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ABSTRACT: Ferroptosis is a form of regulated cell death driven by lipid peroxidation of polyunsaturated fatty acids (PUFAs).
Lipid peroxidation can propagate through either the hydrogen-atom transfer (HAT) or peroxyl radical addition (PRA) mechanism.
However, the contribution of the PRA mechanism to the induction of ferroptosis has not been studied. In this study, we aim to
elucidate the relationship between the reactivity and mechanisms of lipid peroxidation and ferroptosis induction. We found that
while some peroxidation-reactive lipids, such as 7-dehydrocholesterol, vitamins D3 and A, and coenzyme Q10, suppress ferroptosis,
both nonconjugated and conjugated PUFAs enhanced cell death induced by RSL3, a ferroptosis inducer. Importantly, we found that
conjugated PUFAs, including conjugated linolenic acid (CLA 18:3) and conjugated linoleic acid (CLA 18:2), can induce or
potentiate ferroptosis much more potently than nonconjugated PUFAs. We next sought to elucidate the mechanism underlying the
different ferroptosis-inducing potency of conjugated and nonconjugated PUFAs. Lipidomics revealed that conjugated and
nonconjugated PUFAs are incorporated into distinct cellular lipid species. The different peroxidation mechanisms predict the
formation of higher levels of reactive electrophilic aldehydes from conjugated PUFAs than nonconjugated PUFAs, which was
confirmed by aldehyde-trapping and mass spectrometry. RNA sequencing revealed that protein processing in the endoplasmic
reticulum and proteasome are among the most significantly upregulated pathways in cells treated with CLA 18:3, suggesting
increased ER stress and activation of unfolded protein response. These results suggest that protein damage by lipid electrophiles is a
key step in ferroptosis.
KEYWORDS: conjugated polyunsaturated fatty acids, lipid peroxidation, peroxyl radical addition, ferroptosis, lipid electrophiles,
unfolded protein response, ER stress

■ INTRODUCTION
Molecular oxygen is essential for cellular metabolism and
energy production. However, the accumulation of reactive
oxygen species (ROS) resulting from the imbalance between
pro-oxidative and antioxidative processes can lead to oxidative
stress in cells. Oxidative stress results in various deleterious
effects, such as damage to macromolecules like DNA, proteins,
and lipids.1 The attack of ROS on lipids, termed lipid
peroxidation, leads to free radical chain reactions with
molecular oxygen.2 Lipid peroxidation has been found to be
implicated in multiple pathologies, such as diabetes,3 cancer,4,5

aging,6 and neurodegenerative diseases.7,8

The autoxidation mechanism includes three steps: initiation,
propagation, and termination (Figure 1a).2 During the rate-

limiting propagation step, the peroxyl radical can undergo the
hydrogen (H)-atom transfer (HAT) mechanism to abstract the
H atom from another lipid substrate to form lipid hydro-
peroxides. In addition, the peroxyl radical can undergo the
peroxyl radical addition (PRA) mechanism and react with the
“C�C” double bond of another lipid. The radical formed from
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this reaction can either undergo homolytic substitution (SHi)
to form an epoxide or react with another molecular oxygen
resulting in another peroxyl radical. The mechanism by which
a lipid undergoes lipid peroxidation affects its oxidation
product distribution and, thus, its biological effects.9−11 For
example, nonconjugated polyunsaturated fatty acids (PUFAs),
such as linoleic and arachidonic acid, undergo the HAT
reaction predominantly. Therefore, they would primarily form
the HAT oxidation products such as lipid hydroperoxides and
their degradation products, including 4-hydroxynonenal (4-
HNE) and malondialdehyde.2,12 These reactive electrophiles
can react with the protein and DNA nucleophiles leading to
defects in cellular processes.11,13 Therefore, the elucidation of
the autoxidation mechanism of different lipids would allow for
a better understanding of their biological effects.
We recently reported a new radical clock approach that

enabled us to distinguish and measure the rate constants of the
HAT and PRA mechanisms of various biologically important
lipids for the first time.14 We found that lipid species with
conjugated double bonds in their structure, such as coenzyme
Q10 (CoQ10) and the lipophilic vitamins, vitamins A and D3,
have significant contributions from the PRA mechanism to the
overall rate constant and, thus, are highly reactive toward lipid
peroxidation. Importantly, we discovered that while the
nonconjugated PUFAs only undergo the HAT mechanism,
the conjugated ones can undergo both HAT and PRA
mechanisms, with a predominant contribution from the latter
for those with three or more double bonds. In addition, the
conjugated PUFAs are much more reactive toward lipid
peroxidation than their nonconjugated counterparts. Partic-
ularly, conjugated linolenic acid (CLA 18:3) has a much higher
peroxidation rate constant (kp = 1235 M−1 s−1) compared to
those of the nonconjugated PUFAs with even more double

bonds, including AA (20:4) (kp = 197 M−1 s−1),
eicosapentaenoic acid (EPA; 20:5) (kp = 249 M−1 s−1), and
docosahexaenoic acid (DHA; 22:6) (kp = 334 M−1 s−1)
(Figures 1b and S1). While the oxidation product profiles and
the biological effects of nonconjugated PUFAs have been
studied intensively, those of conjugated PUFAs are not well
characterized. Therefore, in this paper, we investigated the
oxidation product profiles of conjugated PUFAs with a focus
on their implications in ferroptosis.
Ferroptosis, also known as cell death by lipid peroxidation, is

a regulated form of cell death that is morphologically,
biochemically, and genetically distinct from other types of
cell death, such as apoptosis, necrosis, and autophagy.15−17

Specifically, due to their special metabolic needs to support
rapid differentiation and proliferation, certain cancer cell lines
are constantly under high levels of oxidative stress, resulting in
a high level of lipid peroxidation.5,18 Therefore, these cells rely
heavily on the activities of the antioxidant network, especially
those that can function at the lipid membrane, such as the
enzyme glutathione peroxidase (GPX4)19−21 and ferroptosis
suppressor protein 1 (FSP1),22,23 for their survival. Thus,
ferroptosis small-molecule inducers, such as RSL3 and erastin,
which are direct and indirect inhibitors of GPX4, respectively,
can lead to the accumulation of toxic lipid oxidation products
and, subsequently, cell death.15,19,24

Despite the establishment of several key aspects of
ferroptosis throughout the ten years since its discovery, certain
questions remained unanswered,17,25 such as the key molecular
events between lipid peroxidation and the eventual cell death.
Specifically, even though the autoxidation of PUFAs-
containing phospholipid in the cellular membrane has been
established to be the driver of ferroptosis,25−28 it remains
unknown whether the accumulation of oxidation products can

Figure 1. Various biologically important lipids can modulate the sensitivity of HT-1080 cell line to ferroptosis induced by IKE and RSL3. (a)
Autoxidation mechanism of lipid peroxidation; (b) selected lipid structures in this study and their rate constants; (c−e) cell viability dose−response
curves of HT-1080 cells treated with ferroptosis inducers, including imidazole ketone erastin (IKE) and RSL3, in the absence and presence of lipids
shown in (b). Viability is plotted as mean ± SEM of n = 3 biological replicates.
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lead to membrane, protein, and DNA damage and if any of
these events are responsible for the point of no-return in
ferroptosis. In addition, while the relevance of nonconjugated
PUFAs and their HAT oxidation products, such as lipid
hydroperoxides, in ferroptosis, have been studied inten-
sively,16,24,29,30 the contribution of the PRA mechanism and
its oxidation products to ferroptosis have not been
characterized. The high autoxidation reactivity of conjugated
PUFAs, which predominantly undergo the PRA reaction,
suggests these lipids’ potential to induce ferroptosis. Indeed,
CLA 18:3 isomers, including α-eleostearic and pucinic acid,
were recently reported to induce cell death in triple-negative

breast cancer and carcinoma cell line, respectively.31,32

Interestingly, cytotoxicity of conjugated PUFAs in cancer
cells was reported even before the discovery of ferropto-
sis.33−36

In this work, we first investigated the effects of various
biologically important lipids on ferroptosis induction in cancer
cell lines and found that some lipids act as inhibitors and that
conjugated polyunsaturated fatty acids (PUFAs) can induce or
potentiate ferroptosis much more potently than nonconjugated
PUFAs. We confirmed the incorporation of nonconjugated and
conjugated PUFAs into membrane lipids, but different lipid
classes. Next, based on the proposed autoxidation mechanism

Figure 2. CLA 18:3 can induce ferroptosis as a single agent without affecting the level of cellular reduced glutathione in HT-1080 cell line. (a)
Lipid peroxidation level after 5 h of treatments with 5 and 10 μMNLA 18:3 and CLA 18:3 assayed by flow cytometry using C11-BODIPY. (b) Cell
viability after 3 h of treatment with 10 μM CLA 18:3 ± ferric ammonium citrate (FAC, 38 μM), ferric citrate (FC, 25 μM), iron chloride
hexahydrate (ICH, 25 μM), and iron sulfate heptahydrate (ISH, 25 μM). Viability is plotted as mean ± SD of n = 3 biological replicates. (c) Cell
viability after 24 h of treatment with 10 μM CLA 18:3 ± ferrostatin-1 (Fer-1, 1 μM), liproxstatin-1 (Lip-1, 1 μM), α-tocopherol (α-Tor, 100 μM),
and deferoxamine (DFO, 80 μM). Viability is plotted as mean ± SD of n = 3 biological replicates. (d) Lipid peroxidation level after 5 h of
treatments with 10 μM CLA 18:3 in the absence and presence of Fer-1 (1 μM) or DFO (80 μM) assayed by flow cytometry using C11-BODIPY.
(e) Relative viability and level of reduced glutathione after 24 h of treatments with 0.75, 1.25, 2.5, and 5 μM CLA 18:3. Relative level is plotted as
mean ± SD of n = 3 technical replicates. (f) Relative viability and level of reduced glutathione after 3 h treatment with 5, 10, 20, and 40 μM CLA
18:3. Relative level is plotted as mean ± SD of n = 3 technical replicates.
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of conjugated PUFAs, we detected the highly electrophilic
aldehydes formed from the PRA mechanism of conjugated
PUFAs. Last, we investigated the cytotoxicity of the lipid-
derived electrophiles and their lethal mechanism via RNA
sequencing, which suggested that protein damage is one of the
key steps in conjugated PUFA-induced ferroptosis. Here, the
examination of the lethal mechanism of conjugated PUFAs
highlights the underappreciated contribution of the PRA
mechanism and its oxidation products to ferroptosis.

■ RESULTS

Various Biologically Important Lipids Can Modulate the
Sensitivity of Cancer Cells to Ferroptosis

Here, we carried out a systematic examination of the extent to
which various biologically important lipids sensitize cells to cell
death in the ferroptosis-sensitive cancer cell lines, including
fibrosarcoma HT-1080, brain neuroblastoma SK-N-SH, and
clear-cell renal carcinoma 786-O.15,37,38 We first determined
the cytotoxicity of the various lipids with rate constants
measured in our previous study (Figures 1b and S1).14 These
lipids are 7-hydrocholesterol (7-DHC); CoQ10; vitamin D3;
the two forms of vitamin A, including retinol and retinal; the
nonconjugated PUFAs, including linoleic acid (LA), non-
conjugated linolenic acid (NLA 18:3), AA, EPA, and DHA;
and the conjugated PUFAs, including the conjugated linoleic
acid (CLA 18:2) and CLA 18:3. Retinoic acid, another form of
vitamin A, was not examined in this study due to its low
solubility in vehicle solvent. We found that 7-DHC, vitamin
D3, and retinal were particularly toxic in all three cell lines
(Table S1). The toxicity of these lipids may be related to their
high reactivity toward lipid peroxidation and the formation of
oxidation products (Figures 1b and S1).14 For example,
oxysterols formed from the oxidation of 7-DHC are highly
toxic to neuronal cells.39−42 However, further investigation is
needed to determine whether their toxicity is related to
ferroptosis. In addition, the higher toxicity of retinal compared
to retinol may be attributed to its aldehyde moiety. Notably,
compared to other PUFAs, CLA 18:3 displayed much lower
EC50 values of 4, 10, and 14 μM in the HT-1080, SK-N-SH,
and 786-O cell lines, respectively (Table S1).
Next, we treated the cell lines with the two ferroptosis

inducers imidazole ketone erastin (IKE) and RSL3 in the
absence and presence of different lipid species at their
nonlethal concentrations. The nonlethal concentration chosen
for most lipids was 80 μM, but for the more toxic 7-DHC,
vitamin D3, and retinal, 10, 45, and 5 μM were used,
respectively. In addition, CLA 18:3 was used at 1, 5, and 5 μM
in the HT-1080, SK-N-SH, and 786-O cell lines, respectively.
The EC50 values of the lipid-treated cells were then compared
to the controls, which were treated with the inducers only, to
elucidate whether each lipid potentiates or inhibits ferroptosis.
Overall, we observed similar trends among the cell lines for
each lipid (Table S2). First, cell death induced by RSL3 was
more sensitive to the addition of exogenous lipids than IKE
(Figures 1c−e, S2, and S3). In addition, CoQ10 was found to
suppress ferroptosis, which is consistent with its established
properties as an antioxidant and a ferroptosis inhibitor (Figure
1c).22,23,43 Interestingly, despite being more toxic than other
lipids, when used at nonlethal concentrations, 7-DHC, vitamin
D3, and retinal potently inhibited RSL3-induced ferroptosis
(Figure 1c, d). Moreover, between the two forms of vitamin A,
retinol was more potent in inhibiting ferroptosis than retinal,

which may be because 80 μM retinol was used while the retinal
concentration was 5 μM (Figure 1d).
We also found that cell death was inhibited across the three

cell lines when the cells were cotreated with the mono-
unsaturated fatty acid OA (Table S2). This result is consistent
with the previous findings that OA is a potent ferroptosis
suppressor.24,44 Among the nonconjugated PUFAs, AA was the
most potent in enhancing ferroptosis in all three cancer cell
lines. We also observed that the ω-6 fatty acids, including LA
and AA, could sensitize cell death induced by IKE and RSL3
more potently than the ω-3 fatty acids, including EPA and
DHA (Table S2). Importantly, we found that the conjugated
PUFAs were much more potent than the nonconjugated ones
in potentiating ferroptosis (Figure 1e). For example, CLA 18:2
led to a 13-fold increase in RSL3-induced toxicity (EC50 = 3.7
nM) in the HT-1080 cell line (Table S2) while LA led to only
a 3-fold increase in RSL3 lethality (EC50 = 18 nM). CLA 18:3
(EC50 = 36 nM) could also sensitize cells to ferroptosis but at a
concentration 80 times lower than the concentration used for
other PUFAs.
CLA 18:3 Induces Ferroptosis within Cellular Membranes

Due to the high toxicity of CLA 18:3 in all three cancer cell
lines, we next investigated whether CLA 18:3 induced
ferroptosis in the HT-1080 cell line. First, we found that
treating the cells with CLA 18:3 led to a dose-dependent
accumulation of lipid peroxidation as assayed by flow
cytometry using the fluorescent probe C11-BODIPY (Figure
2a). In contrast, the addition of the nonconjugated isomer,
NLA 18:3, did not lead to changes in the lipid peroxidation
level compared to the control (Figure 2a). Next, we confirmed
that cell death induced by CLA 18:3 can be sensitized by the
addition of different iron sources (Figure 2b). Last, we
determined that CLA 18:3-induced death can be inhibited by
the ferroptosis inhibitors, including radical-trapping antiox-
idants ferrostatin-1 (Fer-1), liproxstatin-1 (Lip-1), and α-
tocopherol (α-Tor), and the iron chelator deferoxamine
(DFO) (Figure 2c). Moreover, the addition of either Fer-1
or DFO can reduce the lipid peroxidation level of CLA 18:3-
treated cells to the same level of the control (Figure 2d). These
data suggest that CLA 18:3 induced ferroptosis in the HT-
1080 cell line as a single agent.
Previously, α-eleostearic acid, a CLA 18:3 isomer, was

reported to induce ferroptosis without inhibiting the function
of GPX4 or affecting the cellular total glutathione level.31

Therefore, we next sought to determine whether the treatment
with CLA 18:3 could lead to changes in the level of reduced
glutathione. Reduced glutathione functions as a free radical
scavenger, and a decrease in the ratio of the reduced to the
oxidized form indicates an increase in cellular oxidative
stress.45−47 Therefore, we postulated that even though the
level of total cellular glutathione is not affected, the increased
oxidative stress induced by CLA 18:3 can potentially lead to a
decrease in the reduced glutathione level. However, we found
that the reduced glutathione level was unaffected despite the
decrease in cell viability upon treatment with 2.5 and 5 μM
CLA 18:3 (Figure 2e). Furthermore, we only observed the
reduction in reduced glutathione level when cells were treated
with CLA 18:3 at the high concentrations of 10, 20, and 40 μM
(Figure 2f). These results suggest that CLA 18:3-induced
lethal effects happen within the cellular lipid membrane since
glutathione is water-soluble and cannot scavenge free radicals
within the lipid bilayer.
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Nonconjugated and Conjugated PUFAs are Incorporated
into Distinct Cellular Lipid Species

To provide insights into the mechanisms underlying the
difference in ferroptosis-sensitizing potency of nonconjugated
and conjugated PUFAs, we first performed untargeted

lipidomic analysis using our established HILIC-ion mobility-
mass spectrometry method48,49 to assess the changes in the
lipidome of the HT-1080 cell line upon the addition of RSL3,
LA, CLA 18:2, or a combination of RSL3 with either LA
(RSL3+LA) or CLA 18:2 (RSL3+CLA 18:2) relative to the

Figure 3. Untargeted lipidomics reveals distinct changes associated with the addition of nonconjugated and conjugated PUFAs in HT-1080 cell
line. Heat map of significantly altered lipid species in the positive mode upon the addition of (a) CLA 18:2 and (b) LA with or without RSL3
cotreatment for 24 h. Normalized abundance of (c) TAG, and (d) ether-PC lipids in the positive mode, and (e) ether-PE lipids in the negative
mode across specified treatments for 24 h. p-Values from Student’s t-test against control with Bonferroni correction for multiple comparisons are
shown; ns = nonsignificant, *p < 0.032, **p < 0.0021, ***p < 0.0002, ****p < 0.0001. TAG = triacylglycerol, ether-PC = ether-linked
phosphatidylcholine, ether-PE = ether-linked phosphatidylethanolamine. Concentrations of RSL3, LA, CLA 18:2 are 0.005, 80, and 80 μM,
respectively. Normalized abundance is plotted as mean ± SD of n = 3 biological replicates for each condition.
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vehicle control. Principal component analysis showed separa-
tion in both positive and negative modes among three clusters:
DMSO and RSL3, LA and RSL3+LA, and CLA 18:2 and
RSL3+CLA 18:2 (Figure S4). Since the concentration used for
RSL3 here was only 5 nM, its addition did not cause a
significant difference in lipid composition in the treatment
pairs, including RLS3 versus control, RSL3-LA versus LA, and
RSL3+CLA 18:2 versus CLA 18:2.
Significantly altered lipid species (ANOVA adjusted p-value

<0.05) between each treatment and the control were identified
by m/z, retention time, and collision cross section (CCS)
values using LiPydomics developed by our lab50 (Table S3−
S6). We found that adding LA and CLA 18:2 either by

themselves or in combination with RSL3 led to significant
changes compared with DMSO- or RSL3-treated cells (Figures
3a,b and S5a,b). In addition, in both CLA 18:2- and LA-
treated groups, most of the altered lipids belong to two lipid
classes: phosphatidylcholine (PC) and phosphatidylethanol-
amine (PE) (Table S3−6). Within these two classes, many
long-chain and highly unsaturated lipids were found to be
elevated, while there was a decrease in the abundance of
shorter-chain and monounsaturated or saturated lipids (Figure
S5c,d). Moreover, there was a significant increase in the
abundance of triacylglyceride (TAG) species in both LA and
CLA 18:2 treatments (Figure 3c).

Figure 4. PRA mechanism of conjugated PUFAs leads to the formation of peroxide dimers and polymers, and, subsequently, electrophilic
aldehydes. (a) Proposed PRA mechanism of CLA 18:2 at C13 leading to the formation of hexanal (1) and the α,β-unsaturated aldehyde 2. (b)
Proposed oxidation product from PRA reaction at C10 of CLA 18:2 based on similar mechanism leading to the formation of 2-octenal (3) and the
saturated aldehyde 4. (c) Proposed oxidation product from PRA reaction of CLA 18:3 based on similar mechanism leading to the formation of
pentanal (5), the α,β,δ,γ-unsaturated (conjugated dienal) aldehyde 6, 2,4-tt-nonadienal (7), and the saturated aldehyde 8.
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On the other hand, CLA 18:2-induced changes were
significantly different from LA-induced changes in both
positive and negative modes. Specifically, we found that the
addition of exogenous CLA 18:2 induced a more drastic
increase in the normalized lipid abundance compared to the
control than the addition of LA. For example, in the negative
mode, in CLA 18:2-treated cells, PC (40:8) and PE (p40:8)
had the highest fold changes of 226 and 22.2, respectively,
compared to the control (Table S3). In contrast, the highest
fold changes found in LA-treated cells were only 5.2 and 4.2
for PE (p34:2) and DGDG (30:3), respectively (Table S5).
Furthermore, the addition of LA led to a moderate increase

in very long-chain and highly unsaturated TAGs while CLA
18:2 treatment led to a significant increase in the levels of
shorter-chain and less unsaturated TAGs, suggesting the
involvement of distinct mechanisms in the incorporation of
LA and CLA 18:2 into the cellular lipidome (Figure 3c, Tables
S3 and S5). Notably, while TAG (54:6) was the most elevated
TAG species in both LA- and CLA 18:2-treated cells, it was
much more abundant in CLA 18:2-treated than LA-treated
cells, with a fold change of 25.2 and 8.8, respectively.
Fragmentation of this lipid in the positive mode confirmed
the incorporation of CLA 18:2 into all three positions of TAG
(54:6) (Figure S6a). Similarly, we also observed a significant
elevation of PC (36:4) and PE (36:4) in CLA 18:2-treated
compared to LA-treated cells (Figure S5c,d). Fragmentation of
these lipids in the negative mode confirmed the incorporation
of CLA 18:2 (Figure S6b,c, Table S9).
Interestingly, the addition of CLA 18:2, but not LA, was

found to significantly increase the abundance of various long-
chain and highly unsaturated ether-PC and ether-PE lipids
compared to the control (Figure 3d, e). Strikingly, we observed
that the significantly increased ether-PEs, including PE
(p40:8), PE (p40:7), and PE (p40:6), consisted of fatty acid
18:2 at the sn-1 position and fatty acid 22:6, 22:5, and 22:4 at
the sn-2 position, respectively (Figure S6d−f, Table S9). This
observation is surprising since in endogenous plasmalogens,
palmitic (16:0), stearic (18:0), and oleic (18:1) chains are
almost exclusively incorporated in the sn-1 position, and the sn-
2 position primarily consists of PUFAs.51 Due to the pro-
ferroptosis properties of ether phospholipids,52,53 the more
significant increase of these lipid species in CLA 18:2-treated
samples can potentially contribute to the higher potency of
CLA 18:2 in enhancing ferroptosis.
CLA 18:3 at 3 μM also led to changes in lipid composition

relative to the control (Figure S7a,b). Similar to the treatment
with CLA 18:2, we observed that most altered lipids were
phospholipids and ether-lipids, especially ether-PEs (Tables S7
and S8). However, we found that not all highly increased lipids
contain fatty acid 18:3 in their composition (Figure S7c,d,
Table S9), which could be due to the low concentrations of
CLA 18:3 used (3 μM vs 80 μM for CLA 18:2). Because 3 μM
CLA 18:3 can induce cell death, the lipid composition changes
in CLA 18:3-treated cells may reflect the changes in cells
undergoing ferroptosis.
Electrophilic Lipid Aldehydes Are Formed from the PRA
Mechanism of Conjugated PUFA and Are Toxic to the Cells

Nonconjugated and conjugated PUFAs undergo lipid perox-
idation via distinct mechanisms.14 For example, LA only
undergoes the HAT mechanism to form products such as lipid
hydroperoxide (HPODEs), including 9-trans,cis(tc)-, 9-trans,-
trans(tt)-, 13-tt-, and 13-tc-HPODE (Figure S8a). However,

based on the peroxidation kinetics of CLA 18:2,14 we expect
oxidation products from both HAT and PRA mechanisms.
From the HAT mechanism, abstraction of the H atoms at
either C9 or C14 positions would lead to the formation of 9-
tc-, 10-tt-, 13-tt-, and 14-tc-HPODE (Figure S8b). Isomer-
ization to 9-tt-HPODE and 14-tt-HPODE is also possible
following the oxygen addition at C9 or C14, bond rotation, β-
fragmentation, then oxygen addition process, similar to the
mechanisms of LA oxidation.54 To elucidate the oxidation
products from CLA 18:2, we carried out free radical oxidation
using 2,2′-Azobis(4-methoxy-2,4-dimethylvaleronitrile)
(MeOAMVN) as the radical initiator, reduced the reaction
mixture with triphenylphosphine, which would reduce the lipid
hydroperoxides formed into corresponding alcohols (HODEs),
and analyzed the products using normal phase HPLC-UV at
234 nm. Here, many more peaks were observed in the
chromatogram of CLA 18:2 relative to that of LA, suggesting a
much more complex mixture of products from the oxidation of
conjugated PUFAs (Figure S9a). When the reaction mixture
was reduced to dienyl diols (HODOLs) using LiAlH4,

14 a
much cleaner chromatogram was observed for CLA 18:2, and
the retention times of 9-tc, 9-tt, 10-tt, 13-tt, 14-tc, and 14-tt
peaks were tentatively assigned by comparing with the peaks
found from LA oxidation (Figure S9b).
From the PRA mechanism, the carbon radical formed after

PRA to C13 of CLA 18:2 can undergo homolytic substitution
(SHi) to form an allylic epoxide (Figure 4a). However, we were
not able to identify allylic epoxides from the oxidation of CLA
18:2, which could be because these products could not survive
the reduction condition. The resulting carbon radical can also
react with another molecular oxygen, leading to the formation
of another peroxyl radical, which can produce a diperoxide
lipid after abstracting an H atom or add to the double bond of
another CLA 18:2 molecule leading to peroxide dimers and
polymers (Figure 4a). The lipid dimers and polymers can then
undergo “unzipping” reactions leading to the formation of the
α,β-unsaturated aldehyde 1 and the saturated aldehyde 2,
which is hexanal. Such “unzipping” reactions have been well-
studied using styrene-peroxide polymers.2 Similarly, the PRA
reaction at C10 of CLA 18:2 can lead to the formation of the
saturated aldehyde 3 and the α,β-unsaturated aldehyde 4, 2-
octenal (Figure 4b). A similar PRA mechanism can also be
applied to CLA 18:3, which suggests the formation of the
saturated aldehyde pentanal (5) and the α,β,δ,γ-unsaturated
aldehyde (termed conjugated dienal for short), 2,4-tt-non-
adienal, as the major oxidation products (Figures 4c and
S10a,b). Indeed, peroxide dimers and polymers have been
previously identified as the major oxidation products of
conjugated PUFAs, especially during the initial oxidation
stage,55−58 and volatile aldehyde compounds have also been
detected in CLA 18:2-rich oil and purified TAGs,59 supporting
the proposed mechanisms here.
To elucidate the aldehydes formed from the oxidation of

conjugated PUFAs, we carried out free radical oxidation of
CLA 18:2, CLA 18:3, and CLA 18:3-rich tung oil in
comparison with LA in benzene at 37 °C using MeOAMVN.
While we used β-eleostearic acid as CLA 18:3 in this study,
tung oil is composed of TAGs in which about 75% of the total
acyl chains are esterified α-eleostearic acid.35 Therefore, we
used tung oil as the model for the oxidation of CLA 18:3-
containing TAGs as well as to confirm the oxidation products
from both isomers. To capture the volatile aldehydes, we
purged the reaction vials with N2 gas and captured the vapor
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using cartridges containing 2,4-dinitrophenylhydrazine
(DNPH), which derivatizes aldehydes to hydrazone, as
described previously (Figure 5a).60−62 The remaining mixtures
in the vial were also treated with DNPH under acidic
conditions. Then, both the DNPH-treated air (vapor) and
solution (from the reaction vial) samples were analyzed using
reverse-phase LC (RPLC)-MS and MS/MS fragmentation in
the negative ion mode. The fragmentation spectra detected
were compared to a series of aldehyde standards to confirm the
identity of aldehydes formed from each oxidation mixture
(Figure 5b).
Overall, we observed that the air samples gave much cleaner

total ion chromatograms compared to the solution ones. From
the air samples of CLA 18:2 and CLA 18:3 (Figure S11), we
detected hexanal and 2-octenal (Figure 5c) as well as pentanal
and 2,4-tt-hexadienal (Figure 5d), which are the predicted
oxidation products from the PRA mechanism of CLA 18:2 and
CLA 18:3, respectively (Figure 4). The fragmentation patterns
of these aldehydes matched those prepared from the

commercially available aldehyde standard (note: 2-t-octenal,
instead of 2-c-octenal, was used as the standard), confirming
their identities (Figures S12 and S13). In addition, we found
that both CLA 18:3 and tung oil oxidation led to the formation
of 2,4-tt-hexadienal and the α,β−unsaturated aldehyde 2-t-
heptenal while the levels of 2-octenal, 2-t-nonenal, and 4-HNE
detected were negligible (Figure S14a,b). These results suggest
that similar volatile aldehydes are formed in the oxidation of
both free and TAG-incorporated CLA 18:3 as well as in both
CLA 18:3 isomers.
Like CLA 18:2, the oxidation of LA also led to the formation

of 2-octenal, as well as other α,β-unsaturated aldehydes,
including 2-t-heptenal and 4-HNE (Figure S14c,d). Interest-
ingly, in the air samples, while 2-t-nonenal was detected from
the oxidation of CLA 18:2, the level of this aldehyde in the
oxidation of LA is negligible (Figure S14c,d). We then roughly
compared the level of each aldehyde from the oxidation of
CLA 18:2 versus LA by comparing the total area under the
curve from both air and solution samples of the aldehyde

Figure 5. Volatile aldehydes can be detected from the oxidation of conjugated PUFAs. (a) Experimental setup to detect aldehydes from conjugated
PUFA oxidation via derivatization using 2,4-dinitrophenylhydrazine (DNPH). DNPH-derivatized aldehydes from both the air and solution samples
were extracted using CH2Cl2, evaporated, and reconstituted in reverse phase-LC solvent for MS analysis. (b) Structures of the aldehydes examined
in this study. (c) MS chromatogram of hexanal and 2-octenal detected from the air sample of CLA 18:2. d) MS chromatogram of pentanal and 2,4-
tt-nonadienal detected from the oxidation of CLA 18:3.
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peaks. We found that while the levels of the saturated
aldehydes, including pentanal and hexanal, were comparable
between LA and CLA 18:2 oxidation, the levels of the α,β-
unsaturated aldehydes were significantly different between the
two groups. Specifically, 4-HNE, which has been established as

the most abundant aldehyde product from the oxidation of ω-6
nonconjugated PUFAs,2,63 was detected at a higher level in LA
oxidation compared to CLA 18:2 oxidation while the levels of
2-t-heptenal, 2-octenal, and 2-t-nonenal were higher in CLA
18:2 compared to LA (Table S10). It is difficult to

Figure 6. RNA sequencing data revealed that the addition of conjugated PUFAs can lead to increased protein damage in HT-1080 cell line. Venn
diagram of genes commonly or uniquely up- and downregulated in cells treated with (a) CLA 18:3 and RSL3-CLA 18:2, and (b) RSL3-CLA 18:2
and RSL3-LA compared to the control (adjusted p-value < 0.05, >2-fold change). Top significantly upregulated pathways identified by Integrated
Differential Expression and Pathway (iDEP) and iPathwayGuide (iPG) analyses in cells treated with (c) CLA 18:3 and (d) RSL3-CLA 18:2
compared to control (the −log(p-value) from iPG are shown, FDR-corrected). Top significantly activated upstream regulators identified
iPathwayGuide (iPG) analysis in cells treated with (e) CLA 18:3, (f) RSL3-CLA 18:2, and (g) RSL3-LA compared to control (combined p-value <
0.05). DEGs regulated by the upstream regulators (h) M-phase protein 6 (MPHOSPH6) and (i) eukaryotic translation initiation factor-5 (EIF5) in
cells treated with CLA 18:3 compared to control (adjusted p-value <0.05). n = 4 biological replicates per condition. Cells were treated for 24 h, and
the concentrations used for CLA 18:3, CLA 18:2, LA, and RSL3 were 5, 80, 80, and 0.01 μM, respectively.
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quantitatively compare the levels of aldehydes formation from
CLA 18:2 and CLA 18:3 since different aldehydes are formed,
but if we assume the aldehyde-DNPH adducts gave similar
responses in mass spectrometry analysis, we found that the
levels of 2,4-tt-nonadienal and pentanal formed from CLA 18:3
are 1.35- and 1.7-fold of those of 2-octenal and hexanal,
respectively, formed from CLA 18:2 under the same condition
(Table S11).
We next sought to compare the cytotoxicity of the aldehydes

in HT-1080 cells. The unsaturated aldehydes are highly
reactive electrophiles that can readily form adducts with
nucleophiles. As expected, we found that the unsaturated
aldehydes were much more toxic to the cells than the saturated
ones (Table S12). In addition, the conjugated dienals were
more toxic than the α,β−unsaturated ones with the same alkyl
chain length; for example, 2,4-tt-nonadienal (EC50 = 13 μM) vs
2-t-nonenal (EC50 = 25 μM). Importantly, we found that 2,4-
tt-nonadienal was as toxic to the cells as 4-HNE, which is
known for its high cytotoxicity and implications in various
pathologies.63,64 Thus, the formation of 2,4-tt-nonadienal from
the PRA reaction of CLA 18:3 can potentially contribute to the
high toxicity of this fatty acid.
The Addition of Exogenous Conjugated PUFAs Leads to
Increased Protein Damage and ER Stress

To elucidate the mechanism underlying the lethality of
conjugated PUFAs, we carried out RNA sequencing (RNA-
seq) to investigate transcriptomic changes in treatments with
either CLA 18:3 or RSL3+CLA 18:2 compared with vehicle
controls and cells treated with RSL3+LA (see Tables S18−S20
in Excel for complete lists of genes). We chose to compare
these conditions because LA or CLA 18:2 alone does not
induce cell death at the concentration (80 μM) used. Overall,
compared with the control, the addition of CLA 18:3 and
RSL3-CLA 18:2 led to 318 and 560 differentially expressed
genes (DEGs), respectively (adjusted p-value <0.05, > 2-fold
change) (Figure 6a). While CLA 18:3 upregulated 216 genes
and downregulated 102 genes, RSL3-CLA 18:2 upregulated
295 genes and downregulated 265 genes. Among the DEGs,
182 genes were coregulated by both CLA 18:3 and RSL3-CLA
18:2, and 136 and 378 genes were uniquely regulated by CLA
18:3 and RSL3-CLA 18:2, respectively. Among the commonly
upregulated genes by CLA 18:3 and RSL3-CLA 18:2, DDIT4,
HMOX1, SLC7A11, FTH1, FTL1, and GCLM were previously
found to associate with ferroptosis.37,65,66

To carry out pathway analyses of DEGs in the CLA 18:3
versus control comparison, we utilized the integrated Differ-
ential Expression and Pathway (iDEP) web application and
iPathwayGuide (iPG) software.67,68 Only pathways that are
identified to be significantly altered by both tools are reported.
For the pathway analysis module in iDEP, the thresholds for
gene significance were set as FDR < 0.05 and >2 fold-change,
and we chose the GAGE analysis method with pathway
significance cutoff at 0.05 (FDR < 0.05).69 Using both
methods, we identified proteasome, ribosome, and protein
processing in endoplasmic reticulum (ER) among the top
significantly activated KEGG pathways (Figure 6c, Table S13).
We also used the network-creating function of iDEP to identify
clusters of related pathways and observed clusters related to
proteasome, ribosome, and protein processing in the ER
among the biological process and molecular function networks
(FDR < 0.05) (Figure S15).

Previously, the ferrroptosis inducers erastin and sorabfenib,
which inhibit system xc−, were found to induce significant ER
stress and the activation of the unfolded protein response.65,70

Therefore, we investigated whether the genes associated with
ER stress and unfolded protein responses were upregulated in
the treatment with CLA 18:3 compared to the control. Indeed,
we observed a significant upregulation of HSPA5 (padj = 0, fold
change = 2.4) encoding for HSP70 chaperone BiP, the master
regulator of the unfolded protein response.71 In addition, genes
associated with the PERK/EIF2a/ATF4 branch of the
unfolded protein response, including DDIT4 (padj = 3.31 ×
10−39, fold change = 5.39), DDIT3 (padj = 1.29 × 10−23, fold
change = 3.66), and CHAC1 (padj = 1.30 × 10−26, fold change
= 3.61) were significantly upregulated upon the addition of
CLA 18:3.72−74 Additionally, we further examined the
expression patterns of the significant DEGs in CLA 18:3-
treated cells by utilizing the Database for Annotation,
Visualization and Integrated Discovery (DAVID) web server,75

which identified the gene cluster related to unfolded protein
response in the ER as the most enriched subset of genes with
an enrichment score of 3.62 (Table S14). Together, the
pathway analyses with iDEP, iPG, and DAVID suggest that
CLA 18:3 in HT-1080 cell line leads to increased protein
damage and ER stress relative to the control.
Furthermore, we used the upstream regulator analysis

module of iPG to examine transcriptional regulators of gene
expression and identified M-phase protein 6 (MPHOSPH6),
C1D nuclear receptor corepressor (C1D), and DIS3
homologue, exosome endoribonuclease and 3′-5′ exoribonu-
clease (DIS3) as the most significantly activated upstream
regulators in the CLA 18:3 versus control comparison (Figure
6e). This prediction was based on combined p-values (2.23 ×
10−17, 2.23 × 10−17, and 3.55 × 10−17 for MPHOSPH6, C1D,
and DIS3, respectively), which were calculated based on the
number of DEGs supporting the hypothesis that the regulator
is activated and the total number of DEGs downstream of the
regulator. Interestingly, MPHOSPH6, C1D, and DIS3
activated similar DEG targets, which are the genes encoded
for large ribosomal subunits (Figure 6h, Table S15, only the
gene targets of MPHOSPH6 are shown). In addition, the
following three most significantly activated upstream regulators
in the CLA 18:3 versus control comparison, including
eukaryotic translation initiation factor 5 (EIF5) (p = 1.85 ×
10−10), casein kinase 1 epsilon (CSNK1E) (p = 6.27 × 10−10),
and BUD23 rRNA methyltransferase and ribosome maturation
factor (BUD23) (p = 1.05 × 10−09), also activated similar
targets, which are small ribosomal subunit-encoded genes
(Figure 6i and Table S16, only the gene targets of EIF5 are
shown).
We then compared the RNA-seq results between CLA 18:2

versus control and LA versus control comparisons and between
RSL3-CLA 18:2 versus control and RSL3-LA versus control
comparisons. Overall, the treatment with LA only or RSL3-LA
only led to significant changes in 46 and 69 DEGs compared to
the control (adjusted p-value <0.05, > 2-fold change),
respectively (Figure 6b). Therefore, we focus on the
comparison between the RSL3-CLA 18:2 the RSL3-LA groups.
Among the significant DEGs identified in RSL3-CLA 18:2- and
RSL3-LA-treated cells, only 43 genes were coregulated by both
treatment groups, while 136 and 378 genes were uniquely
regulated by RSL3-CLA 18:2 and RSL3-LA, respectively.
Notably, pathway analyses of DEGs of the RSL3-CLA 18:2
versus control comparison using iDEP and iPG identified two
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significantly activated KEGG pathways, which are protein
processing in the ER and proteasome (Figure 6d, Table S13).
On the other hand, no significantly altered pathways were
identified by the RSL3-LA versus control comparison.
Moreover, MPHOSPH6, C1D, and DIS3 were also identified
as the most activated upstream regulators in both treatments
with RSL3-CLA 18:2 and RSL3-LA. However, the level of
activation of these regulators was much more significant in the
RSL3-CLA18:2 versus control comparison compared to the
RSL3-LA versus control comparison. Specifically, in the RSL3-
CLA18:2 versus control comparison, the combined p-values of
MPHOSPH6, C1D, and DIS3 are 1.11 × 10−05, 1.11 × 10−05,
and 5.14 × 10−0.5 (FDR-corrected), respectively. In contrast,
in the RSL3-LA versus control comparison, the FDR-corrected
combined p-values of MPHOSPH6 and C1D are only 0.029
for both, and the activation of DIS3 is statistically insignificant
with the combined p-value of 0.10. Furthermore, the subset of
genes related to unfolded protein response in the ER was
identified in RLS3-CLA 18:2-treated cells by DAVID func-
tional clustering analysis with an enrichment score of 1.56
(Table S13), but not in the RLS3-LA-treated cells. In addition,
despite not inducing cell death at 80 μM, CLA 18:2 alone
coregulates 213 genes with CLA 18:3 (Figure S16). Among
these coregulated genes, pathway analysis with DAVID
identified genes associated with unfolded protein response as
the most enriched subset of genes with an enrichment score of
4.15 (Table S17). Therefore, the pathway analyses of the
RNA-seq data suggest that protein damage is more significant
when treated with conjugated PUFAs than their non-
conjugated counterparts.

■ DISCUSSION
This study aimed to investigate the relationship between the
autoxidation reactivity and mechanisms of biologically
important lipids to their biological effects. We found that 7-
DHC, vitamin D3, and retinal are highly toxic to cancer cells
(Table S1). However, when used at their nonlethal
concentrations, all these lipids potently inhibited cell death
triggered by the ferroptosis inducers, including IKE and RSL3
(Figure 1, Table S2). While the antiferroptotic properties of 7-
DHC, vitamin D3, and the precursor of vitamin A, β-carotene,
were previously demonstrated,76−80 to our knowledge, this is
the first study that reports the inhibition of ferroptosis by the
two forms of vitamin A including retinol and retinal.
Previously, vitamin A was reported to function as either a
pro-oxidant or an antioxidant, depending on oxygen tension in
the tissues or organs.81−84 Here, vitamin A appeared to
function as an antioxidant and a ferroptosis inhibitor.
The observed antiferroptotic properties of 7-DHC, vitamin

D3, and vitamin A highlight the importance of lipid
incorporation into the cellular phospholipids to the ferroptosis
induction. Specifically, during the initiation of ferroptosis, fatty
acids are activated and incorporated into the membrane
phospholipids via the enzymes such as LPCAT3 and
ACSL4.29,85,86 Since 7-DHC, vitamin D3, and vitamin A do
not undergo such processes, at nonlethal concentrations, they
can potentially “hijack” the free radical chain reaction away
from the membrane phospholipids due to their high reactivity
toward lipid peroxidation with autoxidation (propagation) rate
constants of 2737, 1031, 5656 M−1 s−1, respectively,14 making
them much more reactive than the endogenous esterified
PUFAs. Indeed, 7-DHC was recently shown to inhibit
phospholipid autoxidation and, subsequently, ferroptosis.76

Interestingly, the reduced form of another biologically
important lipid, vitamin K, which shares similar structural
properties with CoQ10, was recently found to be anti-
ferroptotic.87 Thus, these reactive biologically important lipids
represent a class of natural compounds that can act as
ferroptosis suppressors.
Nonconjugated PUFAs have been the focus of studies on

ferroptosis in the literature,24,29,44 but it was only recently that
conjugated PUFAs, CLA 18:3 isomers α-eleostearic acid and
pucinic acid, were shown to be proferroptotic,31,32 even though
the anticancer properties of various conjugated PUFAs have
been previously recognized.33,34,88−90 We confirmed CLA
18:3-induced cell death to be ferroptosis (Figure 2). Notably,
different CLA 18:3 isomers were shown to induce ferroptosis
without the addition of any ferroptosis-inducing compounds in
this and previous studies,31,32 which has not been observed
with nonconjugated PUFAs. In addition, the CLA 18:3 isomer,
α-eleostearic acid, was reported to induce ferroptosis without
directly inhibiting GPX4 or affecting total cellular glutathione
levels,31 suggesting that it acts as a noncanonical ferroptosis
inducer. We postulate that the large autoxidation rate constant
of 1235 M−1 s−1 and the high level of toxic lipid electrophiles
formed from the PRA mechanism for CLA 18:3 overwhelm the
detoxification function of antioxidant enzymes such as GPX4
and FSP1 and, eventually, lead to cell death.
We also showed in this study that while displaying low

toxicity when administered by itself, CLA 18:2 much more
potently increased RSL3-induced toxicity than any other
nonconjugated PUFAs in the HT-1080 cell line (Table S2).
The difference in potency of CLA 18:2 and nonconjugated
PUFAs can, in part, be attributed to their difference in
autoxidation mechanism and kinetics. Specifically, CLA 18:2
undergoes autoxidation via both HAT and PRA mechanisms,
with rate constants of 57 and 61 M−1 s−1, respectively, while
nonconjugated PUFAs do not have any contribution from the
PRA mechanism, suggesting that the PRA mechanism or the
resulting products more potently induce ferroptosis. Overall,
these results suggest that the unusually high reactivity toward
the PRA mechanism of conjugated PUFAs is underlying their
high potency in enhancing ferroptosis compared to their
nonconjugated counterparts.
The lipidomic results suggest that distinct cellular organelles

and pathways are involved in the activation and incorporation
of LA and CLA 18:2 into neutral lipids and phospholipids. For
example, while the addition of LA led to a moderate increase in
the levels of various TAG species, the addition of CLA 18:2 led
to a much larger increase in specific TAGs (Figure 3c),
especially 54:6 TAG (18:2/18:2/18:2), suggesting the
potential accumulation of lipid droplets, which is consistent
with the previous report.31 We indeed observed the
upregulation of TAG biosynthesis genes encoding glycerol-3-
phosphate O-acyltransferase 3 (GPAT3) and phosphatidic acid
phosphatase (PLPP2 and PLPP5)91 in CLA 18:2-treated
samples (Table S19). The modulatory role of lipid droplets in
ferroptosis is still under debate. Specifically, lipid droplets have
been regarded as an antioxidant organelle that can sequester
PUFAs away from the membrane and protect cells from
oxidative damage and ferroptosis.92−94 On the other hand,
lipid droplets can act as a reservoir that supplies PUFAs for
membrane phospholipid synthesis.95 Indeed, the accumulation
of PUFA-containing TAGs in lipid droplets, which can be
catalyzed by ACSL1 or ACSL3, was shown to increase cell
susceptibility to ferroptosis.31,38,96 In addition, it has been
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suggested that lipid droplets accumulate during the early stage
of ferroptosis but break down as cell death progresses, leading
to an increase in PUFA-containing membrane phospholipids
and promoting ferroptosis sensitivity.97,98 Furthermore, lipid
droplet viscosity was shown to increase during erastin- and
RSL3-induced ferroptosis in different cancer cell lines while
remaining the same in the cotreatment of erastin and Fer-1,99

suggesting an increase in oxidized PUFAs in lipid droplets
during ferroptosis. Thus, lipid droplets can potentially be
additional sites where lipid peroxidation happens. Therefore,
we postulate that the accumulation of highly oxidizable
conjugated PUFAs into TAGs can lead to lipid peroxidation
within lipid droplets, contributing to ferroptosis sensitivity.
Further investigation is necessary to elucidate whether the
accumulations of conjugated PUFAs into neutral lipids and
lipid droplets are essential for conjugated PUFA-induced
ferroptosis.
Interestingly, we found that the addition of CLA 18:2 led to

a significant increase in the normalized abundance of long-
chain and highly unsaturated ether phospholipids, while the
levels of these lipids were not significantly altered in LA-treated
cells (Figure 3d,e). This is important because ether
phospholipids and their peroxisome-driven biosynthesis were
also shown to promote ferroptosis recently.52,53,100 Further-
more, we observed the incorporation of fatty acid 18:2 into the
sn-1 position of the significantly elevated ether-PEs, suggesting
the involvement of peroxisome in facilitating the incorporation
of exogenous CLA 18:2 into ether lipids (Figure S6d−f). This
is in contrast with the findings by Zou et al. that the PUFA
moiety, not the alkenyl ether group, which contained the
nonoxidizable fatty acid 18:0 in that study, on plasmalogens is
essential in potentiating ferroptosis.52 The biosynthesis of
ether lipids starts in peroxisome, where fatty acids are activated
into acyl-CoA, reduced into fatty alcohol, which was then used
to displace the acyl chain of the sn-1 position of acyl-
dihydroxyacetone, the precursor of ether lipid synthesis.101

The exchange of the acyl chain for an alkyl group leading to
the formation of the ether bond at the sn-1 position is the rate-
limiting step in ether lipid biosynthesis and is facilitated by
alkylglycerone phosphate synthase (AGPS). It should be noted
that the role of AGPS-dependent ether lipid synthesis in
ferroptosis was recently reported to be only context-dependent
since the disruption of this process was found to have little
effect on erastin2- or RSL3-induced cell death.102 Therefore,
the synthesis of ether lipids may be more relevant to the
lethality of RSL3-CLA 18:2 cotreatment, which distinguishes
the lethal mechanism potentiated by exogenous conjugated
PUFAs from cell death induced by the canonical ferroptosis
inducers. Further investigation is necessary to elucidate the
importance of ether lipid biosynthesis in conjugated PUFA-
induced ferroptosis.
Compared to the oxidation of LA, the oxidation of CLA

18:2 led to much more complex oxidation product profiles
(Figure S9), owing to the contribution of both the HAT and
PRA mechanisms to the propagation step. Here, we proposed a
mechanism of PRA to the conjugated double bonds of CLA
18:2 and CLA 18:3 that accounts for the formation of peroxide
dimers and polymers (Figures 4a and S10) and subsequently
α,β-unsaturated aldehydes, such as 2-t-octenal from CLA 18:2
and 2,4-tt-nonadienal from CLA 18:3 (Figure 4a,b). We
validated this mechanism by the confirmation of the formation
of these aldehydes using DNPH trapping. Importantly, higher

levels of electrophilic aldehydes were formed from the
oxidation of conjugated PUFAs than nonconjugated PUFAs.
We then showed that the unsaturated aldehydes, including

2-octenal, 2-t-nonenal, and 2,4-tt-nonadienal, detected from
the oxidation of conjugated PUFAs are highly toxic in HT-
1080 cell lines (Table S12). Terminal unsaturated aldehydes
are highly electrophilic and can lead to significant protein
modifications via Michael adduction at cysteine, histidine, and
lysine residues and Schiff base formation at lysine residue.
Indeed, reactions between proteins and 2-octenal were
previously reported to result in significant losses of histidine
and lysine residues.103,104 In addition, 2,4-tt-nonadienal can
modify the protein side chains, leading to substantial protein
structural alterations and aggregations.105 In the context of
ferroptosis, significant protein modifications by lipid-derived
electrophiles were detected in HT-1080 cells treated with
RSL3.106 Furthermore, in addition to protein modifications,
the execution phase of ferroptosis also involves pore formation
in the plasma membrane, leading to increased cell swelling and
calcium influx and, eventually, cell rupture.107,108 Importantly,
pore formation on lipid membrane was only observed for lipid-
derived aldehydes, not lipid peroxides, owing to their shorter
and highly mobile tails.109 Together, these findings highlight
the importance of lipid-derived electrophiles in the execution
of ferroptosis. In fact, impaired detoxification of lipid-derived
electrophiles was recently suggested to be a hallmark of
ferroptosis.110 Thus, we hypothesize that the accumulation of
the highly toxic electrophilic aldehydes contributes to the high
potency of conjugated PUFAs in potentiating ferroptosis.
Indeed, pathway analysis from RNA-seq results suggests
increased protein damage and ER stress in cells treated with
conjugated PUFAs (Figure 6). Specifically, in conjugated
PUFA-treated cells, we observed an upregulation of unfolded
protein response (Table S13), indicating the accumulation of
unfolded or misfolded protein in the ER, which was previously
reported for highly toxic electrophiles such as 4-HNE.64 These
results suggest that ER is an important organelle in ferroptosis
induced by conjugated PUFAs, which is consistent with the
recent report that ER is an essential site of lipid peroxidation in
ferroptosis.111

Unlike the nonconjugated PUFAs, which can be synthesized
inside the cells, the conjugated PUFAs can only be obtained
from meat and dairy products from ruminants and plant-based
food products such as pomegranate seed oil and bitter gourd
seed.35,36,112,113 Therefore, our results highlight the potential of
dietary PUFAs in improving the outcomes of ferroptosis
inducers. For example, it has been suggested that dietary
PUFAs can increase the sensitivity of tumor cells to CD8+ T-
cell ferroptosis-driving activity.114 In addition, increased
CD36-mediated exogenous PUFA uptake was recently shown
in acidified cancer cells.94 Therefore, highly reactive con-
jugated PUFAs, such as CLA 18:3, can potentially be utilized
as therapeutics for tumors in acidic microenvironments.

■ METHODS

Cell Lines and Culture Conditions
HT-1080 and SK-N-SH cell lines were obtained from American Type
Culture Collection (ATCC). 786-O cell line was a generous gift from
the lab of Professor Rheem Totah. HT-1080 and SK-N-SH cell lines
were grown in DMEM High-Glucose media (Gibco) containing 10%
fetal bovine serum (FBS; Gibco), 1% MEM nonessential amino acids
(Gibco), and 1% Penicillin-Streptomycin (Pen-Strep, 10,000 U/mL;
Gibco). 786-O cell line was grown in RPMI-1640 media (Gibco)

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.2c00681
JACS Au 2023, 3, 1100−1117

1111

https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00681/suppl_file/au2c00681_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00681/suppl_file/au2c00681_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00681/suppl_file/au2c00681_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00681/suppl_file/au2c00681_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00681/suppl_file/au2c00681_si_001.pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


containing 10% FBS and 1% Pen-Strep. All cells were cultured in a
humidified condition at 37 °C with 5% CO2.
Chemicals
7-DHC, ferric citrate, iron chloride hexahydrate, ferric ammonium
citrate, sulfate heptahydrate, a-tocopherol, deferoxamine mesylate salt,
pentanal, hexanal, 2-trans-heptenal, 2-trans-octenal, 2-trans-nonenal,
2,4-trans,trans-hexadienal, 2,4-trans,trans-nonadienal, and 2,4-trans,-
trans-decadienal were obtained from Sigma-Aldrich. Retinol, 2,4-
dinitrophenylhydrazine (DNPH), and LpDNPH S10L cartridges were
purchased from Thermo Fisher Scientific. Retinal, coenzyme Q10, and
vitamin D3 were purchased from Chem-Impex Int’l Inc. Oleic acid
(OA), linoleic acid (LA), 9,12,15-cis,cis,cis-octadecatrienoic acid
(NLA 18:3), arachidonic acid (AA), eicosapentaenoic acid (EPA),
docosahexaenoic acid (DHA), and 10,12-trans,cis-octadecadienoic
acid (CLA 18:2) were purchased from Nu-Chek Prep, Inc. 9,11,13-
trans,trans,trans-octadecatrienoic acid (CLA 18:3) was obtained from
Sapphire North America. 1,2-dimyristoyl-sn-glycero-3-phosphocho-
line (DMPC) was obtained from Avanti Polar Lipids. Imidazole
ketone erastin (IKE), RSL3, liproxstatin-1, and ferrostatin-1 were
obtained from MedChemExpress. 4-hydroxynonenal (4-HNE) was
purchased from Cayman Chemical. The radical initiator, MeOAMVN,
was purchased from Wako Chemicals.
Cell Viability Assays
Cells were seeded in 96-well plates (Corning 3598) at 5000 cells/well
and treated with indicated compounds 24 h after plating. Compounds
are added at the same time in cotreatments. Cell viability was assessed
using CellTiter 96 Aqueous One Solution Assay (Promega) according
to the manufacturer’s instructions. Viability was reported as
percentages relative to vehicle control, and EC50 curves were
generated with GraphPad Prism (version 9).
Analysis of Lipid Peroxidation Using Flow Cytometry
The experiment was conducted following the protocol described by
Martinez et al.115 Briefly, HT-1080 cells were seeded at 1.7 × 105
cells/well in a 6-well plate (Corning 3506). After 24 h, cells were
treated with test compounds for the indicated times and then
incubated with BODIPY 581/591 C11 (Invitrogen D3861) at 37 °C
for 20 min. Stained cells were then washed with Hanks Balanced Salt
Solution (HBSS; Gibco) and harvested by trypsinization. Harvested
cells were resuspended in HBSS, strained through a 40 mm cell
strainer, and analyzed by a flow cytometer (LSR II, BD Biosciences).
Flow cytometry data was analyzed using FACSDiva software, and the
plots were generated using FlowJo software.
Reduced Glutathione Measurement
Cells were seeded in 96-well plates at 5000 cells/well and treated with
indicated concentrations of CLA 18:3 24 h after plating. After
indicated treatment times, cellular reduced glutathione was measured
using the GSH-Glo Glutathione Assay (Promega). CLA 18:3-treated
samples were normalized to parallel cell viability measurements using
CellTiter 96 Aqueous One Solution Assay (Promega).
Lipidomics Analysis
Triplicate samples of HT-1080 cells at ∼60% confluence were
incubated with vehicle (DMSO), 5 nM RSL3, 80 μM LA, 5 nM RSL3
+ 80 μM LA, 80 μM CLA 18:2, 5 nM RSL3 + 80 μM CLA 18:2, or 3
μM CLA 18:3 overnight. The cell pellets harvested were resuspended
in cold PBS and lysed by sonication on ice for 30 min. Protein
concentration was measured using the Bio-Rad DC protein mass
assay. Lipids were extracted using the Folch method as previously
described.49 The extracted organic layer was transferred to a Pyrex
glass centrifuge tube (Corning 99502−10) and dried in a speed
vacuum concentrator (Thermo Fisher Savant). The dried lipid
extracted was reconstituted in methylene chloride and stored at −80
°C until analysis.
Prior to analysis, 25 μL of the extract was transferred in LC vials,

dried under argon, and reconstituted in 100 μL of 90% methanol in
water with 0.1% formic acid. A pooled quality control sample was
prepared by combining an equal volume from each final sample into a
separate LC vial. Chromatographic separation was performed using a

Waters Acquity FTN ultraperformance liquid chromatography
(Waters Corp, Milford, Massachusetts) with a hydrophilic interaction
column (HILIC; Phenomenex Kinetex, 100 × 2.1 mm, 1.7 μm)
maintained at 40 °C at a flow rate of 0.5 mL/min. A sample injection
volume of 5 μL was used for both positive and negative mode
analyses. Mobile phase A consisted of acetonitrile/water (50:50, v/v)
and mobile phase B was acetonitrile/water (95:5, v/v/v), both
containing 5 mM ammonium acetate. The linear gradient was as
follows: 0−1 min, 100% B; 4 min, 90% B; 7−8 min, 70% B; 9−12
min, 100% B.
Ion mobility-mass spectrometry (IM-MS) analysis was performed

on the Waters Synapt G2-XS platform in both positive and negative
modes. Capillary voltages of +3.0 and −2.0 kV were used for positive
and negative modes, respectively. Other ESI conditions were as
follows: sampling cone, 40 V; extraction cone, 80 V; source
temperature, 100 °C; desolvation temperature, 350 °C; cone gas,10
L/h; and desolvation gas, 1000 L/h. Mass calibration over m/z 50−
1200 was performed with sodium formate. Collision cross-section
calibration was performed as previously described.49 IM separation
was performed with a traveling wave velocity of 500 m/s and wave
height of 40 V. Data was acquired for m/z 50−1200 with a 0.5 s scan
time. Leucine enkephalin was acquired as a lockspray signal for
postacquisition correction of mass and drift time.
Data alignment, peak detection, and normalization were performed

in Progenesis QI (Nonlinear Dynamics). The chromatographic region
between 0.4 and 8.5 min was considered for peak detection. The
prepared pooled QC sample was used as the reference sample for
alignment, and data were normalized to all compounds. The resulting
data set was filtered by analysis of variance (ANOVA) p-value < 0.05.
Principal components and additional multivariate statistical analyses
were performed in EZInfo (Umetrics). Lipid identifications were
made based on m/z (within 0.01 Da mass accuracy), retention time
(within 0.3 min accuracy), and CCS (within 3.0 Å2 accuracy), using
LiPydomics.50 Only lipid identifications that satisfied all three levels of
identification, including m/z, retention time, and CCS, were
considered. Data are presented as mean ± standard deviation.
Statistical analyses relative to control were conducted using Student’s
t test assuming unequal variance with a Bonferroni correction for
multiple comparisons
Lipids of interest for MS/MS fragmentation were selected based on

two criteria: (1) the lipids have normalized abundance over 8000 in
the treatment group and (2) the fold change in normalized abundance
in the treatment group compared to the control is at least 2. The
targeted MS/MS fragmentation m/z was performed in the transfer
region with a collision energy ramp of 25−40 V with 0.2 s scan time.
The fragmentation and composition of lipids were confirmed using
LIPID MAPS Structure Database.

Detection of DNPH-Derivatized Aldehydes Using
Reverse-Phase MS and MS/MS
Here 1 mL solutions of LA, CLA 18:2, and CLA 18:3 (as free fatty
acid and as CLA18:3-containing TAGs in tung oil) in benzene at the
same concentration (35.9 μM) were subjected to oxidation using 5%
mol MeOAMVN at 37 °C for 2 h. The concentration for tung oil
solution was calculated based on the assumption that 75% of tung oil
content is CLA 18:3-containing TAG. The DNPH-derivatized
aldehydes from the oxidation mixture were separated via reverse-
phase chromatography with the following conditions: C18 column
(Kinetex, 100 mm × 2.1 mm, 1.7 μm particle diameter;
Phenomenex); flow rate, 0.3 mL/min; and gradient elution method
with solvent A (water) and solvent B (methanol) was used: 0 min,
80% B; 9 min, 95% B; 12−15 min, 80% B. Untargeted MS and
targeted MS/MS fragmentation analysis of the oxidation samples was
performed on the Waters Synapt G2-XS platform in negative mode
with 0.25 s scan time. Capillary voltage of −2.0 kV was used. Other
ESI conditions were as follows: sampling cone, 40 V; extraction cone,
80 V; source temperature, 100 °C; desolvation temperature, 350 °C;
cone gas,10 L/h; and desolvation gas, 1000 L/h. Mass calibration over
m/z 50−1200 was performed with sodium formate. The commercially
available aldehyde standards were also derivatized with DNPH and
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fragmented to obtain the reference spectrum and the optimal fixed
collision energy for each DNPH-derivatized aldehyde. The transfer
collision energy used for each aldehyde was as follows: pentanal, 15 V;
hexanal, 11 V; 2-t-heptenal, 14 V; 2-t-octenal, 14 V; 2-t-nonenal, 15 V;
4-HNE, 16 V; 2,4-tt-hexadienal, 13 V; 2,4-tt-nonadienal, 16 V; and
2,4-tt-decadienal, 17. A pooled standard sample was prepared by
combining each derivatized standard into a separate LC vial. Aldehyde
identifications were made based on m/z, retention time, and
fragmentation patterns of the targeted aldehyde from the pooled
standards.
RNA Sequencing
Quadruplicate samples of HT-1080 cells at ∼60% confluence were
incubated with vehicle (DMSO), 10 nM RSL3, 10 nM RSL3 + 80 μM
LA, 10 nM RSL3 + 80 μM CLA 18:2, and 5 μM CLA 18:3 overnight.
Total RNA was isolated from each sample using the RNeasy kit
(Qiagen) and sent to Novogene to perform the cDNA library
construction and sequencing using the Illumina NovaSeq 6000
platform (150 base pairs paired-end, with sequencing depth above 20
million reads per sample). Novogene confirmed the RNA integrity
and purity using the Agilent 2100 BioAnalyzer (Agilent Technologies
Inc.). All samples met Novogene requirements of library construction
and were submitted for RNA sequencing. Raw RNA sequencing reads
in FASTQ format were mapped to the human genome (hg38) using
HISAT algorithm116 and format conversions were performed using
Samtools.117 FeatureCounts algorithm was used to quantify the
aligned RNA-seq data as raw counts.118 The DESeq2 R package was
used to determine DEGs from raw counts in different conditions.119
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