA treatment compared to TIB-73 cells. LDL-OA and HSA-DHA did not significantly 

increase MitoSox expression in either cell line (n = 3). For Figs. D and E, TIB-73 cells were 

pretreated for 1 h with CCCP (0–100 μM) followed by 60 μM LDL-DHA for 24 h (D) or 

overnight (E). (D) Cell viability of TIB-73 cells after CCCP and LDL-DHA treatment. 

Inhibition of mitochondrial oxidative phosphorylation by CCCP sensitized TIB-73 to a sub-

lethal dose of LDL-DHA in a dose-dependent manner (n = 9). (E) Flow cytometry of 

TIB-73 cells stained with 5 μM MitoSox and 0.2 μM MitoTracker Green for 15 min after 

CCCP and LDL-DHA treatment. Pretreatment with CCCP increased the number of MitoSox 

positive cells following treatment with LDL-DHA compared to the untreated control group 

(n = 5). * = p-value ≤ 0.05, ** = p-value ≤ 0.01, *** = p-value ≤ 0.001, **** = p-value ≤ 

0.0001. The error bars represent the standard error of the mean.
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Fig. 9. γ-H2AX foci formation after LDL-DHA treatment
Confocal images (63× magnification) of γ-H2AX stained TIB-73 and TIB-75 cells after 

treatment for (A) 6 h or (B) overnight with serum free media, 40 μM LDL-DHA, 60 μM 

LDL-DHA or 60 μM LDL-OA. Images were analyzed on Imaris imaging software and the 

total number of cells and cells containing ≥3 γ-H2AX foci were counted using ImageJ 

software (n = 5). * = p-value ≤ 0.05, ** = p-value ≤ 0.01, *** = p-value ≤ 0.001, **** = p-

value ≤ 0.0001. The error bars represent the standard error of the mean.
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