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ARTICLE INFO ABSTRACT

Keywords: Macrophage cholesterol homeostasis is crucial for health and disease and has been linked to the lipid-

Arachidonate 15-lipoxygenase type B peroxidizing enzyme arachidonate 15-lipoxygenase type B (ALOX15B), albeit molecular mechanisms remain

15102 L . obscure. We performed global transcriptome and immunofluorescence analysis in ALOX15B-silenced primary

E:;Islgeergotil;t:z);lement-bmdmg protein 2 human macrophages and observed a reduction of nuclear sterol regulatory element-binding protein (SREBP) 2,

Reactive oxygen species the master transcription factor of cellular cholesterol biosynthesis. Consequently, SREBP2-target gene expression

MAPK was reduced as were the sterol biosynthetic intermediates desmosterol and lathosterol as well as 25- and 27-
hydroxycholesterol. Mechanistically, suppression of ALOX15B reduced lipid peroxidation in primary human
macrophages and thereby attenuated activation of mitogen-activated protein kinase ERK1/2, which lowered
SREBP2 abundance and activity. Low nuclear SREBP2 rendered both, ALOX15B-silenced and ERK1/2-inhibited
macrophages refractory to SREBP2 activation upon blocking the NPC intracellular cholesterol transporter 1.
These studies suggest a regulatory mechanism controlling macrophage cholesterol homeostasis based on
ALOX15B-mediated lipid peroxidation and concomitant ERK1/2 activation.

unstimulated primary human macrophages and its induction is strictly
dependent on T helper cell type 2 cytokines interleukin 4 and/or

1. Introduction interleukin 13, ALOX15B is constitutively expressed at both messenger
RNA and protein levels [5]. Although the biological function of
Peroxidation of polyunsaturated fatty acids (PUFAs) is initiated ALOX15B has not been fully characterized, accumulating data indicate a
either non-enzymatically by free radicals [1] or enzymatically by lip- role for ALOX15B in cellular lipid homeostasis. In primary human
oxygenases (LOXs) [2]. LOXs are a heterogeneous family of non-heme macrophages, ALOX15B-depletion reduced lipid accumulation and
iron containing dioxygenases, which catalyze the stereo-specific per- inflammation in atherosclerosis [6]. Furthermore, suppressing macro-
oxidation of PUFAs to their corresponding hydroperoxyl derivatives phage ALOX15B limited signaling of sterol regulatory element-binding
through insertion of molecular oxygen at the (1Z, 4Z) pentadiene moiety protein (SREBP) 2, the master transcription factor of endogenous
[3]. The human genome encodes six functional LOX genes, including cholesterol biosynthesis [5].
two 15-LOXs that oxygenate arachidonic acid at carbon atom 15, clas- Cholesterol is an essential component of mammalian cell membranes
sified as arachidonate 15-lipoxygenase (ALOX15) and arachidonate [7]1 and serves as a precursor for oxysterols, bile acids, and steroid

15-lipoxygenase type B (ALOX15B) [4]. Whereas ALOX15 is absent in
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Abbreviations:

ALOX15 arachidonate 15-lipoxygenase type A

ALOX15B arachidonate 15-lipoxygenase type B

CYP51A1 cytochrome P450 family 51 subfamily A member 1
DHCR24 24-dehydrocholesterol reductase

DMNQ 2,3-dimethoxy-1,4-naphthoquinone

ERK1 MAPK3

ERK2 MAPK1

HMGCS1 3-hydroxy-3-methylglutaryl-CoA synthase 1
JNK Jun N-terminal kinase

KD knockdown

LDLR low density lipoprotein receptor

LOX lipoxygenase

LXR liver X receptor

MAPK mitogen-activated protein (MAP) kinase
MSMO1 methylsterol monooxygenase 1

MVK mevalonate kinase

NPC1 NPC intracellular cholesterol transporter 1
PUFA polyunsaturated fatty acid

qPCR quantitative real-time polymerase chain reaction

ROS reactive oxygen species

RSL3 RAS-selective lethal 3

SCAP SREBP-cleavage activating protein

SREBP1 sterol regulatory element-binding protein 1
SREBP2 sterol regulatory element-binding protein 2

hormones [8]. Cellular cholesterol homeostasis is tightly controlled
through a combination of synthesis, uptake from lipoproteins, storage,
and efflux pathways [9]. SREBP2 is synthesized as an endoplasmic re-
ticulum (ER)-anchored precursor. To become active, SREBP2 must
translocate to the Golgi apparatus in a process regulated by ER mem-
brane cholesterol content and SREBP-cleavage activating protein
(SCAP). When ER membrane cholesterol is depleted, SCAP escorts
SREBP2 in coat protein complex II (COPII) vesicles to the Golgi for
proteolytic activation [10,11]. Conversely, when ER cholesterol levels
rise, excess cholesterol binds to SCAP to prevent the recruitment of
SCAP-SREBP2 complexes into COPII vesicles. However, not only
cholesterol but also biosynthetic intermediates, including desmosterol
and cholesterol-derived oxysterols such as 25-hydroxycholesterol, con-
trol translocation of the SCAP-SREBP2 complex by binding to SCAP
[12], or the SCAP interaction partner insulin-induced gene (INSIG) 1
[13,14].

Processed SREBP2 enters the nucleus where it binds sterol regulatory
element (SRE) sequences in the promotors of target genes to upregulate
their transcription [15,16]. Preventing SREBP2 cleavage stalls tran-
scriptional activation of cholesterol related genes, including those
facilitating cholesterol uptake, to maintain homeostasis [17].
SREBP2-dependent cholesterol biosynthesis is controlled by feedback
regulation via sterols, and post-transcriptional regulation of SREBP2,
including phosphorylation [18,19], sumoylation [20] as well as acety-
lation [21].

We provide evidence that suppression of ALOX15B in primary
human macrophages reduces SREBP2-dependent gene expression and
lowers the amount of sterol intermediates and oxysterols by limiting
mitogen-activated protein kinase (MAPK) ERK1 and ERK2 (MAPK3 and
MAPK1) activation due to reduced lipid peroxidation. This highlights a
so far unappreciated role of lipid peroxidation, ERK1/2 activation and
SREBP2 signaling in primary human macrophages and links this
signaling axis to ALOX15B activity.

2. Results

2.1. Silencing ALOX15B in macrophages lowered SREBP2-dependent
gene expression

Previous studies indicated that ALOX15B suppression disrupts
SREBP2-mediated cholesterol homeostasis in macrophages [5]. To
explore underlying molecular mechanisms how ALOX15B regulates
SREBP2-dependent cholesterol biosynthesis we performed RNA
sequencing (RNA-seq) of primary human macrophages, transiently
transfected with control or ALOX15B-targeted small-interfering RNA
(siRNA).

Knockdown (KD) of ALOX15B markedly reduced ALOX15B gene and
protein expression as determined by quantitative polymerase-chain re-
action (QPCR) and Western analysis (SI Fig. 1A and B). Silencing

ALOX15B followed by global RNA-seq analysis revealed 711 down-
regulated genes defined by a log, fold change < —0.58 and 416 upre-
gulated genes defined by a log, fold change >0.58 (Fig. 1A). Gene set
enrichment analysis disclosed that ALOX15B KD macrophages exhibit
transcriptional changes related to several metabolic and homeostatic
pathways including cholesterol homeostasis and steroid biosynthesis
(Fig. 1B-SI Fig. 1C). Analysis of differentially expressed genes indicated
that SREBF2, the gene encoding SREBP2, was among the most highly
downregulated in ALOX15B KD macrophages (Fig. 1C). In line with its
function as a master transcriptional regulator of cholesterol biosyn-
thesis, several SREBP2-dependent genes [15] were also significantly
downregulated in ALOX15B KD cells (Fig. 1C), which was confirmed
using qPCR and Western analysis (Fig. 1D-SI Fig. 1D). Highlighted in
blue, Fig. 1E illustrates the abundance of genes involved in cholesterol
biosynthesis that are significantly downregulated [adjusted p-value
(padj) < 0.05] in ALOX15B KD macrophages.

Considering that nuclear translocation of proteolytically processed
SREBP2 is a prerequisite for the transcription of genes involved in
cholesterol biosynthesis [16], we next determined cellular localization
of SREBP2 using immunofluorescence microscopy. Consistent with
reduced SREBF2 expression, we identified decreased nuclear SREBP2
protein in ALOX15B KD cells (Fig. 1F).

Although reduced SREBP2-dependent cholesterol biosynthesis is
often associated with reciprocal regulation of the liver-X-receptor (LXR)
transcriptional program [22], silencing of ALOX15B did not affect
LXR-dependent gene expression [23] (SI Fig. 1E). Additionally, SREBF1,
the gene encoding SREBP1, whose activity is regulated in the ER in a
SREBP2-like manner [24], and moreover is an LXR target [25,26], was
not differentially expressed nor were SREBP1 target genes [15] in
ALOX15B KD macrophages (SI Fig. 1F). Conclusively, silencing
ALOX15B specifically inhibits SREBP2 target gene expression without
affecting the expression of LXR-dependent pathways or SREBP1 target
genes.

2.2. In ALOX15B-silenced macrophages sterol intermediates and
oxysterols are reduced

To determine whether altered SREBP2-dependent gene expression in
ALOX15B KD macrophages evokes changes in cellular sterol content, we
measured total cholesterol using gas chromatography-flame ionization
detection (GC-FID) and non-cholesterol sterols by gas chromatography-
mass spectrometry in selected ion monitoring mode (GC-MS-SIM). While
sterol intermediates lanosterol and dihydrolanosterol remained un-
changed, ALOX15B KD cells contained reduced levels of the Bloch
pathway intermediate desmosterol [27] and the Kandutsch-Russell in-
termediate lathosterol [28,29] (Fig. 2A), both markers of active
cholesterol biosynthesis [30]. ALOX15B-silencing also significantly
lowered cholesterol-derived 25- and 27-hydroxycholesterol (Fig. 2B).
Analysis of total or unesterified cholesterol in ALOX15B KD
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Fig. 1. Silencing ALOX15B in primary human macrophages reduces SREBP2-dependent gene expression and nuclear SREBP2 protein

(A) Global heatmap showing all downregulated genes in ALOX15B KD macrophages with a log,FC < —0.58 and all upregulated genes with a log,FC > 0.58. (B)
Enrichment analysis of RNA-seq data comparing control to ALOX15B KD macrophages using Kyoto Encyclopedia of Genes and Genomes (KEGG) and REACTOME
gene sets. (C) Heat map displaying differentially expressed SREBP2-target genes in control and ALOX15B KD cells as count-per-million (CPM) with annotated log,FC
and p-adjusted value. (D) Validation of MSMO1, LDLR, HMGCS1, MVK, CYP51A1, and DHCR24 gene expression by real-time qPCR of control and ALOX15B KD
macrophages. (E) Schematic representation of the Bloch and Kandutsch-Russell cholesterol biosynthesis pathways. Broken arrows indicate potential crossover sites.
Significantly downregulated genes in ALOX15B-silenced macrophages are shown in blue [log,FC < —0.58]. (F) SREBP2 immunofluorescence microscopy in control
and ALOX15B KD macrophages. Densitometry of SREBP2 fluorescence signal in whole cell, nucleus and cytoplasm. Data are presented as mean + SE from at least five
independent experiments. Statistical analysis was performed using one sample t-test for D and F (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001

vs siControl).

macrophages revealed only minor changes (Fig. 2C and D).

Since ALOX15B-silenced macrophages contained lower levels of
desmosterol and lathosterol as well as cholesterol-derived oxysterols we
questioned whether cholesterol levels in ALOX15B KD macrophages
reflect altered uptake of extracellular sterols through either receptor- or
non-receptor-mediated processes [31]. To follow sterol uptake, we
measured cellular accumulation of exogenous phytosterols, ubiquitously
found in cell culture media [32] as well as fluorescently labeled low
density lipoprotein (LDL). Analysis of intracellular campesterol, sitos-
terol, brassicasterol, and stigmasterol levels measured by GC-MS-SIM
revealed no difference in phytosterol accumulation between control
and ALOX15B KD macrophages (Fig. 2E). In line, ALOX15B-silenced
macrophages did not accumulate LDL compared to control macro-
phages. They rather exhibited a trend towards reduced LDL uptake

(Fig. 2F).

We next examined how ALOX15B-silenced macrophages respond to
disruption of intracellular cholesterol transport since nuclear trans-
location of SREBP2 is tightly regulated by the ER cholesterol amount
[17]. We used the cationic amphiphile U18666A to block cholesterol
transport from lysosomes by inhibiting the NPC intracellular cholesterol
transporter 1 (NPC1) [33]. Comparing SREBP2-dependent gene
expression in control and ALOX15B-silenced macrophages revealed that
U18666A increased expression of SREBP2-dependent genes methylsterol
monooxygenase 1 (MSMO1), 3-hydroxy-3-methylglutaryl-CoA synthase 1
(HMGCS1), cytochrome P450 family 51 subfamily A member 1 (CYP51A1),
and 24-dehydrocholesterol reductase (DHCR24) in control cells. However,
U18666A failed to increase expression of these genes in ALOX15B KD
cells (Fig. 2G).
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Fig. 2. ALOX15B-silenced macrophages contain reduced levels of sterol intermediates and oxysterols but not cholesterol

(A) Sterol intermediates, (B) cholesterol-derived oxysterols, and (C) total cholesterol in control and ALOX15B KD macrophages measured using GC-MS-SIM for A and
B or GC-FID for C, respectively. (D) Free and esterified cholesterol and (E) phytosterols in control and ALOX15B KD macrophages. (F) Flow cytometry determined
median fluorescence intensity of uptaken green-fluorescent LDL (10 pg/ml) in control and ALOX15B KD macrophages. (G) Real-time qPCR analysis of MSMO1,
HMGCS1, CYP51A1, and DHCR24 gene expression in control and ALOX15B KD cells with or without addition of NPC1 inhibitor U18666A (5 pM) for 24 h. Data are
presented as mean =+ SE from at least four independent experiments. Statistical analysis was performed using one sample t-test for A-B (*P < 0.05, **P < 0.01, and

***P < 0.0001 vs siControl. ns = not significant), two-tailed student’s t-test for C-F (p-values are indicated. ns = not significant), and one-way ANOVA with Sidak’s

multiple comparisons test for G (**P < 0.01 and ****P < 0.0001 vs siControl).

It appears that ALOX15B KD macrophages exhibited significantly
reduced SREBP2-dependent gene expression and sterol intermediates,
while total cellular cholesterol levels remained unchanged. These data
suggest a sterol-independent impairment of SREBP2 activation in
ALOX15B-silenced cells, as these cells were unable to induce SREBP2-
target gene expression after blocking NPC1.

2.3. Suppressing ALOX15B reduced lipid peroxidation and 15-LOX-
derived oxylipins

To investigate whether inhibition of 15-LOX using a small molecule
inhibitor recapitulates altered SREBP2-dependent gene expression seen
in ALOX15B-silenced macrophages, we used the ALOX15 inhibitor
ML35148 (ML351) [34]. To verify the presence of ALOX15B, we per-
formed Western analysis of ALOX15 and ALOX15B and confirmed
constitutive expression of ALOX15B but the absence of ALOX15 in
unstimulated and inhibitor-treated macrophages. Moreover, we
corroborated induction of ALOX15 following 48 h stimulation with
interleukin 4 [5] (Fig. 3A). Therefore, in resting macrophages ML351
selectively targets ALOX15B due to the absence of ALOX15.

ML351 reduced the expression of SREBP2-dependent genes MSMO1,
low density lipoprotein receptor (LDLR), HMGCS1, mevalonate kinase
(MVK), CYP51A1, and DHCR24 (Fig. 3B) and thus, recapitulates the
situation seen in ALOX15B KD macrophages.

To obtain data on the enzymatic activity of ALOX15B in ALOX15B-
silenced and ML351-treated macrophages we measured lipid peroxida-
tion using confocal microscopy. In ALOX15B-silenced (Fig. 3C) and
ML351-treated macrophages (Fig. 3D) lipid peroxidation, determined
using BODIPY 581/591C11, was significantly decreased. In addition,
lipid hydroxide analysis using liquid chromatography-coupled tandem
mass spectrometry (LC-MS/MS) revealed reduced levels of 15-LOX

specific oxylipins [35] 15-hydroxyeicosatetraenoic acid (HETE) and
15-hydroxyeicosapentaenoic acid (HEPA) and a modest reduction of
13-hydroxyoctadecadienoic acid (HODE) in ALOX15B-silenced (Fig. 3E)
and ML351-treated macrophages (Fig. 3F). Obviously, inhibition of
ALOX15B by ML351 reflects results seen in ALOX15B-silenced
macrophages.

2.4. Lipid peroxidation increased SREBP2-target gene expression in
human macrophages

ALOX15B-silenced macrophages exhibit reduced SREBP2-target
gene expression and lower lipid peroxidation. To investigate the rela-
tionship between SREBP2-target genes and lipid peroxidation we used
RAS-selective lethal (RSL) 3 to inhibit glutathione peroxidase 4 (GPX4)
[361, which prevents accumulation of lipid peroxides by reducing them
to the respective alcohols [36,37].

In naive macrophages, lipid peroxides accumulated following treat-
ment with RSL3 for 6 h (SI Fig. 2A and B) and less pronounced after 24 h
(SI Fig. 2C). RSL3-treated macrophages increased SREBP2-target genes
(Fig. 4A) and corresponding proteins (Fig. 4B) after 24 h, an effect not
seen at early time points, i.e. 6 h (SI Fig. 2D). In addition, 15-hydroper-
oxyeicosatetraenoic acid (HpETE), the ALOX15B-catalyzed AA oxygen-
ation product, increased upon treatment with RSL3 and decreased with
the ALOX15B inhibitor ML351 (SI Fig. 2E). When suppressing lipid
peroxide accumulation with the radical-trapping antioxidant
liproxstatin-1 (SI Fig. 2F) [37,38] SREBP2-dependent genes were
significantly lowered (Fig. 4C). Also, the lipophilic antioxidant
a-tocopherol [39] attenuated lipid peroxidation (SI Fig. 3A) as well as
SREBP2-target gene expression to a similar degree as the 15-LOX in-
hibitor ML351 (SI Fig. 3B). The redox cycler 2,3-dimethoxy-1,4-naph-
thoquinone (DMNQ) [40], which elevated reactive oxygen species
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Fig. 3. ALOX15B KD or inhibition by ML351 reduce cellular lipid peroxidation, oxylipins and SREBP2-target gene expression

(A) Representative Western analysis and densitometry of ALOX15 and ALOX15B in macrophages treated with ML351 (10 uM) for 24 h or interleukin 4 (IL-4) (20 ng/
ml) for 48 h. (B) Validation of MSMO1, LDLR, HMGCS1, MVK, CYP51A1, and DHCR24 gene expression by real-time qPCR of macrophages treated with DMSO and
ML351 (10 pM) for 24 h. Confocal microscopy of BODIPY™ 581/591 C11 lipid peroxidation sensor in (C) control and ALOX15B KD macrophages as well as (D)
macrophages treated for 30 min with DMSO or ML351 (10 pM). Graphs depict oxidized BODIPY C11 fluorescence intensity per cell including median. Formation of
esterified 15-LOX-specific hydroxy-fatty acids in macrophages treated with (E) control and ALOX15B siRNA as well as (F) DMSO and ML351 (10 pM) for 24 h. Data
are presented as mean + SE from at least three independent experiments. Statistical analysis was performed using one-way ANOVA with Dunnett’s multiple
comparisons test for A (*P < 0.05 vs untreated control), one sample t-test for B (**P < 0.01 and ***P < 0.001 vs DMSO control), two-tailed student’s t-test for C-D
(***P < 0.001 and ****P < 0.0001 vs siControl or DMSO control), and one-way ANOVA with Sidak’s multiple comparisons test for E and F (*P < 0.05 and **P < 0.01

vs siControl or DMSO control).

(ROS) in naive macrophages (SI Fig. 3C), increased expression of
SREBP2-dependent genes, while DMNQ (SI Fig. 3D), as well as RSL3
(Fig. 4D), partially reversed SREBP2-target genes attenuated by ML351.
These studies imply a link between lipid peroxidation and the expression
of SREBP2-dependent genes.

2.5. Lipid peroxidation activated expression of SREBP2 target genes via
ERK1/2

Cellular cholesterol biosynthesis is governed by a multitude of fac-
tors, including negative feedback regulation via sterol intermediates
[41] or oxysterols [42], a restricted SREBP2 processing by high ER
cholesterol [17] as well as post-transcriptional regulation of SREBP2
[18,20,43]. Therefore, we searched for mechanisms of how lipid per-
oxidation modulates SREBP2 (Fig. 5A). Gene set enrichment analysis of
our RNA-seq data using REACTOME gene sets showed downregulation
of genes involved in phagocyte ROS production, nuclear events facili-
tated by MAPK signaling, in addition to ERK1/2 targets in ALOX15B KD
macrophages (Fig. 5B and SI Fig. 4A).

As both, signaling of AKT serine/threonine kinase (AKT) and ERK1/2
activation are known to be redox sensitive [44-48], as well as being
implicated in SREBP2 activation [18-20,49-51], we analyzed their
involvement in SREBP2-dependent gene expression in primary human
macrophages (Fig. 5A). In addition to the mechanistic target of rapa-
mycin (mTOR) upstream kinase AKT, also the mTOR downstream target

ribosomal protein S6 kinase B1 regulates SREBP2 [43,52]. Hence, we
analyzed SREBP2-dependent gene expression under conditions of
blocking ERK1/2, AKT, and ribosomal protein S6 kinase B1. Inhibition
of ERK1/2 by PD98059 [53] decreased SREBP2 target gene expression
to a similar extent as the 15-LOX inhibitor ML351. Blocking either AKT
via AKTVIII [54] or ribosomal protein S6 kinase B1 via PF4708671 [55]
left SREBP2-dependent gene expression unaltered (Fig. 5C). Moreover,
Western analysis showed reduced phosphorylation of ERK1/2 in
ALOX15B-silenced (Fig. 5D) and 15-LOX inhibited macrophages
(Fig. 5E). Although AKT phosphorylation at Ser473 and Thr308 was
attenuated in ALOX15B-silenced macrophages (SI Fig. 4B), only AKT
phosphorylation at Ser473 was reduced in cells incubated with ML351
(SI Fig. 4C). Considering redundancies in MAPK signaling, we addi-
tionally performed Western analysis of p38 MAPK and Jun N-terminal
kinase (JNK). Whereas no change in phosphorylation of p38 MAPK was
detectable with our experimental setup, JNK phosphorylation modestly
increased with silencing of ALOX15B or following liproxstatin-1 treat-
ment (SI Fig. 4D). However, JNK inhibition with SP600125 did not in-
crease SREBP2-target gene expression (SI Fig. 4E).

To determine whether a decrease in ERK1/2 phosphorylation in
ALOX15B-suppressed macrophages results from reduced lipid peroxi-
dation, we monitored ERK1/2 phosphorylation in RSL3-and liprox-
statin-1-treated  cells. ~While liproxstatin-1 decreased ERK1
phosphorylation, RSL3 increased ERK1/2 phosphorylation in primary
human macrophages (Fig. 5F), implying that ERK activity is sensitive to
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Fig. 4. Modulating lipid peroxidation by RSL3 and liproxstatin-1 affects SREBP2-dependent gene expression

(A) Gene expression of MSMO1, MVK, LDLR, CYP51A1, and DHCR24 via real-time qPCR of macrophages treated with RSL3 (10 uM) for 24 h. (B) Western analysis and
corresponding densitometry of DHCR24 and CYP51A1 of macrophages treated with DMSO or RSL3 (10 pM) for 24 h. (C) Gene expression analysis of MSMO1, MVK,
LDLR, CYP51A1, and DHCR24 via real-time qPCR of macrophages treated with DMSO or liproxstatin-1 (1 pM) for 6 h. (D) Analysis of SREBP2-target genes in
macrophages treated with RSL3 (10 pM) and ML351 (10 uM) for 24 h. For combined treatments, macrophages were exposed to RSL3 for 24 h, while ML351 was
added during the last 6 h. Data are presented as mean =+ SE from at least ten independent experiments. Statistical analysis was performed using one sample t-test for
A, Band C (*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 vs DMSO Control) and one-way ANOVA with Tukey’s multiple comparisons test for D (***P <

0.001 and ****P < 0.0001 vs RSL3).

the cellular amount of lipid peroxides. It appears that reduced lipid
peroxidation, resulting from ALOX15B suppression, decreased ERK1/2
activation, which lowered SREBP2-dependent gene expression.

2.6. Inhibiting ERK1/2 reduced nuclear SREBP2 and prevented the
induction of cholesterol biosynthesis genes in response to blocking NPC1

Our data suggested regulation of SREBP2-target gene expression via
ERK1/2 in ALOX15B-suppressed macrophages. Thus, we analyzed
cellular localization of SREBP2 protein in ERK1/2-inhibited macro-
phages. Inhibition of ERK1/2 lowered nuclear and cytoplasmic SREBP2
protein (Fig. 6A), which corroborates findings in ALOX15B-silenced
cells (Fig. 1F). Analysis of SREBP2 target gene expression in ERK1/2-
inhibited cells after disrupting intracellular cholesterol transport via
NPC1 inhibition using U18666A (Fig. 6B) recapitulated results from
ALOX15B-suppressed macrophages (Fig. 2G). With inhibited ERK1/2,

macrophages exposed to the NPC1 inhibitor were unable to induce
transcription of the SREBP2 target genes MSMO1, HMGCS1, CYP51A1,
and DHCR24 in comparison to control conditions (Fig. 6B).

3. Discussion

Previous evidence suggested that 15-lipoxygenases, i.e. ALOX15
and/or ALOX15B regulate SREBP2-dependent cholesterol homeostasis
in primary human macrophages, albeit molecular mechanisms remained
obscure [5]. Working in the absence of Th2 cytokines, we proved that in
naive macrophages the constitutively expressed ALOX15B accounts for
these effects, because ALOX15 expression, depending on
interleukin-4/interleukin-13, was absent. To explore molecular mecha-
nisms, how ALOX15B affects SREBP2-signaling, we transfected primary
human macrophages with ALOX15B-targeted siRNA and/or employed
the 15-LOX inhibitor ML351. Global transcriptome analysis in
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(A) Schematic illustration of ERK1/2 and AKT as potential signaling hubs that reduce SREBP2 activation in ALOX15B-suppressed macrophages. (B) Gene Set
Enrichment Analysis blots of downregulated REACTOME pathways in ALOX15B KD macrophages, including ROS production, signaling by MAPKs as well as ERK1/2.
(C) Real-time qPCR of SREBP2-target genes in macrophages treated with ML351 (15-LOX inhibitor, 10 pM), PD98059 (ERK1/2 inhibitor, 10 pM), AKTVIII (AKT
inhibitor, 1 pM), and PF4708671 (ribosomal protein S6 kinase B1 inhibitor, 10 pM) for 6 h. Western analysis of total and phosphorylated ERK1 (p44 MAPK) and
ERK2 (p42 MAPK) in (D) control and ALOX15B-silenced macrophages as well as (E) DMSO- and ML351-treated macrophages. (F) Western analysis of total and
phosphorylated ERK1 (p44 MAPK) and ERK2 (p42 MAPK) of macrophages treated with DMSO, RSL3 (10 uM) or liproxstatin-1 (1 pM) for 24 h. Data are presented as
mean =+ SE from at least four independent experiments. Statistical analysis was performed using one-way ANOVA with Dunnett’s multiple comparisons test for C
(**P < 0.01 and ****P < 0.0001 vs DMSO control) and one sample t-test for D, E and F (*P < 0.05 and **P < 0.01 vs siControl or DMSO control).

ALOX15B-silenced cells revealed broad transcriptional changes with an
obvious focus on SREBP2-target genes, without affecting LXR- or
SREBP1-transcriptional programs. In ALOX15B-suppressed cells, nu-
clear SREBP2 was decreased, likewise sterol intermediates and
cholesterol-derived oxysterols. Attenuating ALOX15B activity reduced
lipid peroxidation, along with decreasing 15-LOX-specific oxylipins.
Modulating the extent of lipid peroxidation by using RSL3 and
liproxstatin-1 altered SREBP2-dependent gene expression in an
ERK1/2-dependent manner.

While indicators of an active cholesterol biosynthesis [30], des-
mosterol and lathosterol, were lower in ALOX15B KD macrophages,
reduction of total cellular cholesterol was modest. Considering that

cellular cholesterol concentrations are three orders of magnitude higher
than concentrations of sterol intermediates, a small, non-significant
reduction in cellular cholesterol levels can be anticipated in
ALOX15B-silenced macrophages. This is consistent with reports from
SCAP-deficient macrophages, which, despite markedly reduced
SREBP2-dependent gene expression, exhibit normal levels of cellular
cholesterol [56].

Suppressing ALOX15B in human macrophages reduced cellular lipid
peroxidation and 15-LOX-derived lipid hydro(pero)xides. As ALOX15B
peroxidizes both free [35] and esterified PUFAs [57,58], we assume a
lower amount of peroxyl radicals in ALOX15B-suppressed cells.
Consistently, attenuating lipid peroxidation via liproxstatin-1 and
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Fig. 6. ERK1/2 inhibition reduces nuclear SREBP2 and prevents SREBP2-target gene expression upon NPC1 blockade

(A) SREBP2 immunofluorescence microscopy in macrophages treated with DMSO or the ERK1/2 inhibitor PD98059 (10 uM) for 3 h. Mean pixel intensity of SREBP2
fluorescence signal in whole cell, nucleus and cytoplasm. (B) Real-time qPCR analysis of MSMO1, HMGCS1, CYP51A1, and DHCR24 gene expression in macrophages
treated with DMSO and the ERK1/2 inhibitor PD98059 (10 pM) in combination with or without the NPC1 inhibitor U18666A (5 pM) for 24 h. Data are presented as
mean =+ SE from at least four independent experiments. Statistical analysis was performed using one sample t-test for A (*P < 0.05 and **P < 0.01 vs DMSO control)
and one-way ANOVA with Sidak’s multiple comparisons test for B (*P < 0.05, **P < 0.01, ***P < 0.001 vs DMSO control).

radical trapping via o-tocopherol hampered SREBP2 target gene
expression. In contrast, RSL3 as well as the redox cycler DMNQ
enhanced SREBP2-dependent gene expression and partially reversed the
attenuated cholesterol biosynthetic gene expression during ALOX15B
inhibition. Indeed, ROS are known to affect cholesterol homeostasis. The
antioxidant N-acetyl-cysteine reduced SREBP2 gene expression in
human hepatoma Huh7 cells [59], while lipid peroxidation induced by
iron and ascorbate [60] as well as the linoleic acid oxygenation product
13-hydroxyoctadecadienoic acid (HODE) [61] promoted cholesterol
efflux from human THP-1-derived and murine macrophages, respec-
tively. Therefore, a role of lipid peroxidation in affecting
SREBP2-dependent cholesterol homeostasis in macrophages is apparent.

Besides enzymatically driven lipid peroxidation, ROS initiate
oxidative degradation of lipids by radical induced hydrogen abstraction
[62]. Free radicals formed during Fenton chemistry contribute to lipid
peroxidation via secondary formation of peroxyl radicals (ROOe) [63],
which in addition to the classical ROS species, i.e. superoxide (O3e),
hydrogen peroxide (H202), and the hydroxyl radical (HOe), contribute
to degrade lipids, proteins, and carbohydrates and crosslink nucleic
acids [64,65]. Due to their numerous bis-allylic methylene groups,
PUFAs, which are essential cell membrane components, are particularly
susceptible to free radical damage [62,66]. In this context, we noticed
that both RSL3, a GPX4 inhibitor with the ability to elevate cellular lipid
peroxides, as well as the redox cycler DMNQ increased
SREBP2-dependent gene expression in primary human macrophages.
Therefore, we assume that both enzymatic as well as non-enzymatic
lipid peroxidation elevate SREBP2-target gene transcription. Reduced
lipid peroxidation and decreased formation of 15-LOX-specific lipid
hydro(pero)xides in ALOX15B-depleted cells may suggest that the
reduced SREBP2 activity is initially facilitated by decreased lipid
peroxide signaling and presumably not by decreased ROS formation.

A possible explanation for the increase in cholesterol biosynthesis
upon accumulation of lipid peroxides could be a reorganization of
membrane cholesterol into domains [67,68], that might alter membrane
fluidity [69]. Indeed, lipid peroxidation has been associated with
changes in membrane fluidity [70,71]. In cancer cells, accumulation of
cholesterol limited the vicious cycle of lipid peroxidation through for-
mation of cholesterol-rich lipid rafts and the concomitant decrease in
membrane fluidity. In mice, depletion of cholesterol in the microenvi-
ronment of malignant melanoma potentiated lipid peroxidation and the
antitumor activity of a GPX4 inhibitor [72]. Conclusively, propagating
lipid peroxidation demands diffusion of PUFA-phospholipids, while
accumulating cholesterol may increase membrane stiffness [73].
Therefore, it is reasonable that increased cholesterol biosynthesis may
slow down lipid peroxidation [72]. It is further hypothesized that
cholesterol-mediated stabilization of oxidized phospholipids and hy-
droperoxides may enhance the stability of membrane bilayers [72,74].
Also, accumulation of the cholesterol precursor 7-dehydrocholesterol

has been reported to protect cellular membranes from (phospho)lipid
peroxidation and lipid peroxidation-associated cell death [75]. More-
over, squalene accumulation prevented oxidative cell death in choles-
terol auxotrophic lymphomas [76]. In addition to sterol-dependent
protection from lipid peroxide accumulation, an increased flux through
the cholesterol biosynthetic pathway generates coenzyme Q10 (ubi-
quinone-10) and ubiquinol, which acts as a lipophilic radical scavenger,
known to reduce lipid peroxidation [77].

The cellular redox status is linked to various cell signaling pathways
including ERK1/2 [44,78] and AKT/mTOR [46,47]. We noticed
diminished ERK1/2 signaling in ALOX15B-silenced macrophages based
on not only REACTOME gene set enrichment analysis but also impaired
ERK1/2 phosphorylation and reduced SREBP2-dependent gene expres-
sion upon ERK1/2 inhibition. Regarding cholesterol biosynthetic gene
expression, no implication of related MAPKs, in particular p38 MAPK or
JNK, was apparent in ALOX15B-attenuated cells. Although not appear-
ing in the top 25 hits of differentially regulated REACTOME pathways
(SI Fig. 4A), we also observed reduced AKT phosphorylation at Ser473
and Thr308 in ALOX15B-silenced cells (SI Fig. 4B). However, this effect
was neither seen in 15-LOX-inhibited cells (SI Fig. 4C), nor did inhibition
of the mTOR upstream signaling hub AKT or the mTOR downstream
target ribosomal protein S6 kinase Bl reduce SREBP2 target gene
expression. Nevertheless, the link between SREBP2 and mTOR is
controversial. Some reports claim SREBP2 as an mTOR signaling target
[43,51,52], others show unaltered SREBP2 signaling by mTOR silencing
[51], while also SREBP1 is highlighted to be regulated by mTOR [51,
79]. However, it is undisputed that both SREBP2 [18,19,50,80] as well
as SREBP1 [19,81] are recognized as ERK1/2-regulated targets.

ALOX15B-silenced macrophages show reduced lipid peroxidation
and attenuated ERK1/2 phosphorylation. ERK1/2 phosphorylation also
decreased upon treatment with liproxstatin-1 but increased by adding
RSL3. This corroborates previous reports describing ERK1/2 as a redox
target in macrophages [44,78] as well as a target of lipid peroxidation in
pulmonary epithelial cells [78] or mouse carotid artery [44]. Upon in-
hibition of ERK1/2, we observed lower amounts of cytoplasmic as well
as nuclear SREBP2 protein, similar to what happened in
ALOX15B-silenced macrophages. In some analogy, inhibition of ERK1/2
in HepG2 cells decreased both the precursor and the processed form of
SREBP2 [50]. A lower amount of active SREBP2 along with its potential
self-regulatory decrease [82] rendered both, ALOX15B-silenced as well
as ERK1/2-inhibited macrophages, refractory to SREBP2-target gene
induction when blocking the intracellular cholesterol transporter NPC1.
Although SREBP2 phosphorylation can be anticipated from literature
[18,19,80] we failed to proove this, most likely due to the lack of
appropriate, commercially available antibodies.

Various pathologies are associated with both lipid peroxidation and
altered cholesterol metabolism [83-85]. Although this offers a thera-
peutic potential, underlying pathways are not yet fully understood. With
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this study in primary human macrophages, we describe an
under-appreciated ALOX15B - lipid peroxidation — ERK1/2-signaling
axis in controlling SREBP2-dependent cholesterol homeostasis. The
role of ALOX15B in regulating and connecting lipid homeostasis and
lipid peroxidation under pathophysiological conditions should be the
topic of further studies.

4. Conclusion

Suppressing ALOX15B in primary human macrophages impairs
SREBP2-dependent cholesterol biosynthesis by reducing cellular lipid
peroxidation, ERK1/2 signaling and SREBP2 target gene expression.
This reduces the amount of cholesterol precursors as well as cholesterol-
derived oxysterols. Future studies will explore the relevance of
ALOX15B in affecting cholesterol homeostasis for human macrophage
biology.

5. Materials and methods
5.1. Reagents

ML351 (cat. no. 6448) and PF4708671 (cat. no. 4032) were pur-
chased from Tocris (Wiesbaden-Nordenstadt, Germany), TRIzol™ Re-
agent (cat. no. L34355) and CellROX™ Deep Red Reagent (cat. no.
C10422) from Thermo Fisher Scientific (Dreieich, Germany), RSL3 (cat.
no. SML 2239), a-tocopherol (cat. no. 258024) and AKTVIII (cat. no.
124018) from Sigma-Aldrich (Munich, Germany), RNAPure™ peqGOLD
from PeqLab Biotechnology (Erlangen, Germany), human interleukin 4
from PeproTech (Hamburg, Germany), U18666A (cat. no. BML-5200)
and DMNQ (cat. no. ALX-420-027-M005) from Enzo Life Sciences
(Lausen, Switzerland), PD98059 (cat. no. 9900L) and SP600125 (cat. no.
8177S) from Cell Signaling Technology (Danvers, MA, USA),
liproxstatin-1 (cat. no. 17730) from Cayman Chemical (Ann Arbor, MI,
USA). Human gene primers were purchased from Biomers GmbH (Ulm,
Germany). All chemicals were of the highest grade of purity and
commercially available and were dissolved according to the manufac-
turer’s instructions.

5.2. Primary human macrophage generation

Human peripheral blood mononuclear cells were isolated from
commercially obtained buffy coats of anonymous donors (DRK-Blut-
spendedienst Baden-Wiirttemberg-Hessen, Institut fiir Trans-
fusionsmedizin und Immunhdmatologie, Frankfurt, Germany) using
Ficoll density centrifugation. Peripheral blood mononuclear cells were
washed twice with PBS containing 2 mM EDTA and subsequently
incubated for 1.5 h under growth conditions in RPMI 1640 medium
supplemented with penicillin (100 U/ml) and streptomycin (100 pg/ml)
to allow their adherence to culture dishes (Sarstedt, Niimbrecht, Ger-
many). Non-adherent cells were removed. Monocytes were then differ-
entiated into naive macrophages with RPMI 1640 medium (Gibco,
Dreieich, Germany) containing 3% AB-positive human serum (DRK-
Blutspendedienst Baden-Wiirttemberg-Hessen, Frankfurt, Germany)
(complete media) for at least 7 days.

5.3. siRNA transfections

A final concentration of 50 nM of either non-targeting control siRNA
(ON-TARGETplus Non-targeting Control Pool, SMARTpool, cat. no. D-
001810-10, Horizon Discovery Biosciences (Cambridge, United
Kingdom)) or siRNA targeting human ALOX15B (ON-TARGETplus
Human ALOX15B siRNA, SMARTpool, cat. no. L-009026-00-0005, Ho-
rizon Discovery Biosciences) were transfected into primary human
macrophages using HiPerFect transfection reagent (Qiagen, Hilden,
Germany) according to the manufacturer’s recommendations for a total
duration of 5 days. Each knockdown was routinely confirmed by

Redox Biology 72 (2024) 103149
quantitative polymerase chain reaction for each experiment.
5.4. RNA extraction and quantitative real-time PCR

Total RNA from macrophages was isolated using PeqGOLD RNAPure
reagent or TRIzol reagent following the manufacturer’s protocol and
quantified using the NanoDrop spectrophotometer (NanoDrop, Wil-
mington, DE, USA). Total RNA was transcribed into cDNA using the
Maxima First Strand ¢cDNA Synthesis Kit (Thermo Fisher Scientific, cat.
no. K1641). Quantitative real-time PCR was performed using Power up
SYBR green mastermix (Applied Biosystems, Darmstadt, Germany) and
the QuantStudio™ 3 and 5 Real-Time PCR System. 2 microglobulin
(BMG) was used as an endogenous control for human macrophages.
Primer sequences were used as follows: ALOX15B (Fwd: 5-aag ggc ttc
cta aac cag ga-3/, Rev: 5-tga cat cac atg tgg cat tg-3'), MG (Fwd: 5-act
cac gtc atc cag cag ag-3', Rev: 5'-tca aac ctc cat gat get gct-3"), CYP51A1
(Fwd: 5'-gaa acg cag aca gtc tca aga-3', Rev: 5’-acg ccc atc ctt gta tgt age-
3"), DHCR24 (5'-cac tgt ctc act acg tgt cgg-3', Rev: 5'-cca gcc aat gga ggt
cag c-3"), HMGCS1 (Fwd: 5'-cat tag acc gct get att ctg tc-3', Rev: 5'-ttc age
aac atc cga gct aga-3"), LDLR (Fwd: 5-tac ccc tcg aga cag atg gt-3, Rev: 5
act gtc cga agc ctg ttc tg-3), MSMO1 (Fwd: 5'-tat gct ggt tct cgg cat cat-3/,
Rev: 5'-cca aaa att cga tcc cac cat gt-3"), MVK (Fwd: 5'-cat ggc aag gta gca
ctg g-3/, Rev: 5-gat acc aat gtt ggg taa get ga-3).

5.5. RNA-sequencing library preparation

Total RNA of control and ALOX15B-silenced macrophages was iso-
lated using RNeasy Mini Kit (Qiagen, cat. no. 74104) and purified by
precipitation. RNA quality was assessed using an Agilent High Sensi-
tivity RNA ScreenTape (cat. no. 5067-5579) with an Agilent TapeStation
4150 (Agilent Technologies, Waldbronn, Germany). RNA was quantified
using a Qubit HS RNA Assay Kit (cat. no. Q32852) and Qubit 3 fluo-
rometer (Thermo Fisher Scientific). Subsequently, library preparation of
500 ng RNA was performed using the Lexogen QuantSeq 3' mRNA-Seq
Library Prep Kit FWD for Illumina (Lexogen GmbH, Vienna, Austria,
cat. no. 015.24). Library quality and quantity were controlled by Qubit 3
fluorometer and Agilent D1000 DNA ScreenTape (cat. no. 5067-5582).
The average size of the libraries was calculated within 150-1000 bp
and a 1 nM equimolar pool of all libraries was generated. Single-end
sequencing was performed with 75 cycles using the High Output Kit
v2.5 (cat. no. 20024906) on an Illumina NextSeq 500 sequencer (Illu-
mina, San Diego, CA, USA). Sequencing data have been deposited under
the GEO accession number GSE208160.

5.6. RNA-sequencing data analysis

FASTQ data processing was performed within the Lexogen QuantSeq
3’ mRNA-Seq integrated data analysis pipeline on the BlueBee on-line
platform (BlueBee Holding BV, Rijswijk, The Netherlands). FASTQ
reads were trimmed (bbduk v35.92), mapped to the hg38 human
genome assembly (STAR Aligner v2.5.2a with modified ENCODE set-
tings), and gene-specific read counts were determined (HTSeq-count
v0.6.0). Differential gene expression analysis of read counts was con-
ducted by DeSeq2 and gained data were filtered by log; fold change and
p-adjusted (FDR) value. Gene Set Enrichment Analysis and pathway
analysis was performed using GenePattern [86] and heat maps were
generated using MORPHEUS (https://software.broadinstitute.org/mor
pheus) or R version 4.2.1 (2022-06-23 ucrt) (https://www.R-project.
org).

5.7. Immunoblots

Macrophage lysates were resolved on polyacrylamide gels followed
by semi-dry transfer onto nitrocellulose membranes. Membranes were
blocked with 5% milk or 5% bovine serum albumin (BSA)/100 mM
Tris-HCl, 150 mM sodium chloride, 0.01% (v/v) Tween 20 (TTBS)
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followed by incubation with Revert 700™ Total Protein Stain (LI-COR
Biosciences, Bad Homburg, Germany, cat. no. 926-11021) and Revert™
Wash Solution (LI-COR Biosciences, cat. no. 926-11022) and with an-
tibodies against ALOX15B (cat. no. 10004454, Cayman Chemicals),
ALOX15 (cat. no. ab119774, Abcam (Cambridge, UK)), DHCR24 (cat.
no. 10471-1-AP) and LSS (cat. no. 13715-1-AP) from Proteintech (St.
Leon-Rot, Germany), CYP51A1 (cat. no. HO0001595-A01, Abnova
(Tapei City, Taiwan)), phospho-p44/42 MAPK (phospho-ERK1/2,
Thr202/Tyr204, cat. no. 9101), p44/42 MAPK (ERK1/2, cat. no. 4695),
phospho-AKT (Thr308, cat. no. 5106), phospho-AKT (Ser473, cat. no.
4051), AKT (cat. no. 9272), SAPK/JNK (cat. no. 9252), phospho-SAPK/
JNK (Thr183/Tyr185, cat. no. 9255), p38 MAPK (cat. no. 9212), and
phospho-p38 MAPK (Thr180/Tyr182, cat. no. 9211) from Cell Signaling
Technology (Danvers, MA, USA), or nucleolin (cat. no. sc-55486) from
Santa Cruz Biotechnology (Heidelberg, Germany). For protein detection,
the membrane was incubated with IRDye secondary antibodies (LI-COR
Biosciences, Bad Homburg, Germany) in 5% BSA/TTBS. Membranes
were visualized with the Odyssey infrared imaging system (LI-COR
Biosciences) and quantified with Image Studio Digits 5.0 (LI-COR Bio-
sciences). The signal of individual primary antibodies was normalized
either to nucleolin or, in the case of phosphorylated proteins, the signal
of the primary antibody against the phosphorylated protein was
normalized to the respective total protein.

5.8. Immunocytochemistry and lipid peroxidation

Peripheral blood mononuclear cells were seeded on Poly-i-lysine
coated glass bottomed 6 well plates (IBL, Gerasdorf, Austria, cat. no.
220200042) and differentiated into macrophages for a minimum of 7
days prior to siRNA transfection. For SREBP2 staining, cells were
washed 1x with PBS and fixed with 4% paraformaldehyde for 10 min at
room temperature. Subsequently, cells were washed 3x with PBS and
then permeabilized with 0.1% Triton-X 100 in PBS for 10 min, then the
cells were washed 3x with PBS and blocked with 10% normal goat serum
(NGS) containing 100 mM glycine. SREBP2 primary antibody (Cayman
chemicals, cat. no. 10007663) was diluted 1:500 in 2% normal goat
serum with 10 mM glycine and incubated overnight at 4 °C. Samples
were washed 3x with PBS and incubated with secondary antibodies F
(ab’)2-Goat anti-Rabbit IgG Alexa Fluor Plus 555 (Thermo Fisher Sci-
entific, cat. no. A48283) at 1:500 dilution in 2% normal goat serum with
10 mM glycine for 45 min at room temperature. Thereafter, cells were
washed 3x with PBS then incubated with 1 pg/ml DAPI (spectral 4’,6-
diamidino-2-phenylindole, PerkinElmer, Rodgau, Germany) in PBS
containing 0.1% Tween 20 for 1 min before further 3x washes with PBS.
For BODIPY™ 581/591 C11 lipid peroxide staining, cells were incu-
bated with DMSO or ML351 (10 pM) for 30 min. Then, KD macrophages
or ML351 treated cells were incubated with BODIPY™ 581,591 C11 (5
pM) for 30 min in complete media under growth conditions. Afterwards,
cells were washed with warm PBS and complete media was added. Cells
were imaged immediately at 37 °C.

5.9. Microscopy

Confocal microscopy was performed using a Zeiss laser scanning
microscope 800 Axio-Observer using Zen Blue v2.3 software for acqui-
sition (Carl Zeiss, Oberkochen, Germany). All images were acquired
using GaAsP detector with a Plan-Apochromat 40x/1.4 Oil DIC M27
objective. 405 nm, 488 nm and 561 nm diode lasers were used at 0.4/
0.5%, detector gain setting varied from 600 to 800 V. Images were ac-
quired at 16 bit with a scaling of 0.085 x 0.085 pm per pixel. For
BODIPY™ 581/591C11, confocal images were acquired via simulta-
neous excitation of the 488 nm and the 568 nm lasers with emission
detection acquired between 400 and 590 nm for oxidized and 600-700
nm for non-oxidized, respectively.
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5.10. Image analysis

Intensity analysis for mean pixel intensity was performed on
segmented images for whole cell or nucleus via thresholding following
Gaussian blurring. Cytoplasmic measurements were generated via sub-
tracting nuclear region from whole cell region using the image calcu-
lator. Macros are available upon request.

5.11. Uptake of pHrodo LDL particles

Transfected macrophages were serum starved at day 4 for 24 h with
serum-free RPMI 1640 supplemented with 0.22 pm sterile-filtered 0.3%
bovine serum albumin. Afterwards, cells were washed and incubated
with pHrodo™ Green-LDL (10 pg/ml) for 3 h at growth conditions.
Macrophages were then extensively washed and analyzed by a LSR I/
Fortessa flow cytometer (BD Life Sciences). Data were analyzed using
FlowJo V10 (TreeStar, Ashland, OR, USA).

5.12. Flow cytometric detection of lipid peroxidation

Differentiated macrophages were treated with RSL3 (10 pM) for 6 h
in complete RPMI. Cells were scraped, washed, and incubated with
BODIPY™ 581/591C11 (5 pM) for 30 min at 37 °C. After two washes,
fluorescence in BB515 channel was recorded by a LSR II/Fortessa flow
cytometer (BD Life Sciences). Data were analyzed using FlowJo V10
(TreeStar, Ashland, OR, USA).

5.13. Flow cytometric detection of cellular ROS

Differentiated macrophages were cultured with complete RPMI,
supplemented with DMNQ (10 pM) and CellROX™ (5 uM) for 3 h under
growth conditions. Cells were washed, scraped and directly analyzed by
a LSR II/Fortessa flow cytometer (BD Life Sciences). Data analysis was
performed with FlowJo V10 (TreeStar, Ashland, OR, USA).

5.14. Measurement of cellular cholesterol, non-cholesterol sterol, and
oxysterol content

The cellular content of cholesterol was measured by gas
chromatography-flame ionization detection (GC-FID) and of non-
cholesterol sterols and oxysterols by gas chromatography-mass spec-
trometry in selected ion monitoring mode (GC-MS-SIM). Cell pellets
were spun in a speedvac concentrator (12 mbar; Savant AES 1000) and
weighed. Cholesterol, non-cholesterol sterols, and oxysterols were
extracted using chloroform. After alkaline hydrolysis, the concentrations
of cholesterol precursors were measured with GC-MS-SIM as previously
described [5,87]. The trimethylsilyethers of the (oxy)sterols were
separated on a DB-XLB (30 m length x 0.25 mm internal diameter, 0.25
pm film) column (Agilent Technologies) using the 6890 N Network GC
system (Agilent Technologies). Epicoprostanol (Steraloids, Newport, RI,
USA) was used as an internal standard, to quantify the non-cholesterol
sterols (Medical Isotopes, Pelham, NH, USA) on a 5973 Network MSD
(Agilent Technologies). Total cholesterol was measured by GC-FID on an
HP 6890 GC system (Hewlett Packard, Waldbronn, Germany), equipped
with a DB-XLB (30 m length x 0.25 mm internal diameter, 0.25 pm film)
column (Agilent Technologies) using 5a-cholestane (Steraloids) as in-
ternal standard [32,88].

5.15. Oxylipin analysis

In order to analyze esterified oxylipins, total (esterified and non-
esterified) oxylipins and non-esterified oxylipins were analyzed by LC-
MS/MS as described [91,92].

Cell pellets were resuspended and sonicated in PBS containing in-
hibitor mix and antioxidants solution and protein content was deter-
mined via bicinchoninic acid assay [91,92]. For free oxylipin
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determination, one part of the cell lysate was mixed with an internal
standard solution and subsequently processed by solid phase extraction
following protein precipitation with methanol. For total oxylipin
determination, another part of the cell lysate was mixed with internal
standards solution and proteins were precipitated with isopropanol and
the supernatant was hydrolyzed using potassium hydroxide solution.
Following hydrolysis, samples were neutralized and extracted by solid
phase extraction [91,92]. The extracts were analyzed by means of liquid
chromatography-mass spectrometry. Oxylipins were separated using a
Zorbax Eclipse Plus C18 reversed-phase column (2.1 x 150 mm, particle
size 1.8 pm, pore size 9.5 nm, Agilent, Waldbronn, Germany). Detection
was carried out following electrospray ionization in negative mode by a
triple quadrupole mass spectrometer (5500 QTRAP, SCIEX, Darmstadt
Germany). Quantification was based on an external calibration with
characterized standards [94] using internal standards. All methods pa-
rameters including the transitions are reported in Refs. [89,90,92]. The
esterified oxylipin concentration was calculated by the difference of the
determined total and free oxylipin concentration in each sample.

In order to determine the amount of hydroperoxy fatty acid, the
sonicated cell-suspension was split for two analyses with and without
reduction. For the reduction, 30 pl 10 mg/mL tin (II) chloride/methanol
was added for converting hydroperoxy fatty acids such as 15-HpETE to
hydroxy fatty acids such as 15-HETE after neutralization prior to solid-
phase-extraction [93,95]. 15-HpETE was calculated based on the
15-HETE concentrations determined in the cells after reduction sub-
tracting the amount in cells without the reduction.

5.16. Statistical analysis

Graphical data are presented as mean + SE of at least three inde-
pendent experiments using human monocyte-derived macrophages
from different individual donors, unless noted otherwise. Differences
were considered significant when P < 0.05 (*P < 0.05; **P < 0.01; ***P
< 0.001; ****P < 0.0001; ns = not significant). Statistical significance
was calculated using one-way analysis of variance (ANOVA) as stated
with either Tukey’s, Sidak’s or Dunnett’s post hoc test, two-tailed Stu-
dent’s t-test with significance level set at 0.05, or one sample t-test with
significance level set at 0.05 using Prism 9 and 10 software (GraphPad,
La Jolla, CA, USA). Final assembly and preparation of all figures was
done using Core]DRAW 2021 (Corel Corporation, Ottawa, Canada).

Data availability

All relevant data are within the paper and its supplementary infor-
mation files. Sequencing data have been deposited under the GEO
accession number GSE208160.
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