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(Abstract B

Ferroptosis, a novel non-apoptotic form of cell death, can induce tumor cell death and treatment resistance. Lipid
metabolism is closely related to ferroptosis; however, the effect of mammary adipocytes on breast cancer ferroptosis
remains to be elucidated. Here, we established the co-culture system of adipocyte-breast cancer cells and revealed
the protection of triple-negative breast cancer from ferroptosis by adipocytes. Then, we performed the lipidomics
analysis comparing lipid metabolites of co-cultured and normal-cultured cells. Mechanistically, oleic acid secreted
from adipocytes inhibited lipid peroxidation and ferroptosis of triple-negative breast cancer cells in the presence of
ACSL3. Taken together, mammary adipocytes can protect breast cancer cells from ferroptosis through oleic acid in the
presence of ACSL3. These findings could provide new ideas and targets for tumor treatment.
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To the editor

Breast cancer cells survive in mammary adipocytes,
which provides a unique micro-environment for neo-
plasia cells. A remodeling effect of adipocytes on breast
cancer lipid metabolism was observed and free fatty acids
(FFA) and lipid droplets could make breast cancer cells
more invasive [1, 2]. Ferroptosis is a non-apoptotic form
of cell death driven by excessive lipid peroxidation, which
was involved in the pathogenesis, development as well
as therapeutic targets of multiple types of cancer includ-
ing triple-negative breast cancer (TNBC) [3, 4]. Studies
found that polyunsaturated fatty acids (PUFAs) could
induce peroxidation of lipid bilayer while exogeneous
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monounsaturated fatty acids (MUFAs) could inhibit fer-
roptosis [5, 6]. However, the effect of mammary adipo-
cytes on TNBC ferroptosis remains unknown.

We first established the mammary adipocyte-breast
cancer cell co-culture system. Mature adipocytes were
derived and separated from patients underwent breast
cancer surgery and an isolated co-culture system was
established using transwell culture dish where adipo-
cyte was in upper level and breast cancer cell was in
lower level (Additional file 1: Fig. S1). After 72 h co-
culture, red oil staining and Nile red staining were per-
formed showing more lipid droplets in co-culture group
than in regular culture group (Additional file 1: Fig. S1).
Then, we choose sulfasalazine as ferroptosis inducer and
BODIPY™ 581/591C11 staining as detection of level of
lipid peroxidation according to previous data [7-9]. We
found that both in TNBC cell lines BT-549 and MDA-
MB-231, increased lipid-ROS levels derived from fer-
roptosis could be induced by Sulfasalazine (SAS), and
co-cultured cells significantly inhibited lipid peroxida-
tion detected by flow cytometry compared to normal-
cultured cells and was partly rescued by concurrent
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administration of ferroptosis inhibitor, ferrostatin-1
(Fig. 1A-C). Transmission electron microscope (TEM)
assay also found a marked increased mitochondrial per-
oxidation of normal-cultured cells compared to co-cul-
tured cells after treatment of SAS (Fig. 1D, Additional
file 2: Fig. S2). Moreover, results showed a significantly
lower inhibition rate as well as a significantly higher
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clone numbers of co-cultured cells compared to normal-
cultured cells after treatment of SAS and the growth
inhibition could also be partially restored by ferrosta-
tin-1 (Fig. 1IE—G). We also introduced apoptosis inhibitor
Z-VAD-FMK and autophagy inhibitor 3-MA and found
they cannot restore the cell viability of SAS treated cells
compared to ferrostatin-1 (Additional file 2: Fig. S2). We
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Fig. 1 Mammary adipocytes protect breast cancer cells from ferroptosis. A Lipid peroxidation levels in co-culture and control group of
MDA-MB-231 and BT-549 cells treated with DMSO or SAS (2 mM). B Quantitative analysis of lipid peroxidation levels of co-culture and control

cells treated with DMSO or SAS (2 mM). C Fluorescence microscopy images of co-culture and control cells treated with DMSO or SAS or SAS in
combination with ferrostatin-1 (5 uM). D TEM images of co-culture and control cells treated with SAS. E Cell viability in co-culture and control group
of MDA-MB-231 and BT-549 cells treated with indicated concentrations of SAS. F Representative images of clonogenic assay in co-culture or control
group of cells subjected to the indicated treatments. G Quantification of clonogenic survival fractions in cells subjected to the indicated treatments




Fig. 2 Adipocytes protect breast cancer cells from ferroptosis through oleic acid in the presence of ACSL3. A Lipid peroxidation levels in
MDA-MB-231 and BT-549 cells co-cultured with exogenous fatty metabolites oleic acid (OA, 500 uM) and treated with SAS or DMSO. B Quantitative
analysis of lipid peroxidation levels in cells co-cultured with exogenous fatty metabolites OA (500 uM), stearic acid (25 uM), glycerol (500 pM)

and DMSO, then treated with SAS or DMSO. C The mRNA and protein expression levels of ACSL3 confirmed by gRT-PCR and western blotting in
MDA-MB-231 and BT-549 cells expressing control vector (shNC) or sh-ACSL3. D Lipid peroxidation levels in shACSL3 and shNC MDA-MB-231 and
BT-549 cells co-cultured with adipocytes or OA and treated with DMSO or SAS. E Quantitative analysis of lipid peroxidation levels in shACSL3 and
shNC cells co-cultured with adipocytes or OA and treated with DMSO or SAS. F Schematic diagram showing nude mice bearing MDA-MB-231
xenografts at fat pad (FP) of left groin and right back subcutaneously (SC). G Body weights of nude mice bearing xenografts treated with SAS, P
values were calculated by 2-tailed unpaired Student'’s t-test. H Volume of MDA-MB-231 xenografts at FP or SC treated with normal saline (control) or
SAS at different time points. P values determined using 2-way ANOVA
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used another type of ferroptosis inducer RSL3 to confirm
our results (Additional file 2: Fig. S2). These findings sug-
gest an inhibitory effect of adipocytes on ferroptosis of
breast cancer cells.

In order to investigate the mechanisms by which adipo-
cytes inhibit ferroptosis, we firstly conducted a lipidomic
analysis on co-cultured and normal-cultured MDA-
MB-231 cell lines. Univariate analysis indicated 88 upreg-
ulated metabolites and 12 downregulated metabolites in
co-cultured cells. The detailed results and expression lev-
els were shown in Additional file 3: Fig. S3 and Tables S1,
S2. In brief, the lipidomic analysis suggested a great eleva-
tion of phospholipid biosynthesis pathway of co-cultured
cells compared to normal-cultured cells. These findings
further suggest us adipocytes inhibit ferroptosis through
metabolites related to phospholipid biosynthesis with
regards to the vital role of acid-containing phospholipids
in ferroptosis. We next found a significant higher non-
esterified fatty acids (NEFA) levels in co-cultured cell lines
compared to normal-cultured cell lines (Additional file 4:
Fig. S4). After introduction of exogenous glycerol, oleic
acid (MUFA) and stearic acid (PUFA), a significant inhi-
bition of lipid-ROS levels in exogenous oleic acid group
compared to control group was observed (Fig. 2A, B). Cell
viability tests and clonal formation showed similar results
(Additional file 4: Fig. S4). Previous study suggested that
exogenous MUFA could decrease the sensitivity of plasma
membrane lipids to lethal oxidation in an acyl-CoA syn-
thetase long-chain family member 3 (ACSL3)-dependent
manner among fibrosarcoma cells as well as melanoma
cells [5]. Thus, we performed ACSL3-knockdown cell
lines using shRNA and found that the lipid-ROS levels
of sh-ACSL3 showed a reverse of protection against fer-
roptosis in adipocyte co-cultured group and exogenous
MUEA group, with regards to BT-549 and MDA-MB-231
cell lines (Fig. 2C-E). Furthermore, cell viability tests
and clonal formation showed similar results considering
shACSL3 cell lines (Additional file 5: Fig. S5). Last but
not least, for in vivo study, we inoculated MDA-MB-231
cells into fat pad (FP) of left groin and right back subcu-
taneously (SC) of nude mice, as the schematic diagram
showed (Fig. 2F). Then, the mice were treated with SAS.
Mouse weight was monitored and no significant differ-
ence was observed in treatment groups and control group
throughout the dosing period, indicating a good tolerance
(Fig. 2G). Consistent with our in vitro outcomes, the fer-
roptosis inducer SAS significantly reduced tumor growth
in SC group instead of FP group, indicating a protection
of adipocytes against ferroptosis (Fig. 2H). Moreover, we
found increased lipids in FP tumor using oil-red stain-
ing, increased mitochondrial injury in SC tumor using
TEM and decreased glutathione peroxidase 4 (GPX4) and
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solute carrier family 7 member 11 (SLC7A11) levels in
SC tumor, which further demonstrated our points (Addi-
tional file 6: Fig. S6). Interestingly, previous study found
that lymph nodes could protect melanoma cells from fer-
roptosis by production of MUFA, thus increasing tumor
metastasis, which to some extent was conformed to our
findings [10]. As more and more clinical trials have been
carried out with regards to ferroptosis inducers among
cancer patients, our findings could provide valuable infor-
mation for the benefit of patients.

In conclusion, the present study reveals the protec-
tion of adipocytes against breast cancer ferroptosis
through MUFA production requiring ACSL3. We also
give map to lipidomics of adipocytes co-cultured cells.
These findings could provide new ideas and targets for
tumor treatment.
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Additional file 1 Fig. S1. Adipocyte-breast cancer cell co-culture system.
A Schematic diagram of co-culture system. B Oil Red staining of co-
culture group and regular culture group. € Nile red staining of co-culture
group and regular culture group

Additional file 2 Fig. S2. A Cell viability in control or co-cultured MDA-
MB-231 cells treated with SAS, SAS+Ferrostatin-1, and in control cells
treated with SAS+Z-VAD-FMK or SAS+3-MA. B Cell viability in control or
co-cultured MDA-MB-231 cells treated with RSL3 or RSL3+ Ferrostatin-1. C
Supporting TEM images of co-culture and control cells treated with SAS.

Additional file 3 Fig. S3. A Lipidomic analysis on co-cultured and normal-
cultured MDA-MB-231 cell lines. B Volcano plot of univariate statistics.
CVenn plot of differential metabolites. D Boxplot of top 9 differential
metabolites ordered by P value. E Bubble plot of pathway analysis using
SMPDB database. F Bar plot of pathway analysis by the HSA set in KEGG.

Additional file 4 Fig. S4. A NEFA levels in culture supernatants from con-
trol and co-culture MDA-MB-231 and BT-549 cells. B Cell viability in MDA-
MB-231 and BT-549 cells co-cultured with indicated fatty metabolites or
DMSO, then treated with SAS. C Representative images of clonogenic
assay in MDA-MB-231 and BT-549 cells co-cultured with indicated fatty
metabolites and treated with DMSO, SAS or SAS + Ferrostattin-1.

Additional file 5 Fig. S5. A Cell viability in shACSL3 and shNC MDA-
MB-231 and BT-549 cells co-cultured with adipocytes or OA and then
treated with SAS. B Representative images of clonogenic assay in shACSL3
and shNC cells co-cultured with adipocytes or OA and treated with DMSO,
SAS or SAS + Ferrostattin-1.
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Additional file 6 Fig. S6. Supporting figures of mice tumor tissue. A
Protein levels of GPX4 and SLC7A11 were analyzed by western blotting in
tumor of SC and FP group treated with SAS. B Adipose infiltration levels
tested by Oil Red staining as well as TEM of resected tumor in FP and SC
group treated with SAS.

Additional file 7 Table S1. Expression levels of different metabolites.
Additional file 8 Table S2. Pathway enrichments of elevated metabolites.
Additional file 9 Material and Methods.
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