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Dear Prof. Chang,

This letter is regarding the re-submission of the revised manuscript entitled
“Dihydroxy-Metabolites of Dihomo-gamma-linolenic Acid Drive Ferroptosis-
Mediated Neurodegeneration” (Manuscript ID: 0c-2023-000526) to ACS Central
Science. We appreciate all the positive comments regarding this work,
particularly, reviewer 1 thinks this research study is suitable for media coverage
or a First Reactions (a News & Views piece in the journal). We also sincerely
thank the reviewers and editor for their thoughtful suggestions. We have
addressed all the comments in the revised manuscript and included a point-by-
point response to the comment at the end of this letter.

We believe the revised manuscript has been substantially improved after we
addressed these valuable comments from the reviewers and the editor. In the
resubmission, we have included the revised manuscript, the revised manuscript
with the modifications highlighted, and a point-by-point response to the
comments. Should you have any questions or need additional information,
please do not hesitate to contact us. Thank you very much for your
consideration.
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Kin Sing Stephen Lee
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Response to the reviewers (The response to the comment was in bold):
Reviewer1:

The authors show that the PUFA DGLA induces cell death through ferroptosis in
dopaminergic neurons in C elegans. The effect was specific to DGLA not other
PUFAs, suggesting a specific metabolic fate of DGLA is involved. The
neurodegeneration induced by DGLA was suppressed by the epoxide hydrolase
inhibitor AUDA, suggesting that the dihydroxy product of the hydrolase is key for
the neurodegeneration. It is curious the lip1 rescued the neurodegeneration
induced by EED, as this implies that EED acts through driving a radical-mediated
propagation of lipid peroxides, which seems chemical implausible, at least
compared to DGLA itself. But the ftn1 dependence of EED seems to support this.
The same holds for DHED, the hydroxy product of the epoxide hydrolysis. There
is no discussion of this seeming paradox. | can imagine that the
dihydroxymetabolite DHED has a distinct subcellular localization and the
remaining bis-allylic carbon in DHED is subject to radical-mediated peroxidation
in this specific subcellular localization, which drives the death of dopaminergic
neurons. An alternative explanation is that lip-1 and ftn1 block production of a
necessary driving factor, such as some lipid peroxides that synergies with DHED.
But either way, it seems critical that DHED undergo further peroxidation to drive
neurodegeneration and ferroptosis. The authors could test this by making di-
deuterated analog of DHED where the deuterium atoms are at the bis-allylic
position, which should block its ability cause neurodegeneration. But | think this
is beyond the scope of the current paper, as that would be an involved process
to synthesize. Nonetheless | think some discussion of this point is important,
otherwise it seems paradoxical.

Response: We appreciate the reviewer's positive feedback and constructive
comments, which helped us to clarify and strengthen our arguments. We
have included an additional discussion suggested by the reviewer in this
revised manuscript. As mentioned by Reviewer 1, detailed mechanistic
studies like applying the deuterated analog of DHED are out of the scope of
this manuscript but they are currently underway in our laboratory and have
been discussed in the revised manuscript. Please see the highlighted parts
on pages 19, and 20 of the revised manuscript, which is as follows:

“Our finding that DHEDs modulate ferroptosis-mediated
neurodegeneration challenges the current paradigm in the field. Numerous
studies demonstrated that membrane lipid composition and lipid
peroxidation are essential for ferroptosis (Dixon et al., 2012; Ran et al., 2004;
Wiernicki et al., 2020; W. S. Yang et al., 2016). Supplementation with PUFAs
and their metabolites, particularly those metabolites with a higher degree
of unsaturation, sensitizes cells to ferroptosis(Dixon et al., 2012). However,
unlike synthetic compounds such as Erastin, RSL-3, etc., these lipid
molecules do not trigger ferroptosis, but rather act downstream of
ferroptosis pathways by increasing the rate of membrane lipid
peroxidation(Dixon et al., 2012; Porter et al., 1981; Shintoku et al., 2017). This
phenomenon is further supported by studies showing that supplementation
with a monosaturated fatty acid, such as oleic acid, desensitizes cells from



ferroptosis(Magtanong et al., 2019). In contrast, our results show that a
specific w-6 DGLA metabolite, DHED, induces ferroptosis, while other
PUFAs (AA and EPA) and EPA metabolites (EEQ), with a higher degree of
unsaturation, do not trigger ferroptosis. This observation aligns with a
recent study showing that although EPA and AA supplementation are more
deleterious in peroxide-induced whole-body oxidative stress, they cannot
trigger ferroptotic germline cell death in C. elegans(Perez et al., 2022).

Our data using Lip-1 supplementation, along with the use of
transgenic strains carrying a loss of function ftn-1 mutation, suggests that
DHED could trigger lipid peroxidation in the ferroptosis pathway. However,
it is unlikely that DHED induces ferroptosis-mediated neurodegeneration
by undergoing peroxidation itself, as discussed above, because
supplementation with AA, EPA, and EEQ, which are more prone to lipid
peroxidation, have minimal or no effects in our neurodegenerative assays.
In addition, it has been reported that dihydroxy-PUFAs are unable to
incorporate into cell membranes(VanRollins et al., 1993), which suggests
that DHEDs have a distinct mechanism for modulating ferroptosis
compared to other PUFAs. It is because PUFAs with high degrees of
unsaturation can propagate membrane lipid peroxidation during
ferroptosis upon incorporation into the cell membrane. Although the exact
mechanism underlying DHED induction of ferroptosis-mediated
neurodegeneration is largely unknown, and falls beyond the scope of this
study, we propose that DHED may interact with potential receptor proteins
to activate the upstream ferroptosis pathway, leading to iron-mediated lipid
peroxidation. This corroborates our finding from the experiments with Lip-
1 and transgenic loss of function ftn-1 strains, which indicate a critical role
for lipid peroxidation in DHED-induced neurodegeneration. While DHED
has not been extensively studied, similar metabolites, 9,10-
dihydroxyoctadecenoic acid (DiIHOME) and 12,13-DiHOME, which are
dihydroxy-metabolites of LA, activate peroxisome proliferator-activated
receptor (PPAR) gamma, and transient receptor potential vanilloid 1
(TRPV1), respectively(Lecka-Czernik et al., 2002; Zimmer et al., 2018). In
addition, 14,15-dihydroxyeicosatrienoic acid, dihydroxy-metabolites of AA,
also activate PPAR alpha(Fang et al., 2006). All of these proteins have been
associated with ferroptosis(Duan et al., 2022; Riegger, 2022; Venkatesh et al.,
2020; Xing et al., 2022). Therefore, DHEDs could modulate ferroptosis-
mediated neurodegeneration by interacting with one of these proteins or
similar proteins. Alternatively, although DHED is less likely to be
incorporated into the cell membrane, it could still be localized into specific
subcellular compartments such as mitochondria, the endoplasmic
reticulum (that contains the largest pool of lipids in cells), and lysosomes,
where DHED could be peroxidized and propagate lipid peroxidation, leading
to ferroptosis (Dixon et al., 2014; Feng & Stockwell, 2018; Friedmann Angeli et
al., 2014; Gan, 2021; Gaschler et al., 2018; Y. Yang et al., 2018). Currently, our
laboratory is conducting a variety of genetic experiments to identify
potential receptor proteins for DHED and synthesizing the deuterated DHED
to investigate whether DHED peroxidation is necessary for their action in
ferroptosis-mediated neurodegeneration.”



Reviewer 2:

Recent reports have linked lipid peroxidation and ferroptosis with the
pathogenesis of neurodegeneration. A hallmark of ferroptosis is the accumulation
of phospholipid hydroperoxides and polyunsaturated fatty acids are particularly
prone to oxidative damage. In this manuscript, the authors explore the potential
for PUFAs and PUFA metabolites to induce neurodegeneration using c. elegans
as a tractable model system. Their results indicate that dihomo gamma linolenic
acid (DGLA) is sufficient to trigger the degeneration of specific neurons via
ferroptosis. They provide additional evidence that the DGLA metabolite,
dihydroxyeicosadienoic acid (DHED), which is generated by cytochrome P450
(CYP) enzymes and epoxide hydrolases (EHs), mediates DGLA toxicity. They
further suggest that the toxicity is not simply due to increased lipid peroxidation
because the more highly peroxidizable EPA did not cause neurodegeneration.

Overall, this is an interesting study that is carefully performed, and the
conclusions are wells supported. The concept that PUFA metabolites mediate
cytotoxicity during ferroptosis and neurodegeneration is potentially important
since it suggests a role for specific PUFA-derived metabolites and indicates
PUFA metabolizing enzymes as therapeutic targets. What is perhaps lacking is a
clear mechanism explaining how DGLA and DHED trigger ferroptosis.

Comment 1: The mechanism by which DHED triggers ferroptosis is not obvious
and would benefit from discussion of potential models. The authors argue against
the simple model that addition of PUFAs directly leads to an increase in lipid
peroxidation. This seems plausible since EPA doesn’'t have the same effects
(though it could be metabolized or absorbed differently) and there seems to be a
high degree of specificity for DHED. Are these lipids incorporated into
membranes? Do they impact membrane composition and / or lipid peroxidation
defenses? Are they having other roles? MUFAs have been previously shown to
suppress DGLA induced ferroptosis. This would suggest that membrane lipid
composition and peroxidation is still essential for DGLA induced ferroptosis. A full
mechanistic understanding is likely beyond the scope of this manuscript, but there
should be additional discussion of the possible models of action.

Response: We greatly appreciate the reviewer's positive feedback and
insightful comments because they helped us to improve our manuscript
and communicate our findings more effectively. A discussion on the
potential mechanisms by which DHED could be involved in observed
ferroptosis-induced neurodegeneration has been added to the revised
version.

Please kindly see the response to the reviewer 1, and the highlighted parts
on page 19 to 20 of the revised manuscript.



Comment 2: It would be helpful to cite the original research articles for this
statement rather than reviews — “... in contrast to conclusions reported
previously,13,14,49 our data showed that treatment with the more peroxidizable
arachidonic acid and EPA did not trigger neurodegeneration.”

Response: Thank you very much for the suggestion. The original research
articles are now cited. We also rephrased this statement to avoid any
confusion.

The text on page 7 that addresses this comment is as follows:

“...In addition, while previous studies reported that the increased lipid
peroxidation could induce neurodegeneration(Angelova et al., 2015; Fu et al.,
2022; Galbusera et al., 2004; Pratico et al., 2001; Sultana et al., 2013), our data
showed that the treatment of more peroxidizable arachidonic acid and EPA
do not trigger neurodegeneration.”

The following references were added to the revised version in order to respond
to the reviewers’ comments
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