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PBMC-derived DECRI1 Inhibits Ferroptosis of
Macrophages by Activating Catalase to Confer Cardiac
Protection in Septic Myocardial Injury
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Background: Sepsis-induced myocardial injury, also known as septic myocardial injury (MI), significantly elevates mortality
during life-threatening organ dysfunction. While 2,4-dienoyl-CoA reductase 1 (DECR1), a well-recognized gene signature in
septic myocardium and blood, and catalase (CAT), which mitigates cardiac anomalies by suppressing ferroptosis, the interaction
between them during septic MI pathogenesis remains unclear. Therefore, this study investigates the underlying mechanism by
which DECRI1 regulates catalase-mediated ferroptosis to confer cardio-protection.

Methods: We established in vivo septic MI rat models and in vitro human monocytic leukemia cells (THP-1) cell models using
10 mg/kg and 1 pg/mL lipopolysaccharide (LPS), respectively. DECR1 was overexpressed in both systems using lentiviral vec-
tors. Rat serum and peripheral blood mononuclear cells (PBMCs) were isolated for subsequent analyses. Myocardial function
was assessed through echocardiography (ejection fraction, fractional shortening). Histopathology (Hematoxylin-Eosin (H&E),
Masson’s trichrome), oxidative stress markers (MDA, 4-HNE) levels, and ferroptosis-related indicators (PTGS2, ACSL4) were
evaluated. Furthermore, the apoptosis rate (Terminal deoxynucleotidyl-transferase-mediated dUTP-nick-end labeling (TUNEL),
caspase-3) as well as levels of inflammatory markers (tumor necrosis factor-a (TNF-«), interleukin-6 (IL-6); Enzyme-linked
immunosorbent assay (ELISA)) were assessed. Additionally, THP-1 ferroptosis (C11-BODIPY fluorescence), apoptosis levels
(annexin V/PI), and antioxidant activities (CAT, superoxidase dismutase (SOD)) were also evaluated.

Results: In septic MI rats, DECR1 expression decreased in PBMCs, while its overexpression attenuated myocardial oxidative
stress, accompanied by increased activities/expressions of CAT and SOD, reduced myocardial ferroptosis and histological anoma-
lies, ameliorated cardiac dysfunction, and inhibited serous and myocardial inflammation and myocardial apoptosis (p < 0.05).
Furthermore, DECR1 overexpression suppressed ferroptosis, enhanced CAT and SOD activities/expressions, and repressed apop-
tosis and inflammation in LPS-stimulated THP-1 cells (p < 0.05).

Conclusion: DECR1 deficiency in PBMCs exacerbates septic MI by promoting ferroptosis and inflammation. DECR1 overex-
pression activates CAT and SOD, thereby suppressing oxidative stress, macrophage ferroptosis, and apoptosis. This study is the
first to demonstrate that PBMC-derived DECRI1 regulates CAT activity to suppress ferroptosis and mitigate septic MI, offering
a novel therapeutic approach for septic MI management.
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Introduction dysfunction, characterized by abnormal immune responses

where macrophages undergo improper cell death, thereby

Sepsis, a life-threatening condition caused by a dys-  aggravating cardiac inflammation [7,8]. Ferroptosis in
regulated host response [1], often leads to septic myocar- macrophages further enhances their inflammatory activa-
dial injury (MI) and subsequent transient cardiac dysfunc- tion [9], contributing to the progression of septic cardiac

tion [2]. About 28.2% of septic patients develop MI com-  dysfunction [10].
plications [3], which are linked to a poor prognosis, partic-
ularly when afterload-related cardiac performance declines
below 80% [4].

Ferroptosis, a programmed cell death characterized
by iron-mediated oxidative damage to lipid membranes
[11], plays a crucial role in the pathogenesis of septic

Macrophages, key immune cells that circulate in the =~ MI [12]. Bioinformatics analyses have identified 6 sig-
blood or reside within heart tissues, play a pivotal role  nificant biomarkers associated with genetic and cellular
in regulating tissue homeostasis following cardiac injury = pathways that undergo concurrent changes in the blood
[5,6]. However, during septic MI, macrophages show and cardiac tissues of septic patients [13]. Among these
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biomarkers, 2,4-dienoyl-CoA reductase 1 (DECR1), a rate-
limiting mitochondrial enzyme crucial to the metabolism
and transport of polyunsaturated fatty acid (PUFA) during
[B-oxidation [14], has been reported to be downregulated in
blood samples of septic patients [13] and in models of pres-
sure overload-induced MI [15]. Mechanistically, DECR1
deficiency promotes the accumulation of PUFA and sub-
sequent tumor cell ferroptosis [16]. Furthermore, DECR1
has been found to mediate the remodeling of non-infarcted
myocardium by modulating macrophage-driven inflamma-
tion and fatty acid metabolism [17]. Despite these valu-
able insights, the precise role and underlying mechanism of
DECRI in septic M1, particularly in key immune cell types,
remain largely uninvestigated.

Given these observations, unlike the previous
DECRI1-focused studies, which primarily examined tumor
cells or cardiomyocytes themselves (such as in pressure
overload models), the current study aims to investigate
whether DECR1 modulates myocardial inflammation and
injury by regulating ferroptosis in macrophages under
septic conditions. We conjectured that DECR1 may inhibit
ferroptosis in macrophages, thereby dampening myocardial
inflammation and alleviating septic MI.

In the present study, we established septic rat models,
collected peripheral blood samples, and constructed LPS-
induced septic macrophages to validate whether DECR1
derived from peripheral blood mononuclear cells (PBMCs)
can ameliorate septic MI by inhibiting ferroptosis of
macrophages. This approach aims to provide a new per-
spective for managing septic MI.

Materials and Methods

STRING Analysis

The STRING database (https://version-11-5.string-d
b.org/cgi/input?sessionld=bX2LTAj6I0LS&input page s
how_search=on) was used to assess interaction between
DECRI and catalase (CAT) proteins.

Experimental Animals

The design, implementation, and reporting of this
study strictly adhered to the ARRIVE 2.0 guidelines (Percie
du Sert et al. [18], 2020, PLOS Biology) to ensure trans-
parency, reproducibility, and ethical compliance in the ani-
mal studies. Eight-month-old male Sprague-Dawley rats (n
=30, 180-250 g) were housed in specific pathogen-free lab-
oratory metal cages under controlled conditions (22 + 2.0
°C, 55 £ 15% humidity, and a 12-hour light/dark circadian
cycle) with free access to food and water.

Animal Grouping and Lentivirus Infection

To ascertain the expression pattern of DECR1 in septic
MI, rats were randomly allocated into Control and Model
groups (3 rats per group) for a preliminary experiment.
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Based on the preliminary findings, a subsequent
mechanistic investigation was performed, in which rats
were randomly assigned into Control, Model, Model+NC,
and Model+DECRI1 groups (6 rats per group).

Septic MI was induced in the Model groups through
intraperitoneal injection of 10 mg/kg lipopolysaccharide
(LPS, L3024, Sigma-Aldrich, St. Louis, MO, USA) ad-
justed at a concentration of 1 mg/mL in 0.9% NaCl [19].
However, rats in the Control group were injected with an
equivalent volume of 0.9% NaCl following a similar pro-
cedure. After induction, the rats in the Model+DECR1/NC
group were injected with lentiviruses carrying either
DECRI or a negative control (RR208399L3/PS100092,
OriGene, Rockville, MD, USA) via the tail vein (1 X
108 UT/50 pL) for three consecutive days [20]. Then,
24 hours after the final lentiviral injection, all surviving
rats underwent blinded echocardiography assessment to
examine cardiac function, including left ventricular end-
diastolic volume (LVEDYV), left ventricular end-systolic
volume (LVESV), left ventricular ejection fraction (LVEF),
and left ventricular fractional shortening (LVFS).

Following echocardiography evaluation, rats were im-
mediately anesthetized with 1% pentobarbital sodium injec-
tion (50 mg/kg, Sigma-Aldrich, St. Louis, MO, USA), and
peripheral blood samples were collected. The blood spec-
imens were processed as follows: one portion was used to
isolate PBMCs, and the other portion was centrifuged at
%2000 g for 20 minutes to collect serum, which was pre-
served at —20 °C for fluorescent immunoassay (FIA).

Finally, the rats were euthanized through intraperi-
toneal injection of 1% pentobarbital sodium (200 mg/kg,
Sigma-Aldrich, St. Louis, MO, USA), and the hearts
were immediately excised. Myocardial tissues under-
went the following three different processing: One por-
tion of myocardial tissues was snap-frozen in liquid ni-
trogen and stored at —80 °C for qRT-PCR and West-
ern blot analyses. The other portion of the myocardial
tissues was fixed in 4% paraformaldehyde for histolog-
ical analyses, such as Hematoxylin-Eosin (H&E) stain-
ing, uranyl acetate and lead citrate staining, Terminal
deoxynucleotidyl-transferase-mediated dUTP-nick-end la-
beling (TUNEL) staining, and electron microscopy prepa-
ration. The third portion of myocardial tissues was homog-
enized for Enzyme-linked immunosorbent assay (ELISA).

Echocardiography

Echocardiography was performed by two blinded lab-
oratory technicians after the final lentivirus injection or
LPS/NaCl injection [21]. Briefly, the remaining rats in
all groups were anesthetized with 3% isoflurane inhala-
tion (PHR2874, Sigma-Aldrich, St. Louis, MO, USA) and
placed on a heated platform in the left supine position. After
shaving their anterior chest hair, the rats were connected to
an electrocardiogram and an ultrasound machine (Vivid E9,
GE Healthcare, Chicago, IL, USA) equipped with a 12-sec
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heart probe at 12 MHz frequency. Cardiac systolic and di-
astolic functions were evaluated by determining LVEDV,
LVESYV, LVEF, and LVFS. To ensure accuracy, at least
three cardiac cycles were recorded for each rat.

Isolation of PBMCs

PBMCs were isolated from fresh blood using Ficoll-
400 gradient centrifugation (F2637, Sigma-Aldrich, St.
Louis, MO, USA) according to the manufacturer’s protocol
and a previously described method [22]. In brief, sodium
heparin anticoagulant was added to the fresh whole blood
(60 mL) and diluted at a 1:1 ratio with Hank’s solution
(H1641, Sigma-Aldrich, St. Louis, MO, USA). The di-
luted blood (30 mL) was transferred to 15 mL Ficoll-400
and centrifuged at 1000 xg for 20 minutes at 18 °C. The
opaque white interface mononuclear cell layer, compris-
ing approximately 90% lymphocytes and 10% monocytes,
was collected and washed twice using RPMI 1640 medium
(11875127, ThermoFisher, Waltham, MA, USA). After an
additional centrifugation at 350 xg for 10 minutes at 18
°C, the resulting pellets (PBMCs) were resuspended and
cultured in RPMI 1640 medium enriched with 10% fetal
bovine serum (10099158, ThermoFisher, Waltham, MA,
USA) and 1% penicillin-streptomycin (15070063, Ther-
moFisher, Waltham, MA, USA). All cultures were rou-
tinely tested for mycoplasma contamination and found to
be contamination-free.

Giemsa Staining

Monocytes isolated by centrifugation were smeared
onto glass slides for Giemsa staining. The cells were ini-
tially fixed with methanol at room temperature for 10 min-
utes, followed by staining with the Giemsa Staining Solu-
tion (C0133-100 mL, Beyotime, Shanghai, China) at room
temperature for 15 minutes. Following staining, the slides
were thoroughly washed with distilled water, air-dried, and
then examined under an optical microscope (BX51; Olym-
pus Corporation, Tokyo, Japan).

Flow Cytometry

The cells were centrifuged at 2000 x g for 20 minutes
at 4 °C to remove cell debris. The resulting cell suspen-
sion was incubated with CD45-FITC (#11-0461-82, Invit-
rogen, Carlsbad, CA, USA) and CD11b-PE (CD11b-PE, In-
vitrogen, Carlsbad, CA, USA) antibodies, vortexed to mix,
and kept for 30 minutes at 4 °C in the dark. Flow cytome-
try analysis was performed using a FACS Aria II flow cy-
tometer (BD Biosciences, Franklin Lakes, NJ, USA). Cells
were sorted based on forward and side scatter profiles, with
CD45™ cells selected to exclude non-hematopoietic cells,
and monocytes identified by CD11b* expression.

Hematoxylin-eosin (H&E) Staining

The myocardium tissue was fixed overnight in 4%
paraformaldehyde (PH0427, Phygene, Fuzhou, China), de-

hydrated, and cleared with xylene (X112054, Aladdin,
Shanghai, China), and then embedded in paraffin (P100931,
Aladdin, Shanghai, China). Then, the embedded tissues
were sectioned into 5-um-thick slices and subjected to
hematoxylin-eosin (H&E) staining. In brief, sections were
deparaffinized in xylene, rehydrated, and then stained with
hematoxylin (HY-NO116, MedChemExpress, Monmouth
Junction, NJ, USA) for 10 minutes. Following differentia-
tion with 1% hydrochloric ethanol, the tissue sections were
immersed in 1% ammonia water (67362, Sigma-Aldrich,
St.  Louis, MO, USA) to develop the blue coloration,
and then counterstained with eosin (HY-D0505A, Med-
ChemExpress, Monmouth Junction, NJ, USA) for 5 min-
utes. Finally, the sections were cleared with xylene and
sealed using neutral balsam (N861409, MACKLIN, Shang-
hai, China). Histological observations were conducted un-
der an optical microscope (ZEISS Primotech, Carl Zeiss,
Oberkochen, Germany) at a magnification x 100.

Uranyl Acetate and Lead Citrate Staining

For ultrastructural morphometric analysis, myocardial
tissues were subjected to uranyl acetate and lead citrate
staining [23]. Initially, myocardial tissues were fixed with
2.5% glutaraldehyde (G105908, Aladdin, Shanghai, China)
in 0.1 mol/L cacodylate buffer (S464785, pH 7.4, Aladdin,
Shanghai, China) at 4 °C for 1 hour, followed by treat-
ment with 1% osmium tetroxide (1.04119, Sigma-Aldrich,
St. Louis, MO, USA) prepared in cacodylate buffer. Af-
ter dehydration, tissues were treated with propylene oxide
(1576945, Sigma-Aldrich, St. Louis, MO, USA) and em-
bedded in Eponate 12 (GP18010, Araldite, Salt Lake City,
UT, USA).

The embedded tissues were sectioned into 60-to-80-
nm thick slices, mounted on formvar carbon-coated cop-
per grids, and sequentially stained with uranyl acetate
(C066927, CHEMISCI, Shanghai, China) and lead citrate
(C105169, CHEMISCI, China) at 42 °C for 1 hour. Fi-
nally, the ultrastructural alterations were observed under a
transmission electron microscope (H-800, Hitachi, Tokyo,
Japan) at a magnification x 15,000.

Cell Culture

Human monocytic leukemia cells (THP-1) were ob-
tained from Procell (CL-0233, Shanghai, China). The cells
were cultured in RPMI-1640 medium (11875119, Ther-
moFisher, Waltham, MA, USA) supplemented with 10%
fetal bovine serum (FBS; A5669801, A5669801), 0.05 mM
[B-Mercaptoethanol (444203, Sigma-Aldrich, St. Louis,
MO, USA), and 1% penicillin-streptomycin (TMS-AB2,
Sigma-Aldrich, St. Louis, MO, USA). The cell cultures
were maintained at 37 °C in a humidified atmosphere con-
taining 5% COs. The cells were authenticated using STR
profiling and tested to be mycoplasma-free.
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Cell Transfection

DECRI1 Overexpression plasmids were synthesized
using full-length cDNA of DECRI1 (Supplementary File
1) cloned into pcDNA3.1 vectors (V79520, ThermoFisher,
Waltham, MA, USA). However, an empty pcDNA3.1 vec-
tor served as the negative control (NC). THP-1 cells were
transfected with DECR1 overexpression plasmids/NC us-
ing Lipofectamine 3000 transfection reagent (L3000015,
ThermoFisher, Waltham, MA, USA). For this purpose, cells
were seeded in 96-well plates at a density of 1 x 10*
cells/well and cultured until they achieved 80% confluency.
For transfection, 0.3 pL Lipofectamine 3000 reagent and
0.2 pg plasmid were each diluted in 20 pL Opti-Minimal
Essential Medium (MEM), thoroughly mixed and incu-
bated at 37 °C for 15 minutes to produce gene-lipid com-
plexes. These complexes were then added to the cells and
incubated for 48 hours at 37 °C to allow transfection.

Stimulation With LPS

Both transfected and non-transfected THP-1 cells
were incubated in complete culture medium containing 1
pg/mL LPS (L5293, Sigma-Aldrich, St. Louis, MO, USA)
at 37 °C for 24 hours to induce in vitro septic models [24].

Quantitative Reverse Transcription-polymerase
Chain Reaction (QRT-PCR)

Total RNA was extracted from PBMCs, myocardium,
and both transfected and non-transfected THP-1 cells
(with or without LPS stimulation) using Trizol reagent
(15596026, ThermoFisher, Waltham, MA, USA). RNA
was quantified using a spectrophotometer (NanoDrop ND-
1000, ThermoFisher, Waltham, MA, USA), and subse-
quently, 1 pg of the total RNA was reverse-transcribed
into cDNA with a cDNA synthesis kit (DRR037A, Takara,
Dalian, China). Quantitative real-time PCR was performed
on a LightCycler 96 system (Roche Diagnostics, Basel,
Switzerland) using Eastep qPCR Master Mix (LS2062,
Promega, Madison, WI, USA). The thermocycling con-
ditions were set as follows: 95 °C for 10 minutes, fol-
lowed by 40 cycles of 95 °C for 30 seconds and 60 °C for
30 seconds. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an internal control for normaliza-
tion, and relative gene expression levels were determined
using the 2722 method [25]. The gene-specific primers
used in qRT-PCR are listed in Table 1.

Western Blot Analysis

Total protein was isolated from rat myocardium
and both transfected and non-transfected THP-1 cells
(with/without LPS stimulation) using RIPA Buffer (89900,
ThermoFisher, Waltham, MA, USA) containing a protease
inhibitor (P8215, Sigma-Aldrich, St. Louis, MO, USA).
Total proteins were quantified using a BCA kit (P0010S,
Beyotime, Shanghai, China). A 50 pg protein sample
was resolved by electrophoresis on a 12% SDS-PAGE gel
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(20328ES50, Yeasen, Shanghai, China) and subsequently
transferred onto PVDF membranes (P2438, Sigma-Aldrich,
St. Louis, MO, USA). The membranes were then blocked
with 5% non-fat dry milk at room temperature for 1 hour.
The membranes were then incubated overnight at 4 °C with
primary antibodies against DECR1 (ab198848, 36 kDa,
1:300, Abcam, Cambridge, UK), Glutathione peroxidase 4
(GPX4; ab125066, 17 kDa, 1:1000, Abcam, Cambridge,
UK), SLC7A11 (ab175186, 55 kDa, 1:1000, Abcam, Cam-
bridge, UK), B-cell lymphoma 2 (Bcl-2; ab194583, 26
kDa, 1:1000, Abcam, Cambridge, UK), Bcl-2-associated
X protein (Bax; ab32503, 21 kDa, 1:1000, Abcam, Cam-
bridge, UK), Cleaved Caspase 3 (#9661, 17 kDa, 1:1000,
Cell signaling technology, Danvers, MA, USA), [-actin
(ab8226, 42 kDa, 1:1000, Abcam, Cambridge, UK), and
GAPDH (#5174, 37 kDa, 1:1000, Cell signaling technol-
ogy, Danvers, MA, USA). The next day, the membranes
were washed with TBST (28360, Sigma-Aldrich, St. Louis,
MO, USA), followed by incubation with HRP-conjugated
Goat anti-Rabbit IgG (31460, ThermoFisher, Waltham,
MA, USA) or Rabbit Anti-Mouse [gG H&L (ab6728, Ab-
cam, Cambridge, UK) secondary antibody at room temper-
ature for 2 hours. Protein bands were developed using ECL
reagent (1705061, Bio-Rad, Hercules, CA, USA), and their
intensity was semi-quantified with an Imager 600 system
(GE Healthcare Life Science, Pittsburgh, PA, USA).

Cell Counting Kit-8 (CCK-8) Assay

The transfected and non-transfected THP-1 cells were
seeded in 96-well plates at a density of 1 x 10° cells/mL and
subsequently stimulated with or without LPS. After stimu-
lation, 10 pL CCK-8 reagent (CA1210, Solarbio, Beijing,
China) was added to each well and incubated at 37 °C for 4
hours. Finally, the absorbance was measured at 450 nm us-
ing a microplate reader (iMark, Bio-Rad Laboratories, Inc.,
Hercules, CA, USA).

Terminal Deoxynucleotidyl-transferase-mediated
dUTP Nick-end Labeling (TUNEL) Staining

TUNEL staining was performed following a previ-
ously reported protocol with minor modifications [26].
Paraffin-embedded rat myocardial tissues were sectioned,
deparaffinized, rehydrated, and treated with 20 pg/mL
DNase-free proteinase K (ST532, diluted in 10 mol/L Tris-
HCl, pH 7.4, Beyotime, Shanghai, China) for 20 min-
utes, followed by two PBS washes (P2272, Sigma-Aldrich,
St.  Louis, MO, USA). Transfected or non-transfected
cells were stimulated with or without LPS, fixed with 4%
paraformaldehyde, and permeabilized with 0.3% Triton X-
100 (P0097, Beyotime, Shanghai, China) for 5 minutes.

Apoptosis rate was assessed using a TUNEL stain-
ing kit (C1086, Beyotime, Shanghai, China). Briefly, a 50
pL of TUNEL reaction mixture was prepared by combin-
ing 5 pL TdT enzyme solution with 45 uL. FITC-labeled
dUTP solution and incubating with each sample at 37 °C for
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Fig. 1. DECR1 was downregulated in PBMCs from septic MI rat models, and overexpression attenuated oxidative stress in their
myocardial tissues. (A) Representative Giemsa staining of PBMCs. (B) Detection of PBMCs using flow cytometry. (C) Rats were
injected intraperitoneally with 10 mg/kg LPS for 24 hours to induce septic MI, and the mRNA expression level of DECRI in the PBMCs
was analyzed using qRT-PCR, with -actin serving as an internal reference, n = 3. (D,E) DECRI protein levels were analyzed using
Western blot analysis, with S-actin as an internal reference, n = 3. (F-H) Following septic MI modeling, rats were injected with either
DECRI1 or NC (1 x 10® UT/50 pL) lentiviruses for three consecutive days and the expression levels of DECR1 in the PBMCs were
analyzed using qRT-PCR and Western blot analysis, with S-actin serving as the internal reference. (I-K) ROS, SOD, and CAT levels in
myocardial tissues were determined using ELISA. An independent #-test was used for comparisons between two groups, and multiple
group comparisons were performed using one-way analysis of variance (ANOVA), followed by the Tukey post-hoc test,n=3. **p < 0.01,
***p < 0.001 vs. Control group; ¥p < 0.05, ¥4%p < 0.001 vs. Model+NC group. DECR1, 2,4-dienoyl-CoA reductase 1; MI, myocardial
injury; PBMCs, peripheral blood mononuclear cells; NC, negative control; qRT-PCR, quantitative reverse transcription-polymerase chain
reaction; ROS, reactive oxygen species; SOD, superoxidase dismutase; CAT, catalase.
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Table 1. Sequences of primers used in qTR-PCR.

Genes Species Forward (5’-3") Reverse (5-3")
DECRI human TCTTCAAAAAGCGATGCTACCA CTATCACGCACTGAGCACCT
rats TTTTCCAACCTCCTCTCGCC ATGAAGTCACCCCTGCCATG
human GGTGGGCCAAAGGATGAAGAG CCACAAGCCAAACGACTTCC
SopI rats TAGGGAGGGAGAGGCCTAGA CCCATTTCCTCCAGGGTGAC
SoD2 human GCTCCGGTTTTGGGGTATCTG GCGTTGATGTGAGGTTCCAG
rats ACCGAGGAGAAGTACCACGA CCCCTGCATCGAAACAGACT
CAT human CGTGCTGAATGAGGAACAGA AGTCAGGGTGGACCTCAGTG
rats TAACGTGTGCCTTGGAGTCC ACTGTGTACACCAGCTGAGC
human GGAGCGAGATCCCTCCAAAAT  GGCTGTTGTCATACTTCTCATGG
GAPDH rats TGGATAGGGTGGCCGAAGTA TACAAGGGGAGCAACAGCTG

DECRI, 2,4-dienoyl-CoA reductase 1; SOD1, superoxide dismutase 1; SOD2, superoxide dismutase
2; CAT, catalase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

60 minutes. Cell nuclei were stained with DAPI (D9542,
Sigma-Aldrich, St. Louis, MO, USA). After three PBS
washes, FITC-positive cells were observed under a fluo-
rescence microscope (Axio, Carl Zeiss, Oberkochen, Ger-
many) at 200x and 400x magnifications. The propor-
tion of apoptotic cells was calculated as follows: TUNEL-
positive cell (%) = (number of TUNEL — positive cell nu-
clei/total number of nuclei) x 100.

ELISA

Myocardial tissues were homogenized in PBS, and the
homogenate was centrifuged at 5000 x g for 10 minutes to
collect supernatant. Similarly, THP-1 cells (with or with-
out transfection) were stimulated with or without LPS, fol-
lowed by centrifugation at 2000 x g for 20 minutes to obtain
the supernatant.

The levels of ROS, superoxidase dismutase (SOD),
and CAT in the collected supernatant, as well as interleukin-
15 (IL-1p3), interleukin-6 (IL-6), and tumor necrosis factor-
a (TNF-a) levels in myocardial homogenate supernatant
were determined using chromogenic ELISA kits (J23513,
J21118, and J23625, GILED biotechnology, Wuhan, China
& P1303, PI328, and PT516, Beyotime, Shanghai, China).
For this purpose, diluted serum or supernatant was added to
capture antibody-coated 96-well plates and was mixed thor-
oughly. Then, HRP-labeled antibody was added, and the
plates were incubated at 37 °C for 60 minutes. The plates
were washed with distilled water, and then chromogenic
substrate was added and incubated for 15 minutes in the
dark. The reaction was terminated using a stop solution,
and the absorbance was determined at 450 nm by employ-
ing a microplate reader.

Fluorescent Immunoassay (FIA)

The levels of troponin I (TNI), heart-type fatty acid
binding protein (HFABP), pro-brain natriuretic peptide
(ProBNP), C-reactive protein (CRP), and procalcitonin
(PCT) in rat serum, as well as the CRP and PCT levels
in the supernatant of transfected or non-transfected THP-1

cells (with or without LPS stimulation), were measured us-
ing fluorescent ELISA kits. The TNI kits were customized
from Abcam (UK), while kits for other biomarkers were
obtained from Beyotime (P0205L, Shanghai, China). The
protocol was similar to that of the chromogenic ELISA, ex-
cept that the HRP-catalyzed substrate emitted fluorescent
signals instead of colorimetric ones. These more sensi-
tive fluorescent signals were detected using a fluorescence
plate reader (PHERAstar FSX, BMG LABTECH, Orten-
berg, Germany).

Statistical Analysis

Statistical analyses were conducted using GraphPad
Prism (version 8.0, GraphPad Software Inc., San Diego,
CA, USA). All data were expressed as mean + standard
deviation (SD). Data normality was evaluated using the
Shapiro-Wilk test. For data that follow a normal distri-
bution, comparisons between two groups were conducted
using an independent samples ¢-test. Two-way analysis
of variance (ANOVA) was used for two-variable compar-
isons. However, one-way ANOVA followed by the Tukey
post-hoc test was applied for one-variable comparisons.
Moreover, for data not following a normal distribution, the
Kruskal-Wallis test was used for multiple group compar-
isons. Statistical significance was defined at a p-value of
<0.05.

Results

DECRI was Downregulated in PBMCs Obtained
From Septic MI Rat Models, and Its Overexpression
Attenuated Oxidative Stress in Myocardial Tissues

The purity of mononuclear cells was verified by
Giemsa staining (Fig. 1A). Monocytes were further iden-
tified as a CD45" CD11b™ cell population (Fig. 1B). To
assess the potential role of DECRI1, Septic MI rat mod-
els were established. qRT-PCR and Western blot analyses
showed that DECR1 expression in PBMCs obtained from
septic MI rats was significantly lower than that in control


https://www.discovmed.com/

2300

N
Q.
A B ©c & C
N &
& & & F
® \x,o @O & % 1.5
379
DECR1 GPX4 “ - - -‘ 17 kDa s .1
1.
CAT 2
SLC7TA11 | WD = s S | 55 kDa 805l
238
53
GAPDH 37 kD, 2
- ——— 72 2 00
00
§ 15 < 157 « 157 1.5
£3 Z3s Zs 23
52 [ [ xS
=5 I 388 33 Eo E2
<5 85 85 <5
00 n e n e On
? 9 'R 'R 29
@ 2 0.54 g gQ 22
o = o = o ""j o
z3 >3 58 T3
o & & o
£ o.0-
00
i ﬁ
" ;/ﬁ' ’:‘W 5
Wil on
il ot
= B 5 o)
Model+NC . - _Model+NC Model+DECR1 _°
.18 : g - X
hi 10
? uEL O
Bar=50 um —> Cardiomyocyte —> Myofibril Bar=2 ym
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LPS for 24 hours to induce septic MI and then received lentiviruses carrying DECR1/NC (1 x 108 UT/50 pL) for three consecutive days.
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2 um). Blue arrow: inflammatory cell infiltration and disordered myocardial fiber structure; Red arrow: Cardiomyocytes; Green arrow:
Myofibrils. One-way analysis of variance (ANOVA) was applied for multiple group comparisons, followed by Tukey post-hoc analysis,
n=3. ***p < 0.001 vs. Control group; “**p < 0.001 vs. Model+NC group. DECRI, 2,4-dienoyl-CoA reductase 1; MI, myocardial
injury; NC, negative control; qRT-PCR, quantitative reverse transcription-polymerase chain reaction; GPX4, glutathione peroxidase 4;
SOD1/2, superoxidase dismutase 1/2; CAT, catalase.

rats (Fig. 1C-E, p < 0.001). Subsequently, septic MI rats  yses of myocardial tissues revealed elevated ROS produc-
received lentivirus carrying DECRI1, and both qRT-PCR  tion and reduced SOD and CAT activities in septic MI rats
and Western blot confirmed the successful transfection of  (Fig. 11-K, p < 0.01), which were substantially reversed by
DECRI overexpression plasmids in septic MI rats-derived =~ DECRI overexpression (Fig. 1I-K, p < 0.05).

PBMCs (Fig. 1F-H, p < 0.001). Furthermore, ELISA anal-
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Fig. 3. DECRI overexpression ameliorated cardiac function and inhibited myocardial inflammation in septic MI rat models.
(A-E) Rats were injected intraperitoneally with 10 mg/kg LPS for 24 hours to induce septic MI and then received lentiviruses carrying
DECRI/NC (1 x 10® UT/50 uL) for three consecutive days, followed by echocardiographic assessments of cardiac function. (F-J)
Serum levels of TNI, HFABP, ProBNP, CRP, and PCT were determined using fluorescent immunoassay. **p < 0.01, ***p < 0.001
vs. Control group; **p < 0.01, ***p < 0.001 vs. Model+NC group. DECR1, 2,4-dienoyl-CoA reductase 1; MI, myocardial injury;
NC, negative control; LVEDYV, left ventricular end diastolic volume; LVESYV, left ventricular end systolic volume; LVEF, left ventricular
ejection fraction; LVFS, left ventricular fractional shortening; TNI, troponin I; HFABP, heart-type fatty acid binding protein; ProBNP,

pro-brain natriuretic peptide; CRP, C-reactive protein; PCT, procalcitonin.

DECRI Overexpression Reduced Ferroptosis and
Alleviated Histological Anomalies in the Myocardial
Tissues in Septic MI Rat Models

STRING analysis indicated a potential interaction be-
tween DECR1 and CAT (Fig. 2A). The expression levels of
ferroptosis-inhibiting proteins, GPX4 and SLC7A11, were
significantly diminished in myocardial tissues of septic MI
rats (Fig. 2B-D, p < 0.001), concomitant with a decline
in antioxidant capacity, as evidenced by decreased SODI,
SOD2, and CAT mRNA levels (Fig. 2E-G, p < 0.001).
In contrast, DECRI overexpression substantially elevated
both these ferroptosis-inhibiting proteins and antioxidant
genes (Fig. 2B-G, p < 0.001).

Furthermore, histological analyses also revealed my-
ocardial injury. H&E staining demonstrated significant M1
in the myocardial tissues of septic MI rats, with disorga-
nized myocardial structure, interstitial edema, ruptured my-
ocardial fibers, and infiltration of inflammatory cells, all of
which were notably alleviated by DECR1 overexpression

(Fig. 2H). Similarly, transmission electron microscopy of
myocardial tissues stained with uranyl acetate and lead cit-
rate demonstrated vacuolization and irregular swelling of
cardiomyocyte mitochondria, along with partial dissolution
of myofibers in the septic myocardial tissues; these alter-
ations were substantially mitigated by DECR1 overexpres-
sion (Fig. 21).

DECRI Overexpression Ameliorated Cardiac
Function and Inhibited Myocardial Inflammation
and Apoptosis in Septic MI Rat Models

Cardiac function examination using echocardiogra-
phy revealed that septic MI induction reduced LVEDV and
LVESYV, and decreased LVEF and LVFS in rats (Fig. 3A—
E, p < 0.01). However, DECRI overexpression substan-
tially restored LVEDV (Fig. 3A-E, p < 0.05), without af-
fecting LVESV, LVEEF, or LVFS (Fig. 3A-E). Furthermore,
the FIA unveiled a significant upregulation in serum levels
of TNI, HFABP, ProBNP, CRP, and PCT in septic MI rats
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group; &
Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein.

(Fig. 3F-J, p < 0.001). Similarly, ELISA results revealed a
substantial increase in IL-173, IL-6 and TNF-« levels in sep-
tic Ml rats (Fig. 4A—C, p < 0.001). Notably, DECRI over-
expression significantly reduced the levels of these serum
biomarkers and pro-inflammatory cytokines in septic MI
rats (Fig. 3F-J,4A-C, p < 0.001). Additionally, Bcl-2 ex-
pression was downregulated, while Bax and Cleaved Cas-
pase 3 levels were upregulated (Fig. 4D-G, p < 0.01), con-
sistent with an increase in TUNEL-positive cardiomyocytes
in septic Ml rats (Fig. 4H,I, p < 0.001). After DECRI over-
expression, cardiomyocyte apoptosis was substantially de-
creased, evidenced by reduced Bax and Cleaved Caspase-
3 levels, elevated Bcl-2 expression, and fewer TUNEL-
positive cells (Fig. 4D-1, p < 0.01).

p < 0.01, &k p < 0.001 vs. Model+NC group. IL-18, interleukin-18; IL-6, interleukin-6; TNF-«; tumor necrosis factor-o;

DECR1 Overexpression Dampened Ferroptosis and
Enhanced Antioxidant Capability in LPS-stimulated
THP-1 Cells

LPS treatment reduced DECRI expression in a time-
dependent manner (Fig. SA, p < 0.01). When THP-1 cells
were exposed to LPS to induce an in vitro sepsis model,
DECRI1 expression substantially diminished at both mRNA
and protein levels compared to the control cells (Fig. 5B—
D, p < 0.001). Transfection with the DECR1 overexpres-
sion plasmid successfully augmented DECR1 expression in
LPS-exposed THP-1 cells (Fig. 5SB-D, p < 0.001).

Furthermore, LPS exposure also resulted in increased
ROS production along with reduced SOD and CAT ac-
tivities (Fig. SE-G, p < 0.05), effects that were attenu-
ated by DECRI overexpression (Fig. SE-G, p < 0.05).
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Fig. 5. DECRI overexpression dampened ferroptosis and enhanced antioxidant capability in LPS-exposed THP-1 cells. (A)
DECRI expression was determined using qRT-PCR, with GAPDH and [-actin serving as internal reference genes. (B—D) THP-1 cells
were exposed to 1 pg/mL LPS for 24 hours to induce septic MI after transfection with DECR1 overexpression plasmids/NC. Subsequently,
the expression levels of DECR1 in the cells were analyzed using qRT-PCR and Western blot analysis, with -actin serving as internal
references. (E-G) ROS, SOD, and CAT levels in the supernatant were determined using an enzyme-linked immunosorbent assay. (H—
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Additionally, downregulation of GPX4, SLC7A11, SODI,
SOD2, and CAT was observed in LPS-stimulated THP-1
cells (Fig. SH-M, p < 0.001); however, these effects were
counteracted by DECRI overexpression (Fig. SH-M, p <
0.001).

DECRI Overexpression Abrogated LPS-induced
Apoptosis and Inflammation in THP-1 Cells

Compared to the control cells, LPS-stimulated THP-1
cells showed decreased viability and an increased apoptosis
rate (Fig. 6A—C, p < 0.001), accompanied by reduced Bcl-2
and elevated Bax and Cleaved Caspase 3 levels (Fig. 6D-G,
p < 0.001). However, these LPS-induced effects were re-

versed by DECR1 overexpression, restoring viability, Bel-2
levels and decreasing apoptosis, Bax and Cleaved Caspase
3 expression (Fig. 6A-G, p < 0.01).

Additionally, LPS treatment increased the expres-
sion levels of IL-13, IL-6, and TNF-« in cell super-
natants (Fig. 6H-J, p < 0.001), while DECR! overexpres-
sion substantially decreased these inflammatory cytokines
(Fig. 6H-J, p < 0.001). Similarly, LPS stimulation in-
creased CRP and PCT levels in the supernatant of THP-1
cells (Fig. 6K,L, p < 0.001); however, this effect was atten-
uated by DECRI overexpression (Fig. 6K,L, p < 0.001).
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Discussion

Septic MI is associated with a decline in LVEF, which
contributes to LV dilatation and perfusion failure as a mal-
adaptive response, ultimately resulting in LV dysfunction
and a substantial reduction in cardiac output (CO) [27].
Given the close link between MI complications and in-
creased morbidity and mortality in septic patients [27], de-
veloping effective treatment approaches is crucial. Our
study revealed that PBMC-derived DECRI alleviates sep-
tic MI by suppressing inflammatory macrophage activation
through the inhibition of macrophage ferroptosis.

In septic MI, inflammatory responses drive the over-
production of ROS, resulting in oxidative stress [4]. Mi-
tochondria, through the electron transport chain (ETC), in-

herently generate ROS as byproducts; however, excessive
ROS accumulation impairs mitochondrial function, which
in turn exacerbates ETC-derived ROS production, thereby
establishing a self-perpetuating cycle of oxidative stress
[28,29]. DECRI, a mitochondria-related protein, partici-
pates in an auxiliary pathway for PUFA (-oxidation in eu-
karyotic mitochondria [14]. This indicates that DECR1
may affect oxidative stress in PBMCs during septic MI,
thereby influencing the pathological condition of septic MI.
Bioinformatics analyses predict a potential interaction be-
tween DECR1 and CAT. CAT is a heme enzyme that detox-
ifies hydrogen peroxide into water and oxygen; its inhibi-
tion reduces antioxidant capacity, leading to increased hy-
drogen peroxide levels [30]. CAT and the antioxidant en-
zyme SOD are important components of the endogenous
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antioxidant system, and dysfunction of either enzyme leads
to uncontrolled oxidative stress [31]. Precious studies show
that CAT overexpression reduces the LPS-induced oxida-
tive stress in cardiomyocytes [32] and attenuates oxida-
tive stress and cardiac dysfunction in septic rodent models
[33]. Consistent with these observations, our study revealed
that overexpression of DECR1 inhibits ROS overproduc-
tion and restores CAT and SOD activities, thereby reducing
oxidative stress in the myocardial tissues of septic MI rats.

Moreover, CAT has been found to mitigate LPS-
induced cardiac dysfunction by mediating ferroptosis [32].
Ferroptosis is a distinct form of programmed cell death
driven by iron and lipid hydroperoxide, which plays a cru-
cial role in septic MI by targeting both cardiomyocytes
and macrophages [8,34]. GPX4, a vital phospholipid hy-
droperoxidase, functions as an upstream regulator of fer-
roptosis by converting highly reactive lipid hydroperoxides
into non-reactive lipid alcohols, thereby maintaining redox
homeostasis and protecting cells from membrane lipid per-
oxidation [35,36]. Inhibition of GPX4 disrupts the antioxi-
dant system, causing accumulation of lipid hydroperoxides
and inducing ferroptosis [37].

The cystine/glutamate reverse transporter system x.
is comprised in part by SLC7A11, facilitates cystine up-
take in exchange for glutamate export, thereby supporting
glutathione (GSH) production and GPX4 activation, ulti-
mately preventing ferroptosis [36]. In contrast, suppressing
system X.~ depletes GHS, inactivates GPX4, and triggers
oxidative glutamate toxicity, lipid peroxidation, and sub-
sequent ferroptosis [38]. Furthermore, DECRI1 has been
found to protect tumor cells from ferroptosis by impeding
PUFA accumulation [16]. In line with the anti-ferroptotic
role, our findings unveiled that DECR1 overexpression re-
stores GPX4 and SLC7A11 levels in the myocardial tissues
of septic MI rats, thereby reducing ferroptosis.

In septic M1, ferroptosis is strongly associated with re-
duced antioxidant capacity [38], as it interacts with and is
induced by oxidative stress [39]. Consistently, we iden-
tified DECR1 overexpression elevated CAT, SOD1 and
SOD2 mRNA expressions, accompanied by the ferropto-
sis inhibition in in vivo septic MI. Given that CAT can re-
duce ferroptosis and thereby mitigate cardiac injury [32],
we suggest that DECR1 exerts an anti-ferroptotic role in
septic MI by enhancing CAT activity through the upregula-
tion of CAT mRNA expression. Moreover, targeting fer-
roptosis reduces myocardial inflammation, mitochondrial
dysfunction, and cardiomyocyte apoptosis, ultimately im-
proving cardiac performance, especially in alleviating LV
dysfunction during sepsis [38,40].

The progression of septic MI is supported by in-
flammatory responses, which are amplified by the ac-
tivation of macrophages that secrete pro-inflammatory
chemokines [41]. In our study, downregulation of the
PBMC-derived DECR1 was associated with elevated TNF-
«, IL-16, and IL-6 levels, along with increased contents
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of Ml-related markers (TNI, HFABP, and ProBNP) [42,43]
and myocarditis-related markers (CRP and PCT) [44]. Col-
lectively, these results highlight that DECR1 deficiency in
PBMC:s plays a crucial role in the progression of septic MI.

Furthermore, we proposed that DECR1 downregula-
tion in septic MI-derived PBMCs induces ferroptosis in
macrophages, thereby facilitating their pro-inflammatory
activation and accelerating disease progression. Given that
LPS is an immunomodulator known to induce macrophage
polarization that can secrete pro-inflammatory cytokines,
including IL-13, IL-6, and TNF-« [41], our study exam-
ined this pathway in vitro. Our in vitro experiments con-
firmed that DECR1 suppresses oxidative stress by acti-
vating CAT, thereby reducing ferroptosis, which is trans-
latable in LPS-induced THP-1 cells. Because ferroptosis
induction commonly represses GPX4 expression, it con-
tributes to mitochondrial dysfunction-induced apoptosis in
septic MI [39]. Apoptosis of macrophages further exacer-
bates the inflammatory response during early sepsis [45],
whereas excessive macrophage apoptosis in late-stage sep-
sis leads to immunosuppression and organ injury, aggravat-
ing infection severity [46]. Our study revealed that DECR1
overexpression inhibited LPS-induced apoptosis and fer-
roptosis of THP-1 cells, while reducing the secretion of
pro-inflammatory cytokines and myocarditis-related mark-
ers. These results indicate that DECR1 protects against
macrophage apoptosis and pro-inflammatory activation by
dampening ferroptosis of macrophages, thereby potentially
reducing the progression of septic MI.

Mechanistically, membrane lipid peroxidation results
in the release of cytochrome C, inducing Caspase 3-
dependent apoptosis, characterized by the downregulation
of the antiapoptotic protein Bcl-2 and the upregulation of
the pro-apoptotic protein Bax. As demonstrated, in sep-
tic M1, increased GPX4 levels protect mitochondria against
this peroxidative damage [39,47]. Additionally, previous
research has revealed that oxidative stress-induced ferrop-
tosis combined with apoptotic inhibition can help maintain
long-term cellular homeostasis [48].

Therefore, we further investigated apoptosis and
demonstrated that DECR1 overexpression inhibits apopto-
sis, as evidenced by increased Bcl-2 expression and de-
creased Bax and Cleaved Caspase 3 expressions. It is worth
noting that the loss of Bcl-2 not only promotes apoptosis but
may also trigger ferroptosis by inactivating GPX4 [49]. In
contrast, other studies have reported that overexpression of
Bcl-2 alleviates ferroptosis induced by excessive molybde-
num and cadmium by reducing mitochondrial ROS levels in
duck kidneys [50]. These findings suggest that there may be
complex interactions between apoptosis-related molecules
(such as Bcl-2 and Bax) and ferroptosis regulators (such as
GPX4), highlighting a close link between apoptosis and fer-
roptosis. In support of this, LINC00618 has been found to
accelerate ferroptosis via apoptosis [51].
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However, we must candidly acknowledge a limita-
tion of our study: although this study provides indirect ev-
idence of the association between ferroptosis and apopto-
sis based on molecular expression changes (such as GPX4,
Bcl-2/Bax, Caspase 3, etc.), this analysis lacked the ad-
vanced technical tools, such as the dual fluorescence re-
porter system, to directly visualize and quantitatively verify
ferroptosis and apoptosis within the same cells. Therefore,
future studies should focus on elucidating the potential as-
sociation and cross-regulation between apoptosis and fer-
roptosis to enhance the understanding of the mechanism un-
der myocardial injury in sepsis. Such investigations could
provide a solid theoretical basis and potential therapeutic
targets for managing MI in septic patients.

We also acknowledge some other limitations in our
study. First, our experimental techniques did not allow for
the specific overexpression of DECR1 in PBMCs at the be-
ginning of the modeling, which may limit the reliability that
the observed inhibition of septic M1 is attributed to DECR1
derived from PBMCs. Second, we did not conduct valida-
tion experiments using DECR1 knockout or silencing mod-
els, and our results are currently based solely on animal and
cell models. Additionally, assessing cardiac function re-
lied solely on echocardiographic indicators (LVEF, LVFS),
and further investigations are needed to validate the clini-
cal significance of these findings. Future studies should in-
corporate more designed approaches, such as C11-BODIPY
staining and Annexin V/PI flow cytometry, to verify these
findings once current technical limitations are addressed.
Furthermore, comprehensive molecular investigations are
required to explore the downstream pathways and ferropto-
sis mechanisms regulated by DECR1, as well as to examine
the crucial role of macrophage-secreted inflammatory fac-
tors and the relationship between DECR1 and other antiox-
idant proteins.

Conclusion

In conclusion, our study provides novel insights
into the mechanism of PBMC-derived DECR1 in septic
MI. Concretely, overexpression of PBMC-derived DECR1
inhibits ferroptosis in macrophages by activating CAT,
thereby dampening myocardial inflammation and apoptosis
while maintaining cardiac function by prolonging LVEDV
and LVESV. These findings highlight that PBMC-derived
DECRI1 may serve as a valuable therapeutic target for the
clinical management of septic MI.
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