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Abstract

Low-density lipoprotein nanoparticles reconstituted with the natural omega-3 fatty acid,
docosahexaenoic acid (LDL-DHA), have been reported to selectively kill hepatoma cells and
reduce the growth of orthotopic liver tumors in the rat. To date, little is known about the cell death
pathways by which LDL-DHA nanoparticles kill tumor cells. Here we show that the LDL-DHA
nanoparticles are cytotoxic to both rat hepatoma and human hepatocellular carcinoma (HCC) cell
lines. Following LDL-DHA treatment both rat and human HCC cells experience pronounced lipid
peroxidation, depletion of glutathione and inactivation of the lipid antioxidant glutathione
peroxidase-4 (GPX4) prior to cell death. Inhibitor studies revealed that the treated HCC cells die
independent of apoptotic, necroptotic or autophagic pathways, but require the presence of cellular
iron. These hallmark features are consistent and were later confirmed to reflect ferroptosis, a novel
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form of nonapoptotic iron-dependent cell death. In keeping with the mechanisms of ferroptosis
cell death, GPX4 was also found to be a central regulator of LDL-DHA induced tumor cell killing.
We also investigated the effects of LDL-DHA treatments in mice bearing human HCC tumor
xenografts. Intratumoral injections of LDL-DHA severely inhibited the growth of HCC xenografts
long term. Consistent with our /n vitro findings, the LDL-DHA treated HCC tumors experienced
ferroptotic cell death characterized by increased levels of tissue lipid hydroperoxides and
suppression of GPX4 expression. Conclusion. LDL-DHA induces cell death in HCC cells through
the ferroptosis pathway, this represents a novel molecular mechanism of anticancer activity for
LDL-DHA nanoparticles.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is ranked the second leading cause of cancer-related
mortality worldwide.! Despite the recommendation of early detection and surveillance
programs most patients are still diagnosed at advanced disease stages for which there are no
curative treatments. Even with current therapeutic interventions (eg. sorafenib), the median
survival time for advanced staged HCC patients are generally less than one year.2 Hence,
novel approaches to treating HCC are urgently needed in hepatobiliary oncology.

In recent years natural polyunsaturated omega-3 fatty acids (w-3 PUFA) have been
implicated in antagonizing the development and progression of cancer. Epidemiological
studies by Swanda et a/. reported that diets rich in w-3 PUFA reduced the risk of HCC
development in subjects with known hepatitis infection.® Other studies have also confirmed
these findings and support the preventative role of w-3 PUFA in hepatocarcinogenesis.* °
However, once tumors are established the role these lipids play in the management of cancer
is less clear. To this end we have recently engineered a low density lipoprotein nanoparticle
reconstituted with the natural w-3 PUFA, docosahexaenoic acid (hereon referred to LDL-
DHA\).® These nanoscale carriers retain the functional properties of circulating plasma LDL,
including their recognition and uptake by LDL receptor (LDLR) expressing cells. The LDL
nanoplatform is a fitting vehicle for DHA as many tumors are known avidly sequester LDL
to acquire lipids and cholesterol needed to support rapid cell proliferation.” Transarterial
administration of LDL-DHA nanoparticles to a syngeneic rat model of HCC was able to
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selectively kill hepatoma cells (>80% tumor) /in situ, reducing the tumor growth 3 fold
compared to control treated rats.8 The residual LDL-DHA treated tumors were deplete of the
reducing equivalents, glutathione (GSH) and nicotinamide adenine dinucleotide phosphate
(NADPH), but contained high *levels of reactive oxygen species (ROS) and lipid
peroxidation. Meanwhile the normal liver tissue that surrounded these tumors showed no
histologic or biochemical evidence of injury.

To date, the cell death pathways by which LDL-DHA kills HCC cells is not completely
understood. Several small-molecule cell death inhibitor assays were performed but neither
apoptosis, autophagy nor necroptosis inhibitors were able to prevent LDL-DHA mediated
killing of HCC cells.® More recently a new iron-dependent form of regulated non-apoptotic
cell death called ferroptosis was described.10 It is characterized by increased lipid
peroxidation and lethal accumulation of ROS derived from iron metabolism. To date, several
ferroptosis-inducing compounds exist (eg. erastin, sorafenib, sulfasalazine). Cells treated
with these compounds died in the absence of apoptotic, necroptotic or autophagic hallmarks.
11,12 Additional studies later revealed that all of the ferroptosis-inducing compounds act by
inhibiting glutathione peroxidase-4 (GPx4).13 The overexpression and knockdown of GPx4
were shown to modulate the lethality of all the ferroptosis-inducing compounds.13
Collectively, these findings identified GPx4 as an essential regulator of ferroptotic cell death.

Herein, we sought to investigate whether LDL-DHA induced HCC cell death is mediated via
the ferroptosis cell death pathway. Human and rat HCC cell lines were treated with LDL-
DHA nanoparticles along with a variety of small molecule chemical inhibitors and activators
and were found to display hallmark features of ferroptotic cell death. Furthermore, the
antitumor efficacy and mechanism of action of LDL-DHA nanoparticles were also
characterized /n vivo using a human HCC tumor xenograft model.

Materials and Methods

Preparation of LDL-DHA nanoparticles

Cell culture

Human LDL was isolated from apheresis plasma of patients with familial
hypercholesterolemia using sequential density gradient ultracentrifugation. Incorporation of
unesterified DHA (Nuchek Prep, Inc, Waterville, MN) into LDL was performed by the
reconstitution method, as described in our previous publication.® Throughout these studies,
LDL reconstituted with triolein (LDL-TO) served as controls. Nanoparticle characterization
(structure and composition) was performed as described previously to ensure consistency of
batch to batch preparations.

Human liver tumor cell lines, PLC/PRF/5 and HepG2, and rat heptoma cell line, H4IIE,
were grown in Dulbecco’s modified Eagle’s medium(DMEM) supplemented with 10% fetal
bovine serum (FBS) at 37°C in a humidified atmosphere of 5% CO, incubator.
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Cell viability assay

Each cell line was seeded in 96-well plates (5 x 103 cells/well) and grown to 80-90%
confluency. Prior to treatment all cells were cultured in serum free media overnight (~18
hours). After respective treatments with LDL nanoparticles, cell viability was measured by
CellTiter 96®Aqueous Non-Radioactive Cell Proliferation Assay (MTS) (Promega;
Madison, WI). Briefly, cells were incubated with 20% MTS/ phenazine methosulfate (PMS)
solution for 4 hours at 37°C. A ThermoMax M5 microplate reader was used to measure the
absorbance at 450 nm. The relative cell viability was expressed as a percentage of the
control.

Chemical and cell death inhibitor studies

To assess the pathway of LDL-DHA mediated cell death cell viability assays were also
performed in the presence of selected chemicals and cell death inhibitors (antioxidant, N-
acetylcysteine (NAC); iron chelator, defiprone (DFP); GPX4 mimetic and supplement
(ebselen (Ebs) and sodium selenite (NaySe)); caspase inhibitor, z-VVAD-fmk; autophagy
inhibitor, Bafilomycin; programed necrosis inhibitor, Necrostatin-1; ferrroptosis inhibitor,
ferostatin-1 (Fer-1). All drugs were purchased from Sigma-Aldrich. For this assay all cells
were pretreated for 3 hours with the inhibitors prior to the addition of LDL-DHA. Chemicals
or cell death inhibitors were used at the following concentrations: NAC, 2.5 or 30mM; DFP,
20 or 50uM; Ebs, 60mM; NaySe, 0.05 or 1uM; Z-VAD-FMK, 50-200 uM; Bafilomycin Al,
1- 4M; Necrostatin-1, 10-40 pM; Fer-1, 1 or 20uM.

The role of peroxisome proliferator-activated receptor (PPAR) activity was also assessed in
DHA mediated cancer cell killing. HepG2 cells (representative of the HCC cells) were
treated for 24 hours with free DHA or LDL-DHA (40-80uM) in the absence or presence of
12 uM GW6471 (a PPARa antagonist); 1um ST247 (an inverse PPARB/S agonist); or 10uM
GW9662 (a PPAR~y antagonist). Following the treatment period cell viability was assessed
using MTS assay. In addition, the effects of fenofibrate, GW0742 or troglitazone (PPAR a,
(/6 and y agonists respectively) on the viability of untreated HepG2 cells was also assessed.

Lipid peroxidation measurement

Lipidomics

Lipid hydroperoxides were monitored in cell and tissue lysates via the iodometric test as
previously described by Reilly and Aust.14

Untreated control and 24 hour LDL-DHA (60uM) treated HepG2 cells were washed with
PBS, harvested by trypsinization, re-suspended in PBS and sonicated on ice. Lipids were
extracted from the cell lysates using a modified procedure of Bligh and Dyer® and to each
sample SPLASH Lipidomix® (Avanti Polar Lipids, Alabaster, AL) internal standard was
added for identification and relative quantification of lipid species. Lipid extracts were
analyzed by direct infusion, MS/MSALL analysis. Approximately 100 uL of lipid extract in
2:1:1 dichloromethane:methanol:isopropanol (2:1:1 v/v) with 5 mM ammonium fluoride
was infused at 10 uL/min using a modified LEAP PAL autosampler (LEAP Carrboro, NC.
Mass Spectrometry Analyses. Positive and negative MS/MSALL was carried out on a Triple
TOF™ 6600 System (SCIEX, Concord, ON, Canada). Product ions were collected from m/z

Free Radic Biol Med. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Quetal. Page 5

200-1200. The collision energy was set to 35 V, curtain gas to 20, GS1 and GS2 to 15, spray
voltage to 5500(positive ion mode)/4500 (negative ion mode), and temperature to 400 °C.
The total time to carry out the entire experiment was 6 min. Data Analysis. The acquired
TOF MS and MS/MS data were processed and analyzed with custom in-house software.

Western Blot

Samples were lysed in 1x cell lysis buffer (9803, Cell Signaling) and protein concentration
was determined by the Bradford method using Bio-Rad protein assay. Proteins were then
equally loaded and separated in polyacrylamide gels. Thereafter, proteins were transferred to
PVDF Transfer Membrane (Immobilon) and incubated overnight with primary antibodies
against Gpx-4 (1:500 dilution, sc-50497), Cleaved Caspase-3(1:1000 dilutions, Cell
Signaling D175) and p-actin (1: 1000 dilution, sc-47778). Horseradish peroxidase-
conjugated (HRP-conjugated) secondary antibodies were used and western blot signals were
detected with ECL (GE healthcare).

GSH/GSSG Assay

Total soluble reduced glutathione (GSH) and glutathione disulfide (GSSG) were measured
by a glutathione detection kit (no. ADI-900-160; Enzo Life Sciences) according to
manufacturer’s instructions.

Measurement of NADPH/ NADP*

NADPH/NADP* concentrations in cell samples were determined by using EnzyChrom
NADPH/NADP assay kit (no. ECNP-100; BioAssay Systems) according to manufacturer’s
instructions.

Measurement of GPX4 activity

50 million cells with or without compound treatment were harvested and resuspended in 300
ul of GPX assay buffer (50 mM Tris-HCI pH 8.0, 0.5 mM EDTA). Cells were disrupted
using sonication and the resulting crude lysates were cleared by centrifuging the tube at
10,000 x g for 10 min. The amount of protein in the cleared lysate was determined using the
Bradford method. In microtubes, GPX assay buffer, NADPH (final 0.25 mM), glutathione
reductase (final 0.5 U/ml), and 700 mg of cellular protein samples were transferred and
mixed well. The amount of GPX assay buffer was adjusted to give the final mixture of 495
uL. GPX reaction was started by adding 5 uL of 30 mM cumene hydroperoxide to the
mixture above. The amount of NADPH in the reaction mixture was determined kinetically
by reading absorbance value at 340 nm at 10 s interval over the 10 min time.

In vivo xenograft studies

Mechanism Study—Male Balb/C severe combined immunodeficiency (SCID) mice (6-8
weeks old; n = 5 per group) were maintained in accordance with the National Research
Council (US) Committee Guide for the Care and Use of Laboratory Animals. All studies
were approved and conducted under the oversight of the UT Southwestern Institutional
Animal Care and Use Committee. HepG2 cells (5 x 10° cells) were suspended in phosphate-
buffered saline (PBS) and injected subcutaneously into the right flank of the mice. On day

Free Radic Biol Med. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Quetal.

Page 6

15 after implantation of tumor cells, when the tumors were about 3.0-5.0 mm in diameter
animals were randomly allocated to saline control, LDL-TO control, LDL-DHA, Fer-1 and
LDL-DHA + Fer-1 treatments. Mice were anesthetized and intratumoral injections were
directed towards the center of the tumor. The needle was inserted once into the predefined
region, and 100 ul of the LDL nanoparticle/drug solution was dispensed with even pressure.
The injection needle was removed slowly, and the injection site was sterilized. LDL
nanoparticles were administered at an equivalent dose of 2.5 mg/kg LDL-DHA and 1.1
mg/kg Fer-1. Untreated control mice were injected with an equal volume of PBS. Mice
received single intratumoral injections for 3 consecutive days followed by one day of
recovery. On the fifth day all mice were sacrificed, tumors isolated and measured. The
largest and smallest diameters were measured with vernier calipers and tumor volume was
estimated according the formula: V = 1/2 ab2, where a and b are the largest and smallest
tumor diameters, respectively, and V is the tumor volume in milliliters. After tumor volume
measurements tumors tissue was divided for formalin fixation (histology) and rapid freezing
(lipid hydroperoxide and Western blot analysessee methods described above).

Histology—Collected tumor tissue was fixed in 10% formalin and paraffin embedded. The
sample were then processed for sectioning and staining with hematoxylin-eosin (H&E).

Tumor Growth Delay Study—Mice bearing HepG2 xenografts (n=15) were randomly
allocated to receive PBS, LDL-TO or LDL-DHA intratumoral injections as described above.
Mice were examined until day 24 post treatment when tumor volumes in the control groups
reached the clinical endpoint of 3800 mm3 (in accordance with animal ethics guidelines) to
assess the effects of the LDL nanoparticle treatment on tumor growth. The sizes of the
implanted tumors were estimated with vernier caliper (as describe above) every 4 days. The
effect of the LDL nanoparticles was assessed by comparing the tumor volumes of treatment
groups every 4 days, up to 24 days. The means and standard error of the tumor volumes
expressed as a percentage change from day 0 were calculated for each group at each time
point. On day 24, all animals were euthanized and tumors were excised and collected.

Statistical Analysis

Results

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 less than 0.05 was deemed significant. All
statistical analyses were performed by using Prism 6 (GraphPad Software).

LDL-DHA induces lipid peroxidation and cell death in HCC

The cytotoxicity of LDL nanoparticles was evaluated in rat (H411E) and human (PLC/PRF/5
and HepG2) HCC cell lines. Each cell line was treated with increasing doses of LDL
nanoparticles for 72 hours, after which cell viability was measured via the MTS assay. LDL-
DHA treatment significantly reduced cell viability in H4IIE (IC59=28.7uM), PLC/PRF/5
(IC5p=27.6uM) and HepG2 (IC5o=5.0uM) cells (Figure 1A), while the control nanoparticle,
LDL-TO, did not elicit any cytotoxicity. Morphologically, each cell line showed evidence of

Free Radic Biol Med. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Quetal.

Page 7

trauma, surface detachment and atypical cell shape at 40uM LDL-DHA (Supplemental
Figure 1). Upon reaching a treatment dose of 80uM, the potency of the LDL-DHA
nanoparticle was evident, the field of view for each cells showed only dying or dead cells
and cell debris. Next we sought to examine for evidence of perturbed lipid oxidation as our
previous studies have shown that lipid peroxidation accompanies LDL-DHA induced tumor
cell killing. First we observed that the various cell lines had differing basal levels of lipid
hydroperoxides, H4I1E and PLC/PRF/5 cells had moderate levels while HepG2 had
markedly higher levels of lipid hydroperoxides. Following a 24-hour treatment of LDL-
DHA (40uM), pronounced increases in lipid hydroperoxides were experienced in all of the
HCC cells (Figure 1B). On average the lipid hydroperoxides increased approximately 3 fold,
2 fold and 6 fold in the H4IIE, PLC/PRF/5 and HepG2 cells, respectively, over their
untreated counterparts. As expected, the LDL-TO treatments did not produce any significant
increases in lipid hydroperoxides across the various cell lines.

LDL-DHA kill HCC cells by ferroptosis: A non-apoptotic iron dependent cell death

To date little is known of cell death pathways activated by LDL-DHA treatments. To test this
the HCC cells were treated with LDL-DHA in the presence of traditional cell death
inhibitors. Increasing doses of z-VAD-fmk, necrostatin-1 and bafilomycin Al were used to
respectively inhibit potential apoptosis, programmed necrosis and autophagy processes
activated by LDL-DHA. Interestingly, none of these inhibitors were able to prevent the
LDL-DHA induced cancer cell killing (Supplemental Figure 2). Additional studies showed
that the apoptosis inhibitor, z-\VVAD-fmk was able to protect HepG2 cells after treatment with
free DHA, however, it consistently failed to rescue LDL-DHA treated cells over a range of
concentrations (Supplemental Figure 3A,C). In light of these negative results, we sought to
better understand the role of lipid peroxidation in LDL-DHA induced cytotoxicity. Co-
treatment with the antioxidant and lipid peroxidation suppressor, N-Acetyl-L-Cysteine
(NAC), not only rescued the HCC cells from LDL-DHA cytotoxicity but it also completely
quenched the lipid hydroperoxide production (Figure 2 A and B). Similarly, deferiprone, an
iron chelator, was shown to be equally effective at rescuing the HCC cells and suppressing
the generation of lipid hydroperoxides (Figure 2C and D). The prominent roles of lipid
peroxidation and iron in mediating LDL-DHA cytotoxicity led us to consider ferroptosis, an
iron-dependent form of non-apoptotic cell death, as a mechanistic pathway for LDL-DHA
induced cancer cell killing. Studies with the ferroptosis inhibitor, ferostatin-1 (Fer-1), also
proved to be highly effective at blocking LDL-DHA HCC killing and the formation of lipid
hydroperoxides (Figure 2 E, F and Supplemental Figure 3B). It is interesting to note that at
the higher dose of LDL-DHA in PLC/PRF/5 cells Fer-1 was unable to completely reverse
the cytotoxicity as seen with H4I1E and HepG2. Furthermore, we investigated whether Fer-1
could also rescue HepG2 cells treated with free DHA, however, our results showed that the
ferroptosis inhibitor was clearly unable to protect the cells from free DHA’s cytotoxicity
(Supplemental Figure 3D). Ferroptosis is known to be accompanied by a marked
inactivation of the antioxidant, glutathione peroxidase (GPX4). In attempts to inhibit LDL-
DHA induced ferroptosis GPX4 activity was supplemented by the addition of ebselen, a
GPX4 mimetic. These studies showed that ebselen was able to partially protect the HCC
cells from LDL-DHA ferroptosis and diminish the production of lipid hydroperoxides
(Figure 2G and Figure 2H).
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LDL-DHA suppresses GPx-4 activity and expression

Additional studies were performed to evaluate the role of GPX4 on LDL-DHA cytotoxicity
by augmenting or inhibiting GPx4 activity. GPX4 is a selenoprotein that has a key
selenocysteine residue within its catalytic site. Thus, selenium availability regulates GPX4
enzyme activity. Supplementing the HCC cells with sodium selenite (Na,Se) is able to
protect the cells from LDL-DHA killing (Figure 3A). Likewise Na,Se was able to block the
production of lipid hydroperoxide in these cells (Figure 3C). Conversely, under selenium
deficiency conditions the HCC cells showed enhanced sensitivity to LDL-DHA treatments
and experience significantly greater killing compared to LDL-DHA alone(Figure 3B).
Interestingly, lipid peroxidation only showed minor increases with selenium deficiency
(Figure 3D).

Next direct measures of GPX4 protein levels and activity were performed in the HCC cells
following nanoparticle treatments. For both PLC/PRF/5 and HepG2 cells LDL-TO did not
alter GPX4 protein expression from untreated cells, however, LDL-DHA treatments caused
a striking drop (> 50% reduction) in GPX4 expression (Figure 4A and B). These findings are
in keeping with previous reports on LDL-DHA’s effect on GPX4 in H4IIE.8 Measurements
on GPX4 activity also mirrored the effects seen for GPX4 protein levels, LDL-DHA
treatments strikingly curtailed GPX4 activity in all of the HCC cells (Figure 4C).

For the next series of experiments, we sought to determine whether the modulating effects of
Ebs, Na,Se and selenium depletion on LDL-DHA cytotoxicity were directly mediated
through altering GPX4 activity. Supplementation of either Ebs or Na,Se was able to
preserve GPX4 activity following LDL-DHA treatment in all of the HCC cell lines (Figure
4D and E). Selenium depletion, on the other hand, reduced GPX4 activity to a similar degree
as the LDL-DHA treatment (< 50% of untreated levels). Furthermore, the combination of
selenium depletion and LDL-DHA treatment severely impaired GPX4 activity to nearly
undetectable levels (Figure 4F).

LDL-DHA disrupts regulatory redox couples

The availability of GSH plays a key role in the functionality of GPX. Concentrations of
GSH and its oxidized counterpart, GSSG, were assessed after LDL nanoparticle treatments
(Figure 5A). The ratio of this redox couple, GSH/GSSG, was significantly lower (>50%) in
the LDL-DHA treated group compared to untreated and LDL-TO controls. In a similar
manner, the nicotinamide redox couple, NADPH/NADP*, which provides reducing
equivalents to the GSH system was also found to be dramatically reduced after LDL-DHA
treatment (Figure 5B). Interestingly, LDL-TO treatments seem to increase the redox ratio
particularly in the H4IIE cells. This increase in redox ratio likely reflects the increased
nutritional status of the cell.16 Collectively, these results indicate that LDL-DHA induces
pronounced oxidative stress within HCC cells such that the oxidized species GSSG and
NADP* accumulate at the expense of their reduced counterparts, GSH and NADPH,
respectively. Under these conditions, GSH is highly oxidized and unable to participate in
GPX activity.
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The incorporation of DHA into cellular lipids was evaluated using mass spectrometry-based
nontargeted shotgun lipidomics, where hundreds of lipids can be simultaneously analyzed.
Twenty-four hours following LDL-DHA treatment significant elevations of DHA were
observed in the HepG2 cells across various phospholipid classes: phosphatidylcholine(PC)
(2-6 fold); phosphatidylethanolamine (PE)(2-3 fold); phosphatidylinositol (PI)(2-5 fold);
and phosphatidylglycerol(PG)(2-7 fold). High levels of DHA were also detected in the
neutral lipid pools: triglycerides (TG) (2-17 fold); diglycerides(DG)(2-3 fold); and
cholesteryl esters (CE) (5 fold) (Supplemental Figure 3).

Involvement of PPAR activity in LDL-DHA and DHA Anticancer Cytotoxicity

The role of PPAR signaling in LDL-DHA and DHA cancer cell killing was investigated with
specific PPAR agonists and antagonists (Figure 6). Treatments with neither PPAR agonists
(fenofibrate, GW0742 or troglitazone), antagonists (GW6471, GW9662) nor the inverse
PPARP/6 agonist (ST247) effected the viability of HepG2 cells. Following LDL-DHA and
DHA treatments PPARa antagonism (via GW6471) provided significant levels of protection
against LDL-DHA (60 and 80 uM) and DHA (80 uM) cytotoxicities (Figure 6A). GW9662,
the PPAR-y antagonist, was unable to protect against any of the concentrations of LDL-DHA
or DHA (Figure 6B). Conversely, ST247 was able to almost completely rescue the HepG2
cells from all LDL-DHA and DHA treatments (Figure 6C). Collectively, these findings
suggest that PPARP/S signaling, along with some contributions from PPARa, play an
important role in mediating LDL-DHA and DHA anticancer effects.

LDL-DHA inhibits tumor growth in vivo by ferroptotic processes

The antitumor effects of LDL nanoparticles was evaluated in cohort of mice bearing HepG2
xenografts (Figure 7A). Intratumor injections were carried out with PBS, LDL-TO and
LDL-DHA, additional groups of tumor bearing mice were treated with Fer-1 alone or LDL-
DHA + Fer-1, to determine if LDL-DHA also induced ferroptotic tumor cell death /n vivo.
Following three intratumor treatments (3 days) the percentage change in tumor volume of
the HepG2 xenografts was approximately 200% and 170% for the PBS and LDL-TO treated
groups. Conversely, for the LDL-DHA treated group tumor growth was drastically inhibited
such that it showed no significant growth (tumor volume change = 9 + 17%). Fer-1 alone did
not appear to have any negative effect on tumor growth, as these tumor grew similar to LDL-
TO and PBS treated groups. Combining Fer-1 with the LDL-DHA treatments, however,
significantly antagonized the antitumor effects of LDL-DHA. The tumors in this group grew
significantly more (150 + 12%) than the LDL-DHA treated group, with tumor volume
changes similar to LDL-TO and Fer-1 groups. Overall, the tumors in the LDL-DHA treated
group were 95% smaller than all the other groups (Figure 7A and Supplemental Figure 5).

Histologically the PBS, LDL-TO and Fer-1 groups showed highly cellular, vascularized and
viable tumors (Supplemental Figure 5). For the LDL-DHA group the majority of the tumor
sample showed evidence of successful treatment. Over 70% of the tumor sections were
composed of necrotic tissue, in addition infiltration of inflammatory cells were also
observed in these regions. The LDL-DHA + Fer-1 treated samples were marked by areas of
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viable tumor tissue and few residual regions of tumor cell death. The majority of samples
from this group displayed highly cellular and healthy tumor tissue.

Lipid hydroperoxides were also measured in this experiment and it was found that LDL-
DHA induced pronounced increases of lipid hydroperoxides in the HepG2 xenografts
(Figure 7B). This increase in lipid peroxidation was 3-6 fold greater than what was detected
in LDL-TO and PBS controls. The levels of lipid hydroperoxide in the Fer-1 alone group
was equivalent to that in the PBS and LDL-TO groups. In the LDL-DHA + Fer-1 group lipid
hydroperoxide production was marginally greater than the control groups but was still
significantly less than LDL-DHA alone. In addition, we performed Western blot analyses to
monitored GPX4 expression across the tumor treatment groups (Figure 7C). GPX4 levels
were similar in the PBS, LDL-TO, LDL-DHA + Fer-1 and Fer-1 groups. The LDL-DHA
treatment, as seen in the /n vitro experiments, induced a 60% reduction of GPx-4 protein
expression. We also monitored the levels of cleaved-caspase3 (a marker of apoptosis) in the
tumor samples (Supplemental Figure 6). LDL-TO treated tumors displayed slight amounts
of cleaved caspase-3 protein, likely resulting from the natural course of dying of cells in the
fast growing tumor. The LDL-DHA treated tumors did not exhibit any cleaved caspase-3
protein, despite experiencing overwhelming amounts of tumor cell death. Interestingly,
cleaved caspase-3 protein was only detected in the LDL-DHA treated tumor when Fer-1 was
co-administered. Taken together, these findings collectively support the claim that /n vivo
LDL-DHA nanoparticles kill HepG2 tumor cells by ferroptotic cell death pathways.

Antitumor efficacy of LDL-DHA

Figure 8A shows the percentage of change in tumor volume of HepG2 xenografts, compared
with the tumor volume at day 0 (first day of LDL nanoparticle/PBS injection). The tumors in
the control groups, representing PBS and LDL-TO injections, maintained rapid growth with
continual increases in tumor volume over the 24 days of the experiment, when all of the
control-treated animals reached the endpoint of approximately 3800 mm3 tumor volume.
LDL-DHA treatments showed evidence of inhibiting HepG2 tumor growth as early as 4
days (one day following the last nanoparticle injection) into the growth delay study. At this
date the percent change in tumor volume was 125.8 + 33 % for PBS, 102.8 + 10 % for LDL-
TO and 19 + 14 % for LDL-DHA. The rate of tumor growth for the LDL-DHA continued to
be significantly suppressed throughout the duration of the experiment. By the end of the
study marked antitumor treatment effects demonstrating pronounced delays in tumor growth
was evident in the LDL-DHA group (percent change tumor volume= 1094 + 225%) relative
to the controls (PBS= 4077 + 347 % and LDL-TO=4026 + 455 %)(Figure 8 A and B).
Measurements of the excised tumors (Figure 8C) also confirmed reductions in tumor size
from the LDL-DHA treatment (1325 + 235 mm?3) compared to PBS (3846 + 405mm?3) and
LDL-TO (3725 + 412 mm?3) treatments.

DISCUSSION

The selective cytotoxic actions of LDL-DHA nanoparticles was first described in murine cell
lines and later demonstrated in rat HCC cells and orthotopic HCC tumor xenografts.® 8 In
these studies, LDL-DHA-induced tumor cytotoxicity was characterized by the lethal
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accumulation of lipid ROS and the depletion of GSH. In the present paper, we show that this
cytotoxic anticancer activity of LDL-DHA also extends to human HCC cell lines. The well
differentiated PLC/PRF/5 cell line displayed similar sensitivities to LDL-DHA (IC5¢=27.6
UM) as was seen in rodent HCCs. HepG2 cells, on the other hand, was significantly more
sensitive to LDL-DHA nanoparticle treatments (IC50=5.0 uM). Cell death in both human
cell lines was characterized by the pronounced induction of lipid peroxidation. Further
investigation into the mechanisms of LDL-DHA-mediated tumor cell killing revealed that it
operates independent of apoptotic, necroptotic or autophagic pathways, but required the
presence of cellular iron to elicit cytotoxicity. These hallmarks of LDL-DHA-induced tumor
cytotoxicity are consistent with the features of ferroptosis cell death1?, indicating that LDL-
DHA maybe killing tumor cells by ferroptosis. This was later confirmed with ferrostatin
(fer-1), a potent and specific inhibitor of ferroptosis. Fer-1 completely rescued LDL-DHA-
induced cell death in HepG2 cells, for PLC/PRF/5 and H4I1E the rescue was incomplete.
Furthermore, fer-1 was able to entirely quench the generation of lipid hydroperoxides across
all cells. These findings may be somewhat surprising given that free unesterified DHA is
known to induce apoptosis in cancer cells.* 1718 Supplementary experiments from our lab
have shown that while apoptosis inhibitors can avidly rescue HCC cells from DHA
cytotoxicity, it is unable to protect against LDL-DHA tumor cell killing. In addition, it was
also shown that Fer-1 is ineffective at protecting cells from DHA’s toxic effects.
Formulating DHA into the LDL nanoparticles directs DHA along the endolysosomal
pathway in the cell, in contrast, unesterified DHA enters the cell by diffusion or facilitative
transporters.19 This unique transport and processing of DHA along the endolysosomal
pathway (which induces lysosome membrane permeability, mitochondrial dysfunction and
nuclear injury)?, results in alternate cell death pathways such as ferroptosis.

In 2012, the lab of Brent Stockwell first described ferroptosis as an iron-dependent
nonapoptotic regulated form of cell death driven by the loss of activity of the lipid repair
enzyme GPX4 and subsequent accumulation of lipid-based ROS.19: 13 We also found that
GPX4 played a central role in the regulation of LDL-DHA—-induced cancer cell death. Our
studies showed that LDL-DHA nanoparticle treatment significantly depletes cancer cells of
GPX4 protein (>50% reduction through unknown mechanisms) and similarly impaired its
enzyme activity. While we and others have previously reported on the degradative effects of
DHA on GPX4 levels® 20, here we clearly demonstrate the regulatory role of GPX4 in LDL-
DHA'’s cytotoxicity. Supplementing cells with either ebselen, a GPX4 mimetic, or selenium
(NaySe), an essential cofactor for GPX function and synthesis, were not only able to protect
against LDL-DHA killing, but they also preserved GPX4 activity and inhibited the
accumulation of lipid hydroperoxides. Conversely, selenium depletion exacerbated LDL-
DHA'’s cytotoxicity and inactivation of GPX4. LDL-DHA’s capacity to diminish the cancer
cell of GPX4 enzymatic activity arises from its ability to dysregulate GSH homeostasis
within the cell. LDL-DHA treatments precipitously diminish the cells GSH:GSSG redox
ratio, such that majority of the intracellular GSH stores are oxidized and unable to
participate in GPX4 activity. In addition, the highly oxidized state of the cell shifts the
nicotinamide redox balance in the cell towards NADP™* accumulation, which impedes the
availability of NADPH to regenerate GSH through glutathione redutase. Furthermore, GSH
may also be lost from the cancer cell by the detoxifying actions of GSH transferase. In
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attempts to remove the toxic aldehyde loads produced from the peroxidation of LDL-DHA,

GSH-aldehyde adducts are actively exported from the cell, which inadvertently depletes the

cells pool of GSH.21: 22 Taken together, these findings explain why NAC, which acts both as
an antioxidant and GSH precursor, strongly protects against LDL-DHA cytotoxicity.

A mechanistic cascade for LDL-DHA-induced tumor cytotoxicity is presented in figure 9.
Upon entry into the cell LDL-DHA disrupts lysosomal and mitochondrial function such that
the cancer cell’s redox balance further favors oxidative metabolism.® Under this oxidative
stress LDL-DHA undergoes disintegrative free radical peroxidation and cellular GSH levels
are subsequently depleted. This in turn leads to the inactivation of GPX4, which allows
further lipid peroxidation to proceed unabated.2® Collectively, these conditions trigger
ferroptosis tumor cell death. Hence, like erastin (the prototype ferroptosis activating
compound) LDL-DHA induces ferroptosis through direct depletion of GSH and indirect
inactivation of GPX4.13 However, erastin mediates this process through a different triggering
mechanism-the inhibition of system x.~ cystine-glutamate transport.10

The anticancer actions of PUFA, like DHA, have often been attributed to PPAR activation.
24,25 |n this study we also sought to determine if these nuclear receptors also mediate LDL-
DHA’s tumor cytotoxicity. Surprisingly, our results showed that PPAR a and -y had minor
and minimal effects, while PPARB/S signaling had the greatest impact on DHA and LDL-
DHA'’s cytotoxic activity. Blockade of PPARPB/S activation, via the inverse agonist ST247,
provided HepG2 cells near complete protection from DHA and LDL-DHA killing. The fact
that ST247 inhibited both DHA and LDL-DHA suggests that PPARB/6 activation is not
specific to apoptosis or ferrroptosis, but rather mediates processes in the injurious cascade
that is upstream of these divergent cell death pathways. Traditionally, PPAR a, y signaling
has been associated with tumor growth suppression2®: 27, but more recently PPARB/S
activation has also been reported to promote differentiation and inhibit cancer cell growth.
28,29 | addition to their tumor suppressive effects, PPARs transcriptional activity is also
known to promote lipid oxidation3? (ie. DHA activation). Given these actions, it becomes
evident why antagonism of PPAR activity would be cytoprotective against LDL-DHA/DHA.
The inhibitor ST247 may have been particularly effective at protecting the HepG2 cells from
DHA and LDL-DHA cytotoxicity, because unlike GW6471 and GW9662 (traditional
antagonists), it is a high affinity inverse agonist capable of inhibiting basal expression of
PPARP target genes as well as increasing recruitment of transcriptional corepressors.3!
While these findings provide some insight additional studies are needed to further elucidate
the role of PPAR signaling in DHA and LDL-DHA’s anticancer cytotoxicity.

LDL-DHA-induced ferroptosis was also evident /7 vivo in HepG2 tumor xenografts.
Intratumoral LDL-DHA treatments were shown to severely suppress HepG2 tumor growth
in nude mice. Histological analysis revealed that most of the residual tumor was composed
of necrotic tissue. However, co-administration of Fer-1 effectively blocked the antitumor
effects of LDL-DHA treatment, such that tumor grew at rates similar to untreated and LDL
treated controls. Consistent with the cell findings, Fer-1 administration diminished LDL-
DHA-induced lipid hydroperoxide accumulation and preserved tumor GPX4 expression.
Furthermore, the absence of cleaved caspase-3 protein in LDL-DHA treated tumors supports
the theory that LDL-DHA kill tumor cells via non-apoptotic processes. Interestingly, when
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tumors are co-treated with Fer-1 to inhibit LDL-DHA mediated ferroptosis cleaved
caspase-3 protein levels are detected. This suggests that when ferroptosis pathways are
inhibited, LDL-DHA may activate alternate pathways of tumor cytotoxicity. This is certainly
plausible given that DHA can elicit multiple anticancer effects on tumor cells.18 32 These
intriguing findings warrant additional mechanistic studies on LDL-DHA’s anticancer
activities.

The premise of delivering exogenous PUFA to cells as a trigger to induce ferroptosis is
supported by the recent work of Kagan et a/33 In these studies the authors clearly
demonstrate that increasing arachidonoyl (AA) and adrenoyl (AdA) fatty acyl moieties in
phosphatidylethanolamine (PE) membrane lipids potentiates ferroptotic cell death. Indeed,
lipidomic experiments from our lab showed that following LDL-DHA treatment DHA was
incorporated into numerous phospholipid and neutral lipid classes. Although DHA
incorporation into the PE pool was not the highest, it was still 2-3 fold greater than
untreated cells and thus able to potentiate the ferroptotic cascade. The role of the long chain
PUFA activator, acyl-CoA synthase 4 (ACSL4), was also recently highlighted in the studies
of Kegan et al.33 and Doll et a/3* as an important regulator of ferroptosis. ACLS4 was found
to positively correlate with ferroptosis cell death, as it facilitates the esterificaion and
distribution of PUFA into cell membranes. The PUFA enriched membranes are susceptible
targets to the lipid oxidation that occurs during ferroptosis, this in turn leads to membrane
damage, cell injury and eventually cell death.3° Interestingly, a previous study examining the
activity of ACSL4 in HCC reported strong expression of this protein in HepG2 cells.38 This
may explain why HepG2 cells/tumors were particularly sensitive to LDL-DHA induced
ferroptosis. Further studies are needed to investigate the significance of lipid enzymes like
ACLS4 in LDL-DHA mediated tumor cell killing.

In summary, we have demonstrated that the primary mechanism of cell death in LDL-DHA
treated tumors was ferroptosis. The delivery of LDL-DHA nanoparticles to cancer cells
creates the ‘perfect storm” in which PUFAs (highly efficient substrate for lipid
peroxidation)37 are deposited into a cellular milieu with deviant iron and redox metabolism.
38,39 The subsequent depletion of GSH and inhibition of GPX activity drives the
programmed ferroptotic tumor cell death. Efficacious antitumor control was achieved by
LDL-DHA-induced ferroptosis, as long term tumor growth inhibition was sustained well
after the cessation of treatment. These findings provided new insights into the molecular
mechanisms governing LDL-DHA’s tumor cytotoxicity. Finally, LDL-DHA nanoparticles
may be included in a growing list of agents (eg. erastin, sorafenib, artesunate) capable of
eliciting anticancer effects through ferroptosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. LDL-DHA nanoparticles are cytotoxic to hepatocellular carcinoma (HCC)
cells.

. LDL-DHA treatments induce lipid peroxidation and depletion of GSH and
GPX4 in HCC cells.

. LDL-DHA treated HCC cells undergo ferroptosis cell death, unlike free DHA
which kill HCC cells by apoptosis.

. HCC tumors treated with LDL-DHA nanoparticles also experience ferroptotic
cell death.
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Fig 1. LDL-DHA induces toxicity on H411E, PLC/PRF/5 and HepG2 cells through reactive
oxygen species
(A)H4IIE, PLC/PRF/5 and HepG2 were serum starved overnight, and then treated with LDL

nanoparticle (0-100uM). Cell viability was measured by MTS assay at 72 hours after LDL
nanoparticle treatment. Experiments were performed in triplicate wells with 3 independent
runs. Results are expressed as mean £ SEM. *** P <0.001 compared with untreated control.
All readings are significant at P <0.001 for H4IIE cells after 40 uM, for PLC/PRF/5 cells
after 20 uM and for HepG2 cells after 10 uM .(B) H4IIE, PLC/PRF/5 and HepG2 cells were
serum starved overnight, then treated with LDL nanoparticle (60uM) for 24 hours. Cell lysis
was used for Lipid hydroperoxide assay. Lipid hydroperoxide level was normalized based on
cell protein level. Results are expressed as mean £ SEM (n=3). **, P <0.01; ***, P <0.001
compared with corresponding group (two-way ANOVA).

Free Radic Biol Med. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

QOuetal. Page 19
I H4lIE PLC/PRF/5 I HepG2 |
A. 150 B.
: T T 2 i
z - 30
£ 100 oo t = T S & T
o T T o <
S 88
> =0
= T T T T 3= T
g 50 )
N Tt 2 L. b oy HiHH wan M
2 MR- | Y
LDL- DHA(uM) 0 4060 0 40 60 0 4060 0 4060 0 4060 0 4060 LDL- DHA(p.M) 0 40 60 0 40 60 0 4060 04060 0 4060 0 4060
NAC(mM) 0 0 0 252525 0 0 0 303030 O O O 303030 NAC(mM) 0 0252525 0 0 0 303030 0 0 0 303030
c. 150 D.
#H o o
** -]
2 - T T @ c
K] iy S22,
s #i# T 20
= T S T
g 50 - £
g T ) iy T o #itt
-g‘ * - + T = - > ~ T
0 0.
LDL-DHA(nuM) 0 40 60 O 40 60 0 4060 0 406 0 4060 0 4060 LDL-DHA(uM)O 4060 0 40 60 0 4060 0 4060 0 4060 0 4060
P(uM) 0O 0 0 2020 20 0 0 0 505050 0 0 0 505050 FP(uM) 0 0 0 202020 O O 0 505050 O O O 5050 50

LDL-DHA(uM) O
Fer-1 (("l )) 0

G. 150

100

%Cell Viability
wv
=]

0
LDL- DHA(pM)

F.

<]

E. 150
T ***## o T
* H s 6
Z 100 - * - =LT ) T
- T 3
> T T T T 5 o -
3 50 T 3
3 2 i T i o
N - Y *% Hkx - k%
o = - T = PP
0 ~ 0
4060 04060 0 4060 0 4060 0 4060 0 40 60 LDL-DHA(uM) 0 4060 0 4060 0 4060 0 4060 0 4060 0 40 60
00111 000202020 0 0 0 202020 Fer-(uM) 0 0 0 1 1 1 0 0 0 202020 0 0 O 2020 20
H. 8 T
()] T
3
- _ g
Ht k4 i eee g5 E
eee T H1 B £3 H eee
7 T - ¥ 2 ee@ - Q_@@
a it g t
= = - - - -
0
608006080 06080 06080 0 6080 0 60 80 LDL-DHA(uM)0 6080 0 6080 0 6080 0 6080 0 6080 O 60 80
0 0606060 0 0 0606060 O O O 6060 60 Ebs(4tM) 0 0 0 606060 O 0 0 606060 O O 0 6060 60

Ebs(uM) 0

Fig 2. Identifying inhibitors of LDL-DHA mediated toxicity and oxidative stress
(A-B) 1 hour treatment of NAC (2.5 or 30mM), (C-D) 3 hours of treatment DFP (20 or

50uM), (E-F) 3 hours of treatment Fer-1 (1 or 20uM), (G-H) 1 hour treatment of Ebs were
applied to H4I1E, PLC/PRF/5 and HepG2 cells prior to LDL-DHA (40, 60 or 80 uM)
treatment. Cell viability (left panel) was measured by MTS assay and Lipid peroxidation
levels (right panel) were measured by Lipid hydroperoxide assay at 24 hours after LDL-
DHA treatment. Results are expressed as mean = SEM (n=3). *, P <0.05; **, P <0.01; ***,
P <0.001 compared with 40uM LDL-DHA only treatment group. #, P <0.05, ##, P <0.01,
####, P <0.001 compared with 60uM LDL-DHA only treatment group. @, P <0.05,@@, P
<0.01,@@@, P <0.001 compared with 80uM LDL-DHA only treatment group (one-way
ANOVA, Tukey’s test).
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Fig 3. Selenium modulates LDL-DHA cytotoxicity
(A) an overnight incubation of NaySe (0.05 or 1uM) and (B) 3 days starvation of selenium

were applied to H41IE, PLC/PRF/5 and HepG2 cells, then treated with 40 or 60uM LDL-
DHA for 24 hours Cell viability was measured by MTS assay and Lipid peroxidation level
was measured by Lipid hydroperoxide assay at 24 hours after LDL-DHA treatment. Results
are expressed as mean + SEM (n=3). *, P <0.05; **, P <0.01; ***, P <0.001 compared with
40uM LDL-DHA only treatment group. #, P <0.05, ##, P <0.01, ###P <0.001 compared
with 60uM LDL-DHA only treatment group (one-way ANOVA, Tukey’s test).
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Fig 4. LDL-DHA inhibits GPx-4 function in H411E, PLC/PRF/5 and HepG2 cells
Cell extracts in PLC/PRF/5 (A) and HepG2 cells (B) were collected at 24 hours after LDL

nanoparticle (60 uM) treatments and were subjected to immunoblot with antibodies specific
for GPx-4. Quantitation of GPx-4 was normalized to B-actin. Bars represent normalized
relative densities plotted as mean = SEM calculated from 3 independent blots. **, P < 0.01,
*** P < 0.001 compared with corresponding group (one-way ANOVA, Tukey’s test). (C)
GPx-4 activity in H411E, PLC/PRF/5 and HepG2 cells was measured at 24 hours after LDL
nanoparticle (60 uM) treatments (n=3). (D) 1 hours of Ebs (60 pM), (E) Overnight
incubation of NaySe (0.05 or 1uM), or (F) 3 days starvation of selenium were applied to
cells prior to LDL-DHA (60 uM) treatment. Cell lysates were collected for GPx-4 activity
measurement (n=3). Data for the assay are normalized to the untreated control to yield fold
change and expressed as mean + SEM. *, P <0.05, **, P < 0.01, ***, P < 0.001 compared
with corresponding group (one-way ANOVA, Tukey’s test).
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Fig 5. LDL-DHA decrease intracellular redox couples levels
GSH/GSSG (A) and NADPH/NADP (B) levels in H41IE, PLC/PRF/5 and HepG2 cells were

measured at 24 hours after LDL nanoparticle (60 uM) treatments. Data for the assay are
normalized to the untreated control to yield fold change and expressed as mean = SEM
(n=3). *, P <0.05; **, P <0.01; ***, P <0.001 compared with corresponding group (one-way
ANOVA, Tukey’s test).
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Figure 6. The role of PPAR inhibition on LDL-DHA and DHA induced cytotoxicity in HepG2
cells

Cells were grown to 80-90% confluency in 96 well plates, serum starved overnight, treated
with LDL-DHA or DHA (40, 60 or 80 uM) with or without peroxisome proliferator-
activated receptors (PPARs) inhibitors. Cell viability was determined by MTS assay after 24
hours. (A) Fenofibrate (a PPARa agonist), 50uM; GW6471 (a PPARa antagonist), 12uM.
(B) GW0742 (a PPARB/-y agonist), 1 uM; ST247 (an inverse PPARP agonist), 1uM. (C)
Troglitazone (a PPAR~y agonist), 10uM; GW9662 (a PPARYy antagonist), 10uM. Results are
expressed as mean £ SEM (n=3). *, P <0.05; ***, P <0.001 compared with corresponding
treatment group (one-way ANOVA, Tukey’s test).
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Fig 7. LDL-DHA induced cytotoxicity in HCC tumors
Tumor volumetric assessment (A), Lipid peroxidation level (B) and GPx-4 protein levels (C)

for intratumoral injection of PBS control, LDL-TO control, LDL-DHA, Fer-1 and LDL-
DHA+Fer-1 treatments for 3 consecutive days followed by one day of recovery on HCC cell
line HepG2 xenografts in mice. The average HepG2 tumor volume for each group is
expressed as a percentage of change in tumor volume compared with day 0 and expressed as
mean + SEM (n=5). The average tumor volumes of PBS control, LDL-TO control, LDL-
DHA, Fer-1 and LDL-DHA+Fer-1 treatments groups at day 0 are 188.6, 227.6, 193, 195.3
and 214.7 mm3, respectively. Lipid peroxidation level was measured by Lipid
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hydroperoxide assay and expressed as mean + SEM (n=3). Quantitation of GPx-4 was
normalized to B-actin. Bars represent normalized relative densities plotted as mean = SEM
calculated from 3 independent blots. *, P <0.05; **, P <0.01 ***, P <0.001 compared with
corresponding group (one-way ANOVA, Tukey’s test).
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Fig 8. LDL-DHA treatments inhibit HCC tumor growth
(A) HepG2 tumor volumetric assessment vs. time for intratumoral injection of PBS control,

LDL-TO control, LDL-DHA treatments. The average HepG2 tumor volume for each group
is expressed as a percentage of change in tumor volume compared with day 0 and expressed
as mean + SEM (n=5). The average tumor volumes of PBS control, LDL-TO control, LDL-
DHA treatments groups at day 0 are 96.5, 95 and 114.5 mma3, respectively. *, P <0.05; **, P
<0.01 **** P <0.0001 versus PBS control group. #, P <0.05, ####P <0.0001 versus LDL-
TO control group (one-way ANOVA, Tukey’s test). (B—C) Efficacy of intratumoral injection
of LDL-DHA after 3 injections over 24 days.
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Fig 9. Schematic of LDL-DHA induced ferroptosis in HCC cells
Upon entry into the cell LDL-DHA nanoparticles have been shown to deplete cellular stores

of GSH. The loss of this critical cofactor impedes the activity of GPX4. In addition, LDL-
DHA can downregulate the expression of GPX4 by unknown mechanisms. The reduction of
GPX4 expression and activity severely cripples the cells capacity to protect itself from lipid
peroxidation. The large influx of LDL-DHA nanoparticles into the cell also directly causes
increased lipid peroxidation. Collectively these events signal ferroptosis cell death. The
LDL-DHA induced ferroptosis cascade can be inhibited at the level of GPX4 with NA,Se
(selenium supplementation) or ebselen (GPX4 mimetic). Similarly, Lipid ROS can be
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blocked with DFP (iron chelation), NAC (antioxidant) or Fer-1 (ferroptosis specific
inhibitor).
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