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Cell death-induced release of the pro-aging protein acyl CoA
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Acyl-CoA-binding protein (ACBP, encoded by diazepam binding inhibitor, DBI) is an abundant intracellular regulator of lipid
metabolism that also circulates systemically, yet the mechanisms governing its release and its relationship to organ injury remain
unresolved. Herein, we combine human multi-omics, mechanistic mouse models and controlled cell death assays to identify cell
death-driven liberation of intracellular ACBP/DBI as a unifying mechanism underlying its elevation in disease. In a cohort of 1198
hospitalized adults, among whom 75% were acutely infected by SARS-CoV-2, plasma ACBP/DBI tightly correlated with inflammatory
markers and biochemical signatures of cardiac, hepatic, renal, metabolic and hematologic dysfunction. SomaScan proteomics
further revealed that ACBP/DBI co-varies with organ-enriched proteins, particularly those originating from skeletal muscle and
pancreas, implicating tissue injury as a major determinant of its circulating abundance. Multiple forms of acute organ damage in
mice, including hepatic or renal ischemia-reperfusion, bile duct ligation, pancreatitis and rhabdomyolysis, triggered rapid and
robust increases in plasma ACBP/DBI. Using defined in vitro paradigms, we demonstrate that apoptosis, ferroptosis and necroptosis
each cause loss of intracellular ACBP/DBI and its release upon plasma membrane permeabilization, independent of the upstream
lethal pathway. These mechanistic insights translated in vivo: hepatocyte apoptosis, ferroptosis and necroptosis each elevated
circulating ACBP/DBI in a manner attenuated by pathway-specific inhibitors. Finally, meta-analysis of >100,000 individuals across
diverse populations revealed that elevated plasma ACBP/DBI consistently associates with systemic and organ-specific disease and
predicts future morbidity. Together, our findings identify cell death-driven ACBP/DBI release as a conserved mechanism linking
organ injury to increased plasma ACBP/DBI, positioning this molecule as an integrative biomarker of tissue damage across species,

organs, and cell death modalities.
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INTRODUCTION

Acyl-CoA-binding protein (ACBP), encoded by the diazepam
binding inhibitor gene (DBI), is a small (~10kDa), evolutionarily
conserved protein that binds medium- and long-chain acyl-CoA
esters with high affinity, thereby regulating intracellular lipid
metabolism, energy homeostasis and membrane biogenesis [1, 2].
ACBP/DBI is expressed in all major organs in multiple cell types
including parenchymatous and myeloid cells [3], usually as
isoform 1, with the sole exception of testicles that also express
isoform 2 [4]. Beyond its canonical intracellular functions, ACBP/
DBI is secreted in response to metabolic stress, acting as an

extracellular signal that modulates systemic energy balance,
autophagy and appetite regulation [5-7]. In multiple species,
from fungi to mammals, extracellular ACBP/DBI functions as a
stress-responsive “tissue hormone,” highlighting the evolutionary
conservation of its role in coordinating cell-autonomous and
systemic homeostasis [8-10]. In both fungi and animals, ACBP/DBI
is a leaderless protein that cannot be secreted by canonical
protein secretion, but rather employs a non-canonical, autophagy-
dependent pathway to reach the extracellular space [8, 11, 12].
Both in yeast and in nematodes, knockout of ACBP/DBI
orthologues entails an extension of lifespan [13-16]. In humans,
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circulating ACBP/DBI has been implicated in aging, metabolic
disorders and cardiovascular risk. Plasma levels increase with age,
body mass index (BMI) and renal dysfunction and elevated ACBP/
DBI predicts future cardiometabolic events and development of
cancer independent of traditional risk factors [8, 16-20]. In
centenarian and frailty studies, high ACBP/DBI correlates with
renal impairment, low-grade inflammation and markers of
biological aging [7, 18, 21]. Mechanistically, preclinical studies
indicate that neutralization of extracellular ACBP/DBI in mice
mitigates obesity, hyperglycemia and age-associated tissue
dysfunction, suggesting that ACBP/DBI is not only a biomarker
but may also exert a causal influence on metabolic and
inflammatory phenotypes [8, 9, 22-25]. Indeed, it appears that
ACBP/DBI acts as an inhibitor of autophagy [26, 27], a promoter of
inflammatory signaling [22] and an inducer of cellular senescence
[7], likely explaining its broad implication in various age-related
diseases.

Despite this growing body of evidence, the sources, regulatory
mechanisms and pathological contexts underlying elevations in
circulating ACBP/DBI remain incompletely understood. It is unclear
which organs contribute to plasma ACBP/DBI, whether its release
reflects cellular stress or overt cell death and how specific death
modalities (apoptosis, ferroptosis or necroptosis) affect its
systemic levels. Moreover, while clinical correlations exist, a
mechanistic link between tissue injury, cell death and extracellular
ACBP/DBI has not been fully established.

We sought to determine whether cell death across multiple
organs drives plasma ACBP/DBI elevation and whether this
mechanism could explain its correlation with organ dysfunction
and disease severity in humans. Using human cohorts, mouse
models and in vitro assays, we demonstrate that plasma ACBP/DBI
rises in response to apoptosis, ferroptosis and necroptosis across
multiple organs. Proteomic analyses identify organ-specific
protein signatures correlating with ACBP/DBI, particularly from
skeletal muscle and pancreas. Mouse models of liver, kidney,
pancreatic and muscle injury recapitulate these findings, while
pharmacologic inhibition of specific death pathways suppresses
ACBP/DBI release. Meta-analysis of >100,000 individuals confirms
associations with age- and organ-specific disease and future
disease risk.

MATERIALS AND METHODS

SomaScan-based correlation analyses and tissue enrichment

of ACBP/DBI-associated proteins

SomaScan proteomic data together with associated clinical and biological
metadata were obtained from an anonymized COVID-19 cohort generated
by the Biobanque Québécoise de la COVID-19 (BQC-19) [23, 28]. In that
study, participants were recruited upon first contact with the healthcare
system (emergency room visit or acute care hospitalization) in Quebec,
Canada, between March 2020 and August 2021, following PCR testing for
SARS-CoV-2 and included 903 COVID-19-positive adults and 295 hospita-
lized SARS-CoV-2-negative controls [23, 28].

Plasma ACBP/DBI protein levels were first correlated with numerical
clinical variables. Correlation analyses were performed in R using the rcorr
function from Hmisc package with default parameters, corresponding to
Bravais—Pearson correlation coefficients. Metadata variables were retained
if they met all of the following criteria: an absolute correlation coefficient (|
r) = 0.3, a nominal p value <0.05 and a false discovery rate-adjusted g
value < 0.05. Selected variables were visualized using mixed correlation
plots generated with the corrplot R package. In these plots, the upper
triangular matrix displays signed values of (1—p value), with the sign
reflecting the direction of the correlation, whereas the lower triangular
matrix displays the corresponding Pearson correlation coefficients (r).

In a second analytical step, plasma ACBP/DBI levels were correlated with
all other proteins quantified by the SomaScan platform. Proteins positively
correlated with ACBP/DBI were defined as those with a correlation
coefficient r > 0.35, yielding a list of 186 proteins. Based on this number,
two additional protein sets were generated: (i) the 186 proteins showing
the strongest negative correlations with ACBP/DBI and (i) a neutral
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reference set consisting of 372 proteins (2x 186) with correlation
coefficients closest to zero. Across all protein sets, SOMAmer reagents
annotated as targeting no protein, Fc_MOUSE or deprecated gene labels
were excluded. When multiple SOMAmer reagents targeted the same
protein, all corresponding entries were excluded to avoid redundancy
between protein sets. Following this curation step, ACBP was included in
both the anticorrelated and the neutral protein sets. Correlation matrices
for each protein set were visualized using corrplots. For the negatively
correlated and neutral protein sets, ACBP/DBI was added to the plots to
enable direct comparison. Protein lists were subsequently cross-referenced
with GTEx tissue expression data extracted from the supplementary
dataset published by Zhang and collaborators [29]. For tissue enrichment
analyses organs were selected based on GTEx fold-change thresholds of >2
or >4 relative to other tissues. The GTEx “male” category was excluded due
to insufficient annotation accuracy. Tissue enrichment results were
expressed as percentages and visualized using bar plots and pie charts
[29-31].

Cell culture

Huh7 (human hepatocellular carcinoma) cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Thermo Fisher Scientific, #41966029)
supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich, #F7524),
10 mM HEPES buffer (Thermo Fisher Scientific, #15630-056), 100 U/mL
penicillin and 100 pg/mL streptomycin (Thermo Fisher Scientific, #15140-
122) and 1 mM sodium pyruvate (Thermo Fisher Scientific, #11360-039).
Jurkat (human leukemic T cell lymphoblast) cells were maintained in
Roswell Park Memorial Institute medium (RPMI; Thermo Fisher Scientific,
#61870044) supplemented with 10% FBS. All cell cultures were maintained
at 37°C in a humidified incubator with 5% CO,. Mycoplasma contamina-
tion was routinely excluded by PCR-based testing.

Induction of apoptosis, ferroptosis and necroptosis in vitro
Huh7 cells were used as a model to study apoptosis and ferroptosis. For
apoptosis induction, cells were pre-treated for 1 h with the pan-caspase
inhibitor Z-VAD-FMK (Z-VAD; MedChemExpress, #HY-16658B), used at
50 uM for mitomycin C, cisplatin, mitoxantrone and oxaliplatin treatments
or at 100 uM for etoposide and thapsigargin treatments. Cells were then
exposed for 48 h to mitomycin C (Santa Cruz Biotechnology, #sc-3514A;
50 uM), cisplatin (Sigma-Aldrich, #P4394; 50 uM), mitoxantrone (Sigma-
Aldrich, #M6545; 2 uM), oxaliplatin (MedChemExpress, #HY-17371; 100 uM),
etoposide (Sigma-Aldrich, #341205; 100 uM) or thapsigargin (Santa Cruz
Biotechnology, #sc-24017; 10 pM). For ferroptosis induction, cells were pre-
incubated for 1 h with the iron chelator deferoxamine mesylate (DFOM;
MedChemExpress, #HY-B0988; 100 uM), followed by treatment for 48 h
with imidazole ketone erastin (IKE; Selleckchem, #S8877; 10 uM), RAS-
selective lethal 3 (RSL3; Sigma-Aldrich, #SML2234; 0.2 M) or erastin
(MedChemExpress, #HY-15763; 7.5 uM). Necroptosis was induced in Jurkat
cells. Cells were pre-incubated for 1 h with a combination of the RIPK1
inhibitor necrostatin-1S (Nec-1S; MedChemExpress, #HY-14622A; 10 uM),
the SMAC mimetic xevinapant (AT406; Selleckchem, #52754; 10 uM) and
the pan-caspase inhibitor Q-VD-OPh (MedChemExpress, #HY-12305;
10 uM), followed by treatment with human TNF-a (Thermo Fisher Scientific,
#300-01 A; 100 ng/mL) for 24 h.

Imaging flow cytometry analysis

Huh? cells were collected by harvesting the culture medium followed by
trypsin-mediated detachment, after which detached cells were pooled
with the corresponding supernatants. Jurkat cells were collected directly
from the culture medium. Cells were centrifuged (500 g, 5min) and
resuspended for subsequent analyses. Cell viability was assessed using the
LIVE/DEAD™ Fixable Green Dead Cell Stain Kit (Thermo Fisher Scientific,
#L34970) according to the manufacturer's instructions. For intracellular
staining, cells were fixed with 4% paraformaldehyde in PBS, permeabilized
with 0.1% Triton X-100 in PBS containing BSA and blocked with 2.5% BSA
in PBS. Cells were then incubated with an anti-ACBP primary antibody
(Santa Cruz Biotechnology, #sc-376853; 1:100 dilution), followed by a PE-
Cy7-conjugated secondary antibody (Thermo Fisher Scientific, #25-4015-
82; 0.25pg per test). After washing, cells were analyzed on a BD
FACSDISCOVER™ S8 Image Flow Cytometer (BD Biosciences). At least
10,000 events per sample were acquired and data were processed using
the BD FACSuite™ Software. Fluorescence intensity was quantified using
FlowJo™ software and normalized to the mean fluorescence intensity of
the control group. Normalized data are presented as relative fluorescence

Cell Death & Differentiation



intensity. Values below 0.02 were considered non-detectable (ND),
corresponding to signals below the limit of reliable quantification, and
were therefore excluded from statistical analyses.

Flow cytometry analysis of apoptosis

Apoptosis was assessed using an Annexin V-FITC/propidium iodide (PIl)
apoptosis detection kit (Thermo Fisher Scientific, #V13245). Following the
indicated treatments, Huh7 cells were collected after trypsin-mediated
detachment, whereas Jurkat cells were harvested directly from the culture
medium. Cell culture supernatants were centrifuged (500 x g, 5 min) and
aliquots were stored at —80 °C for subsequent ELISA analyses. Cells were
pooled, washed once with cold PBS and resuspended in Annexin-binding
buffer containing FITC-Annexin V and PI. After incubation for 10 min at
room temperature in the dark, samples were diluted with Annexin-binding
buffer and analyzed by flow cytometry. Data were acquired on a
MACSQuant 10 flow cytometer (Miltenyi Biotec), with at least 10,000
events collected per sample. Data were analyzed using FlowJo™ software.

Ethics and animal models

Mice were housed in a temperature-controlled environment under a 12-h light/
dark cycle, with ad libitum access to standard chow (#A04, Safe). All procedures
were performed in accordance with the Federation of European Laboratory
Animal Science Associations (FELASA) guidelines and approved by the local
ethics committee (protocols numbers: #31411-2021050411267667, #34537-
2022010210461547, #34538-2022010215486066; #34589-2022010916126141,
#46833-202401111607908, #58892). Mice were randomly divided into groups.

Acute pancreatitis

Acute pancreatitis was induced in 8-week-old male C57BL/6J mice as
previously described [32]. Baseline blood samples were collected one week
before treatment. Following a 12-h fast with free access to water, mice
received eight intraperitoneal injections of caerulein (MedChemExpress,
#HY-A0190; 100 ug/kg body weight (B.W.)) at 1-h intervals, with the first
injection designated as time 0. Immediately after the final caerulein
injection, mice were administered a single intraperitoneal injection of
lipopolysaccharide (LPS; Sigma-Aldrich, #L2630; 10 pg/mouse). Blood
samples were collected at 10 h and 12 h after the first caerulein injection.

Rhabdomyolysis

Rhabdomyolysis was induced in 10-week-old male C57BL/6J mice as
previously reported [33]. Baseline blood samples were collected one week
before treatment. After a 24 h fast with free access to water, mice received
intramuscular injections of 50% glycerol (Sigma-Aldrich, #G7893; 5 mL/kg
B.W.) in saline administered into both hindlimb muscles. Blood samples
were collected at 24 h and 48 h after glycerol administration.

Renal ischemia-reperfusion injury

Renal ischemia-reperfusion injury was induced in 12-week-old male
C57BL/6 mice as previously described [34]. Mice were anesthetized with
isoflurane and bilateral renal ischemia was induced by transient
application of non-traumatic microaneurysm clamps for 30 min. Reperfu-
sion was initiated upon clamp removal and maintained for 6 h. Sham-
operated mice underwent identical anesthesia and surgical exposure
without clamp application. Blood samples were collected 6h after
reperfusion or at the corresponding time point in sham controls.

Bile duct ligation

Bile duct ligation was performed in 10-week-old male C57BL/6J mice as
previously described [35]. Under isoflurane anesthesia, the extrahepatic
bile duct was surgically ligated to induce cholestatic liver injury. Sham-
operated mice underwent identical surgical procedures without bile duct
ligation. Blood samples were collected 14 days after surgery or at the
corresponding time point in sham controls.

Liver ischemia-reperfusion injury

Segmental (70%) warm liver ischemia-reperfusion injury was induced in
12-week-old male C57BL/6J mice as previously described [22]. Under
isoflurane anesthesia, partial hepatic ischemia was induced by transient
occlusion of the portal triad supplying the left and median lobes, while
perfusion of the right and caudate lobes was preserved. Ischemia was
maintained for 90 min, followed by reperfusion upon clamp removal.
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Baseline blood samples were collected prior to ischemia and post-
reperfusion samples were collected 4 h after reperfusion.

Experimental models of hepatic apoptosis, ferroptosis and
necroptosis in mice

To induce hepatocyte apoptosis, female Atg4b~'~ and Atg4b** mice [36],
as well as 10-week-old male C57BL/6J mice, received intraperitoneal
injections of the anti-Fas/CD95 antibody Jo-2 (BD Biosciences, #554254;
0.15 ug/g B.W.). In C57BL/6J mice, the pan-caspase inhibitor Z-VAD (5 mg/
kg B.W.), prepared in 10% DMSO in corn oil, was administered
intraperitoneally 1 h prior to Jo-2 injection. Blood samples were collected
4h and 6 h after treatment.

For liver-specific ACBP deletion, tamoxifen-inducible TTR-cre* ACBP/f
mice and Cre-negative ACBP™ littermate controls [37] received tamoxifen
(Sigma, #T5648; 75mg/kg B.W.) intraperitoneally once daily for five
consecutive days. Experiments were performed two weeks after the final
tamoxifen injection. Cre-positive mice were referred to as liver ACBP™/~
and Cre-negative mice as Liver ACBP** controls. To induce hepatocyte
ferroptosis, liver ACBP~/~ mice, liver ACBP** mice and 12-week-old male
C57BL/6J mice were fasted for 16 h prior to intraperitoneal administration
of acetaminophen (APAP; Sigma-Aldrich, #A7085; 300 mg/kg B.W.)
dissolved in 10% ethanol/90% phosphate-buffered saline. In C57BL/6J
mice, the iron chelator deferoxamine mesylate (DFOM; 200 mg/kg B.W.)
prepared in PBS was administered intraperitoneally 1 h before APAP. Blood
samples were collected 16 h and 24 h after APAP injection.

To induce necroptosis in the liver, 10-week-old male C57BL/6J mice
received intraperitoneal injections of mouse TNF-a (Thermo Fisher
Scientific, #315-01A; 30 ug/kg B.W.) in combination with D-galactosamine
(D-Gal; Sigma-Aldrich, #G0500; 250 mg/kg B.W.). The RIPK1 inhibitor
necrostatin-1S (Nec-1S; 6 mg/kg B.W.), prepared in 2.5% DMSO in PBS,
was administered intravenously 1 h prior to TNF-a/D-Gal treatment. Blood
samples were collected 6 h after injection.

Blood and tissue collection

Blood samples were collected in lithium-heparin capillary tubes (Microv-
ette® CB 300 LH, Sarstedt) and kept on ice prior to centrifugation (4000 X g,
10 min). Plasma was separated and stored at —80 °C until further analysis.
For molecular analyses, livers were excised immediately after euthanasia
and snap-frozen in liquid nitrogen.

Human and mouse ACBP/DBI ELISA

ACBP/DBI concentrations in cell culture supernatants and mouse plasma
were quantified by ELISA as previously described [37]. High-binding 96-
well plates were coated overnight at 4°C with human anti-ACBP/DBI
capture antibody (MyBioSource, #MBS768488; 1 pg/mL in PBS) or mouse
anti-ACBP/DBI capture antibody (Abcam, #ab231910; 1 pg/mL in PBS).
Plates were washed and blocked with 1% BSA/0.05% Tween-20 in PBS for
2 h at room temperature. Diluted samples (cell culture supernatants, 1:25;
mouse plasma, 1:20) or standards were incubated for 2h at room
temperature, followed by incubation with species-matched detection
antibodies (human: Lifespan Biosciences, LS-C299614; mouse: MyBio-
Source, #MBS2005521; 1 ug/mL) for 1 h. Plates were then incubated with
HRP-conjugated avidin (cell culture supernatants, 1:5000; mouse plasma,
1:1000) for 30 min. Signal was developed using 1-Step Ultra TMB substrate
(Thermo Fisher Scientific, #34029), stopped with 2M H,SO, and
absorbance was measured at 450 nm using a VICTOR Nivo Multimode
Microplate Reader (PerkinElmer).

Plasma hepatic transaminases determination

Alanine aminotransferase (ALT) and Aspartate aminotransferase (AST)
activities were measured using colorimetric kits (Randox) according to the
manufacturer’s instructions [21].

Blood urea nitrogen (BUN) determination

BUN was measured in plasma using the Urea Nitrogen Colorimetric
Detection Kit (Thermo Fisher Scientific,c #EIABUN) according to the
manufacturer’s instructions.

Immunoblot

Liver samples were lysed in RIPA buffer (Sigma-Aldrich, #R0278)
supplemented with protease (Sigma-Aldrich, #11836170001) and phos-
phatase inhibitors (Sigma-Aldrich, #04906837001). Lysates were clarified by
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centrifugation (13,000 x g, 30 min, 4°C) and protein concentrations were
determined using the BCA assay (Thermo Fisher Scientific, #23225). Equal
amounts of protein were denatured in loading buffer with reducing agent,
resolved by SDS-PAGE and transferred onto polyvinylidene fluoride
membranes. Membranes were stained with Ponceau S, imaged to assess
total protein loading, then blocked with 5% BSA and incubated with a
primary anti-mouse ACBP/DBI antibody (Abcam, #ab231910; 1:1000),
followed by HRP-conjugated secondary antibodies. B-actin (Abcam,
#49900; 1:5000), GAPDH (Abcam, #9482; 1:5000) or Ponceau S staining
was used as a loading control. Signals were detected using the
ImageQuant LAS4000 system and band intensities were quantified with
ImagelJ software.

Senescence-associated secretory phenotype (SASP) score

The SASP protein panel was defined by combining previously published
lists from ref. [38] and KEGG hsa04218 cellular senescence pathway
(KEGGREST v1.46.0). To ensure proper matching with the SomaScan
dataset, gene symbols were retrieved from org.Hs.eg.db (v3.20.0) and
mapped to their respective protein symbols using AnnotationDbi (v1.68.0).
A total of 46 SASP proteins (HIPK3, CHEK1, CHEK2, MAPK14, EIF4EBP1,
AKT2, RRAS2, FOXM1, FOXO3, IGFBP3, IL1A, IL6, CXCL8, SMAD2, SMAD3,
MDM2, MRE11, NFATC1, SERPINE1, PPID, MAPK1, MAPK3, MAP2K1, PTEN,
RAD1, RAF1, RB1, RBBP4, RRAS, TGFB1, TGFB2, TGFB3, TP53, CCNA1, CCNB2,
INHBC, FAS, IL7, CCL2, MMP1, MMP7, MMP9, CCL5, SOST, TNF, VEGFA) were
detected out of which a composite senescence score was derived by
summing within-protein ranks across the SASP panel. Specifically,
participants were ranked for each protein by plasma level (highest =
largest rank) and ranks (ties averaged) were then summed and z-scaled to
obtain the senescence score. Associations between the senescence score
and ACBP levels were calculated using Spearman correlation. Analysis was
performed in R version 4.4.1 (R Foundation for Statistical Computing,
Vienna, Austria) and GraphPad Prism 10.

Data analysis

Data are presented as mean +SEM, box-and-whisker plots (median,
interquartile range and full range with individual data points) or scatter
plots with linear regression where appropriate. Normality was assessed
using the Shapiro-Wilk test. For each biological parameter, statistical
comparisons were conducted after exclusion of outliers using the ROUT
test (Q = 1%, GraphPad Prism 10), resulting in the removal of <1% of data
points. Paired comparisons were performed using paired Student’s t tests,
while unpaired comparisons between two groups used Student's t tests or
Mann-Whitney U tests, as appropriate. For normally distributed data,
multiple comparisons were analyzed using one-way ANOVA followed by
Siddk's post hoc test. For non-normally distributed data, multiple
comparisons were analyzed using the Kruskal-Wallis test followed by
Dunn’s post hoc test. Correlations were assessed using Pearson’s or
Spearman’s methods according to data distribution. Statistical significance
was defined as p <0.05. All analyses were performed using GraphPad
Prism 10.

Bibliographic analysis of circulating ACBP/DBIl-associated
parameters

A structured bibliographic analysis was performed to summarize published
associations between circulating ACBP/DBI levels (measured by ELISA,
O-link or Somascan technologies) and clinical or biological parameters in
human cohorts. Only human studies providing analyzable associations
with defined parameters were included, if associations with plasma ACBP/
DBI levels were significant, as calculated by the authors of each study.

For each eligible study (which are all cited in Fig. 7; Supplementary
Table 1), total number of individuals and number of independent cohorts,
demographic, biochemical or biophysical parameters, and clinical cate-
gories were extracted, usually from supplemental Xcel files. Parameters
were grouped into thematic categories encompassing aging, body
composition, metabolic traits, inflammatory markers, cardiovascular, renal
and hepatic function, infectious, inflammatory, oncological, neurological
and psychiatric disorders, morbidity and frailty, as well as future risk
outcomes. When applicable, multiple cohorts reported within a single
study were counted separately.

Data were summarized graphically using color-coded representations of
cumulative sample size and dot-based annotations indicating the number
of independent cohorts. This analysis was descriptive and did not involve
meta-analytic weighting or additional statistical testing.
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RESULTS

Correlation of plasma ACBP/DBI with organ-specific proteins
in a cohort of COVID-19 patients

In a cohort composed of 903 SARS-CoV-2-infected adults and 295
non-infected hospitalized controls [23, 39, 40], ACBP/DBI plasma
levels increased with the severity of coronavirus disease 2019 (COVID-
19). ACBP/DBI levels were higher in patients with comorbidities,
including diabetes, obesity, cardiovascular disease, chronic obstruc-
tive pulmonary disease and cancer and correlated with inflammatory
markers such as the neutrophil to lymphocyte ratio, the hepatocyte
product C-reactive protein (CRP) and the more broadly produced
interleukin-6 (IL-6) [23]. Beyond these published findings, we
observed that ACBP/DBI is associated with the duration of
hospitalization, elevated serum creatinine and urea levels (reflecting
impaired renal function), hyperglycemia, increased circulating
troponin T (indicating cardiac injury), as well as reduced hemoglobin
and albumin levels (Supplementary Fig. S1A). ACBP/DBI also
correlated with a compendium of proteins annotated as components
of the senescence-associated secretory phenotype (SASP) (Supple-
mentary Fig. S1B). We correlated ACBP/DBI concentrations in plasma
with those of ~5000 other proteins measured by SomaScan
proteomics, to identify 185 proteins that positively correlated with
ACBP/DBI with a Spearman correlation coefficient >0.35 (Fig. 1A).

We identified 353 proteins showing no correlation (r values
between —0.0078680 and 0.0079278) with ACBP/DBI and 174
proteins that strongly (r<—0.1791) anti-correlate with ACBP/DBI
(Supplementary Fig. S3A).

To determine the putative organ of origin of these proteins, we
applied a published bioinformatic definition in which an “organ-
specific” protein is encoded by an mRNA species expressed at
least four-fold higher in one organ compared to all others [41].
Strikingly, two organs, skeletal muscle and pancreas, were strongly
enriched among proteins positively correlated with ACBP/DBI
(Fig. 1B), whereas proteins lacking correlation or showing anti-
correlation did not display such enrichment (Supplementary
Figs. S2, S3B; Fig. 10).

In summary, plasma ACBP/DBI levels increase across multiple
pathological conditions and associate with organ-derived protein
signatures, prominently those from skeletal muscle and pancreas
in the context of COVID-19.

Organ damage causes a surge in plasma ACBP/DBI in mice
Quantitative immunoblotting of hepatic extracts allowed us to
estimate that 1g of liver contains ~62.6 ug of ACBP/DBI
(Supplementary Fig. S4A). This value enabled us to extrapolate
the ACBP/DBI content of other organs using prior comparative
data [3] (Supplementary Fig. S4B). Thus, 1 g of kidney, pancreas or
skeletal muscle is predicted to contain 15.6 ug, 6.8 ug or 2.8 ug of
ACBP/DBI, respectively. Mouse-human comparisons further indi-
cated that the organ-specific distribution of ACBP/DBI expression
is conserved across species (Supplementary Fig. S4C). Given that a
~25g mouse contains ~5 ml of extracellular water [42, 43] and
that the physiological plasma concentration of ACBP/DBI is
~25ng/ml [22], the total extracellular ACBP/DBI pool amounts to
~125 ng. Hence, the release of ACBP/DBI from only ~2 mg of liver,
8 mg of kidney, 18 mg of pancreas or 44 mg of skeletal muscle
would suffice to double its extracellular concentration.
Consistent with this prediction, acute or subacute injury to
pancreas, skeletal muscle, kidney or liver caused rapid increases in
circulating ACBP/DBI. Caerulein-induced pancreatitis triggered a
robust rise in plasma ACBP/DBI (Fig. 2A-C for males; Supplemen-
tary Fig. S5A-C for females). Similarly, intramuscular glycerol
injection leading to rhabdomyolysis elicited a marked elevation of
plasma ACBP/DBI (Fig. 2D-F). Renal ischemia-reperfusion injury
also led to significant increases in plasma ACBP/DBI concomitant
with a surge in blood urea nitrogen (BUN) as a sign of kidney
failure (Fig. 2G-I; Supplementary Fig. S5D). Subacute hepatobiliary
injury following bile duct ligation (Fig. 2)-M) and acute hepatic
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ischemia-reperfusion also led to significant increases in plasma
ACBP/DBI (Fig. 2N-Q), with both ALT and AST strongly correlating
with ACBP/DBI (Supplementary Fig. S5E-H).

Taken together, these results demonstrate that chemically or
surgically induced organ damage, regardless of tissue type, rapidly
increases extracellular ACBP/DBI concentrations.
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Cell death is coupled to ACBP/DBI release in vitro

We next investigated which major cell death modalities—
apoptosis, ferroptosis or necroptosis—trigger the release of
intracellular ACBP/DBI. To this end, we established conditions
under which human liver Huh7 cells underwent apoptosis,
induced by cisplatin and blocked by the pan-caspase inhibitor
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Fig.1 Correlation of plasma ACBP/DBI with organ-enriched protein signatures in hospitalized COVID-19 patients. A Spearman correlation
matrix showing pairwise correlations between plasma ACBP/DBI concentrations and 186 SomaScan-measured plasmatic proteins positively
correlated with ACBP/DBI (Spearman r 2 0.35) in a cohort of 903 SARS-CoV-2-infected patients and 295 non-infected hospitalized controls. The
red arrow indicates the position of ACBP/DBI within the correlation matrix. Color scale indicates Spearman correlation coefficients (r), ranging
from —1 (blue) to +1 (red). B Distribution of organ origin among proteins positively correlated with plasma ACBP/DBI. Organ specificity was
assigned using a published bioinformatic definition, whereby an organ-enriched protein is encoded by an mRNA expressed at least four-fold
higher in one organ compared to all others. Pie chart indicates the relative contribution of each organ to the set of ACBP/DBI-correlated
proteins. C Comparative analysis of organ enrichment across three protein groups: positively correlated with ACBP/DBI (red; r = 0.35), non-
correlated (black; —0.0078680 < r < 0.0079278) and anti-correlated (blue; r < —0.1791). Bar plots show the percentage of proteins assigned to

each organ within each group.

benzyloxycarbonyl-valyl-alanyl-aspartyl-fluoromethyl ketone (Z-
VAD) (Fig. 3A-C) or ferroptosis, induced by imidazole ketone
erastin (IKE) and prevented by the iron chelator deferoxamine
mesylate (DFOM) (Fig. 3D-F). We also optimized the conditions
under which human Jurkat cells underwent necroptosis, induced
by the combination of three agents—namely, the caspase
inhibitor quinoline-valyl-aspartyl-(O-phenoxy)-methyl ketone (Q-
VD-OPh), TNF-a and the SMAC mimetic AT406 (collectively termed
QTA)—and suppressed by the RIPK1 inhibitor necrostatin-1S (Nec-
1S) (Fig. 3G-I).

Cells were stained with a Live/Dead amine-reactive dye to
detect loss of plasma membrane integrity and associated
membrane alterations, resulting in green fluorescence in non-
viable cells and were subsequently subjected to immunofluores-
cence detection of intracellular ACBP/DBI using a primary
antibody followed by a red-fluorescent secondary. Viable control
cells displayed strong intracellular ACBP/DBI staining, whereas
apoptotic, ferroptotic or necroptotic cells uniformly lost this signal,
as quantified by fluorescence flow cytometry (Fig. 3A, D, G) and
confirmed by image cytometry (Fig. 3B, E, H). In all conditions,
intracellular ACBP/DBI levels were significantly higher in live cells
than in dead cells (Fig. 3C, F, I).

We next measured extracellular ACBP/DBI by ELISA in the
supernatant of cells exposed to six apoptosis inducers (mitomycin
C, cisplatin, mitoxantrone, oxaliplatin, etoposide or thapsigargin),
three ferroptosis inducers (IKE, RSL3 or erastin) or the necroptosis
inducing cocktail QTA, with or without their respective inhibitors.
Using annexin-V-FITC and propidium iodide (PI) staining to track
early apoptosis and late membrane rupture (Fig. 4A), we observed
that extracellular ACBP/DBI concentrations increased proportion-
ally as cells transitioned through early cell death toward terminal
plasma membrane permeabilization (Fig. 4B). Accordingly, ACBP/
DBI release positively correlated with early death, indicated by
annexin-V positivity and PI'°" status (Fig. 4C), late membrane
rupture, indicated by PI positivity (Fig. 4D), as well as the sum of all
death events (Fig. 4E).

Together, these results show that ACBP/DBI is not selectively
released by a particular cell death pathway but is instead liberated
whenever plasma membrane integrity is lost, regardless of
whether cells undergo apoptosis, ferroptosis or necroptosis.

Apoptosis, ferroptosis and necroptosis cause an increase in
plasma ACBP/DBI in mice

We next asked whether the death-modality-dependent release of
intracellular ACBP/DBI observed in vitro is recapitulated in vivo. To
investigate apoptosis-induced ACBP/DBI release in the context of
impaired autophagy, we used Atg4b~'~ mice, which exhibit partial
autophagy deficiency, alongside Atg4b™* littermate controls
[36, 44]. In contrast to Atg4b*" mice, Atg4b~'~ mice failed to
elevate plasma ACBP/DBI in response to a 48-h starvation
challenge (Fig. 5A-C), confirming their known defect in
autophagy-dependent ACBP/DBI secretion [8]. To induce apopto-
sis in hepatocytes, we injected the anti-Fas/CD95 antibody Jo-2
[45] intraperitoneally into Atg4b™* mice or Atg4b~'~ mice. Jo-2
administration induced comparable hepatocellular apoptosis in
Atg4b™* and Atg4b~’~ mice, evidenced by a robust increase in
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serum ALT and AST (Fig. 5D, E). This apoptotic insult caused a
parallel rise in plasma ACBP/DBI in both genotypes (Fig. 5F),
indicating that Jo-2-induced ACBP/DBI release is autophagy-
independent. As expected [46], co-treatment with the pan-
caspase inhibitor Z-VAD markedly suppressed the Jo-2-induced
rise in transaminases (Fig. 5G-K). This hepatoprotective effect was
mirrored by a strong reduction in Jo-2-triggered ACBP/DBI
elevation (Fig. 5L, M) and plasma ACBP/DBI levels closely
correlated with ALT and AST (Supplementary Fig. S6A-D). Con-
cordantly, Jo-2 decreased hepatic ACBP/DBI protein abundance
(Supplementary Fig. S6E, F). These results, obtained in both female
(Fig. 5A-F) and male (Fig. 5G-M) mice, demonstrate that selective
activation of apoptosis in one organ is sufficient to increase
circulating ACBP/DBI.

N-acetyl-para-aminophenol (APAP; acetaminophen/paracetamol)
overdose causes acute liver failure (~500 annual U.S. deaths) [47]
and induces ferroptosis in hepatocytes [48]. We injected APAP into
control mice (liver ACBP*'* mice) and into liver ACBP™'~ mice [49],
in which hepatocyte-specific excision of the floxed DBI exon 2
abolishes ACBP/DBI expression (Supplementary Fig. S7A, B). Liver-
specific ACBP/DBI deletion [37, 49] conferred marked protection
against APAP-induced hepatotoxicity, as shown by strongly reduced
ALT, AST and plasma ACBP/DBI elevations (Fig. 6A-D). APAP tends
to reduce hepatic ACBP/DBI protein levels (Supplementary Fig. 8A,
B), further supporting hepatocytes as the primary source of APAP-
induced ACBP/DBI release. The ferroptosis inhibitor DFOM [50, 51]
efficiently suppressed APAP-triggered release of transaminases and
ACBP/DBI (Fig. 6E-K; Supplementary Fig. 8C-F).

To model necroptotic hepatocyte death, we used TNF-a in
combination with D-galactosamine (D-Gal) [52]. This combination
induced a significant rise in circulating ACBP/DBI, which was
partially inhibited by the RIPK1 inhibitor necrostatin-1S (Nec-1S;
Fig. 6L-O; Supplementary Fig. 8G, H). Notably, Nec-1S did not
significantly reduce transaminase release, indicating a partial
uncoupling between transaminase liberation and ACBP/DBI
release in this model.

In conclusion, apoptosis, ferroptosis and necroptosis each
induce the release of intracellular ACBP/DBI into the circulation,
demonstrating that diverse forms of regulated cell death in vivo
converge on a shared mechanism of ACBP/DBI liberation.

Correlation of plasma ACBP/DBI levels with organ damage
across human cohorts

Driven by the observation that ELISA-quantifiable plasma ACBP/
DBI levels rise with age [5, 7], body mass index (BMI) [8, 17] and
multiple disease risk factors [16, 19, 21], we performed a
systematic meta-analysis of ACBP/DBI concentrations across
human cohorts. Protein measurements were obtained using two
validated high-throughput platforms: (i) dual-antibody proximity
extension assays (Olink) and (ii) DNA aptamer-based SomaScan,
which yield highly comparable quantitative ACBP/DBI values and
are corroborated by ELISA [9, 20, 23]. We analyzed correlations
with disease biomarkers (continuous variable, Fig. 7A; Supple-
mentary Table 1A), the presence of diagnosed disease at sampling
(binary, Fig. 7B; Supplementary Table 1B) and the risk of future
disease development (binary, Fig. 7C; Supplementary Table 1C).

Cell Death & Differentiation



A B 4.
<0.0001
& C57BL/6J a
Mal =3
ale g 3
Hours -12 0 g8 12 £8
. k- — 8 < 2
Fasting =)
Caerulein (i.p.) £ R
LPS (i.p.) A g 14
Endpoint ®
0._
Caerulein - +
D E
C57BL/BJ &
Male SRy
S«
Hours -24 0 48 ?, =
— O
Water deprivation §‘§
Glycerol (i.m.) A g b
Endpoint e Z
Glycerol
G
150 <0.0001
& C57BL/6J 2
h Male B i
g100
Minutes -30 0 360 f,
—t----- 1 <
Renal Ischemia ¥ g 50
Reperfusion * 8
Endpoint & %ﬂ

o—7
Renal I’IR - +

J K

& C57BL/6J
Male

Days 0 14
|

w

=}

S
1
©
o
=
©
a

200

ALT activity at 14 days (U/L)

100
Bile duct ligation =
Endpoint e
0-
BDL - +
N 0 6000 <0.0001
g
& C57BL/6J =) 2
< A
Male 5 4000 n
Minutes 90 0 240 3 [ ¢ |
—_----- 4 E
Liver Ischemia = 5 2000 S
Reperfusion S o
Endpoint e Z

0 - —opoo————
Liver IIR - +

Across >100,000 individuals, ACBP/DBI positively correlated
with chronological age, while in two cohorts (>50,000 participants
each) ACBP/DBI negatively correlated with telomere length in
peripheral blood mononuclear cells (Fig. 7A; Supplementary
Table 1A). Moreover, ACBP/DBI correlated with obesity indices
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(BMI, waist circumference, body fat percentage, abdominal
adiposity), laboratory markers of hyperglycemia and diabetes
(glycemia, glycated hemoglobin HbA1c), systemic inflammation
(CRP, total leukocytes, neutrophil to lymphocyte ratio), dyslipide-
mia (triglycerides, LDL, low HDL), cardiovascular risk (blood
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Fig. 2 Plasma ACBP/DBI levels are elevated across multiple mouse models of organ injury. A-C Acute pancreatitis model. A Schematic
representation of the experiment. Baseline blood samples were collected one week before treatment. 8-week-old male C57BL/6J mice were
fasted for 12 h and received eight intraperitoneal injections of caerulein (100 pg/kg B.W.) at 1-h intervals, followed by a single injection of LPS
(10 pg/mouse). Plasma ACBP/DBI was measured at 10 h (B) and 12 h (C) after caerulein administration and levels were normalized to baseline
(n =15 mice per group). D-F Rhabdomyolysis model. D Baseline blood samples were collected one week before treatment. 10-week-old male
C57BL/6J mice were fasted with water for 24 h, then injected intramuscularly with 50% Glycerol (5 mL/kg B.W.) into both thighs. Plasma ACBP/
DBI was assessed at 24 h (E) and 48 h (F) post-injection, normalized to baseline (n = 14-15 mice per group). G-l Renal ischemia-reperfusion
model. G 12-week-old C57BL/6 male mice underwent sham surgery or bilateral renal ischemia for 30 min, followed by 6 h of reperfusion. BUN
(H) was measured 6 h after reperfusion. ACBP/DBI (I) was measured at the same time point and normalized to the control group (n =9-19
mice per group). J-M Bile duct ligation model. J 10-week-old male C57BL/6J mice underwent Sham or BDL surgery. Plasma ALT (K) and AST (L)
were measured 14 days after surgery. Plasma ACBP/DBI was determined the same time point (M), normalized to control (n = 4-6 mice per
group). N-Q Hepatic ischemia-reperfusion model. N 12-week-old male C57BL/6J mice underwent hepatic ischemia for 90 min, followed by 4 h
of reperfusion. Plasma ALT (0) and AST (P) levels were measured and plasma ACBP/DBI levels were determined after 4 h of reperfusion (Q),
normalized to control (n = 6-7 mice per group). Data in panels (B, C, E, F) are shown as paired data plots with lines connecting measurements
before and after treatment and were analyzed using paired Student’s t tests. Other panels are presented as box-and-whisker plots and
comparisons between independent groups were performed using unpaired Student’s t tests or Mann-Whitney U tests, as appropriate.BUN
blood urea nitrogen, BDL bile duct ligation, I/R ischemia-reperfusion.
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Fig. 3 Intracellular ACBP/DBI levels decrease in cells undergoing apoptosis, ferroptosis or necroptosis. A-C Apoptosis in Huh7 cells. Cells
were pre-treated with Z-VAD (50 uM) for 1 h, then exposed to cisplatin (50 uM) for 48 h. Plasma membrane permeabilization was assessed
using a green Live/Dead dye and intracellular ACBP/DBI was detected with a red-fluorescent antibody. Signals were quantified by
fluorescence cytometry (A) and confirmed by image cytometry (B). Panel (C) shows the normalized fluorescence intensity of ACBP/DBI in live
and dead cells, with values expressed relative to the control. D-F Ferroptosis in Huh7 cells. Cells were pre-incubated with DFOM (100 pM) for
1h before treatment with IKE (10 uM) for 48 h. Plasma membrane integrity and intracellular ACBP/DBI were analyzed by fluorescence
cytometry (D) and validated by image cytometry (E). Panel (F) shows the normalized fluorescence intensity of ACBP/DBI in live and dead cells,
with values expressed relative to the control. G-l Necroptosis in Jurkat cells. Cells were pre-treated with Nec-1S (10 uM), Q-VD-OPh (10 uM)
and AT406 (10 uM) for 1 h, followed by TNF-a (100 ng/mL) for 24 h. Plasma membrane permeabilization and intracellular ACBP/DBI were
assessed by flow cytometry (G) and image cytometry (H). Panel (I) shows the normalized fluorescence intensity of ACBP/DBI in live and dead
cells, with values expressed relative to the control. Data are presented as mean + SEM. Comparisons among multiple groups were performed
using one-way ANOVA, followed by Siddk’s post hoc test for pairwise comparisons. ND non-detectable, QTA the combination of Q-VD-OPh,
TNF-a and AT406.

infectious, inflammatory, malignant, metabolic or neuropsychiatric
disorders, as well as frailty or multimorbidity, exhibited elevated
plasma ACBP/DBI (Fig. 7B; Supplementary Table 1B). Organ-
specific pathologies, affecting the brain (stroke), heart (ischemic
heart disease), lungs (asthma, chronic obstructive pulmonary

pressure, arterial stiffness, heart rate, troponin T), renal dysfunction
(creatinine, urea, cystatin C, reduced glomerular filtration rate) and
liver dysfunction (ALT, AST, y-GT, bilirubin, low albumin) (Fig. 7A;
Supplementary Table 1A). Compared with healthy controls,
patients with systemic conditions including autoimmune,
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Fig. 4 Cell death induces ACBP/DBI release in both Huh7 and Jurkat cells. A Cells were treated as in Fig. 3. Apoptosis was assessed by
Annexin V-FITC/PI staining using flow cytometry. B Huh7 cells were treated for 48 h with apoptosis inducers, including mitomycin C (50 pM),
cisplatin (50 uM), mitoxantrone (2 uM), oxaliplatin (100 uM), etoposide (100 uM) and thapsigargin (10 uM) or with ferroptosis inducers,
including IKE (10 uM), RSL3 (0.2 uM) and erastin (7.5 uM). Jurkat cells were subjected to necroptosis induction for 24 h with a combination of
Q-VD-OPh (10 pM), TNF-a (100 ng/mL) and AT406 (10 pM), with or without their respective inhibitors. Early apoptotic (Annexin V* PI'") and
late apoptotic/necroptotic (PI*) cells were quantified and ACBP levels in cell culture supernatants are shown as a heatmap. Correlation analyses
demonstrate that extracellular ACBP/DBI positively associates with early cell death (C), late membrane rupture (D) and total cell death events
(E). Group comparisons in Heatmaps were performed using one-way ANOVA followed by Sidék’s post hoc test. Correlations were assessed
using Spearman’s rank correlation, with R values and p-values indicated in each panel. QTA the combination of Q-VD-OPh, AT406 and TNF-a.
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Fig. 5 Apoptosis increases plasma ACBP/DBI in mice. A Experimental schematic: Atg4b™'* and Atg4b™'~ mice were starved for 48 h and blood
was collected before and after starvation. Plasma ACBP levels in Atg4b™'* (B) and Atg4b~’~ (C) mice are shown, normalized to baseline (n = 10-11
mice per group). After a two-week recovery period, Atg4b™’" and Atg4b~’/~ mice received intraperitoneal injection of Jo-2 (0.15 pg/g B.W.).
Plasma ALT (D) and AST (E) were measured 6 h after injection and plasma ACBP/DBI was determined at the same time point (F), normalized to
control (n =8-11 mice per group). G 10-week-old male C57BL/6J mice received Z-VAD (5 mg/kg B.W.) intraperitoneally 1 h prior to Jo-2 (0.15 pg/
g B.W.). Plasma ALT (H, I) and AST (J, K) were measured at 4 h and 6 h after Jo-2 injection. Plasma ACBP/DBI levels at 4 h (L) and 6 h (M) are shown,
normalized to control (n=5 to 15 mice per group). Panels B and C show paired data plots with lines connecting pre- and post-starvation
measurements and were analyzed using paired Student’s t tests. Other panels are shown as box-and-whisker plots and comparisons among
groups were performed using one-way ANOVA with Sidék’s post hoc test or Kruskal-Wallis followed by Dunn’s post hoc test.

disease), kidney (acute tubular injury, chronic nephropathy, renal
failure, transplantation) or liver (steatohepatitis, fibrosis, cirrhosis,
hepatocellular carcinoma), were also associated with increased
circulating ACBP/DBI (Fig. 7B; Supplementary Table 1B). Remark-
ably, even apparently healthy individuals with subclinical risk for
joint replacement, cardiovascular events, cancer, frailty or

SPRINGER NATURE

mortality displayed elevated plasma ACBP/DBI (Fig. 7C; Supple-
mentary Table 10Q) [5, 7-9, 16, 17, 19, 21, 41, 53-78].

In summary, this meta-analysis establishes plasma ACBP/DBI as
a sensitive, systemic biomarker of organ injury and cellular stress
in humans, corroborating and extending mechanistic insights
derived from mouse models.
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Fig. 6 Ferroptosis and necroptosis induce an increase in plasma ACBP/DBI in mice. A Schematic of the experiment: Liver ACBP™* and
ACBP~/~ mice were fasted for 16 h and injected intraperitoneally with APAP (300 mg/kg B.W.). Plasma ALT (B) and AST (C) were measured 16 h
post-injection and plasma ACBP/DBI was determined at the same time (D), normalized to control (n =7-8 mice per group). E 12-week-old

male C57BL/6J mice received DFOM (200 mg/kg B.W.) 1 h prior to APA

P (300 mg/kg B.W.). Plasma ALT (F, G) and AST (H, I) were measured at

16 h and 24 h and plasma ACBP/DBI levels are shown at 16 h (J) and 24 h (K), normalized to control (n = 9-14 mice per group). L 10-week-old

male C57BL/6J mice received a combination of TNF-a (30 pg/kg B.W.)

and D-Gal (250 mg/kg B.W.), with Nec-1S (6 mg/kg B.W.) administered

intravenously 1h prior. Plasma ALT (M) and AST (N) and plasma ACBP/DBI (O) were measured 6 h after treatment, normalized to control
(n = 5-15 mice per group). Data are presented as box-and-whisker plots and comparisons among multiple groups were performed using one-
way ANOVA with Siddk’s post hoc test or Kruskal-Wallis followed by Dunn’s post hoc test.

DISCUSSION

ACBP/DBI is a leaderless polypeptide, meaning that it cannot
undergo conventional, Golgi-dependent protein secretion. How-
ever, ACBP/DBI can be actively secreted by stressed cells in an
autophagy-dependent fashion, meaning that pharmacological
inhibition of autophagy or knockout of the autophagy-relevant
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gene Atg4b can prevent the surge of plasma ACBP/DBI
concentrations in specific circumstances, for example, in response
to fasting or glucocorticoid administration [8, 11, 12]. In this work,
we identify an additional, passive mechanism of ACBP/DBI release
from dying cells. Indeed, our study identifies ACBP/DBI as a
systemic biomarker of cell death and organ injury in humans and
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mice across multiple disease contexts and experimental models.
We demonstrate that plasma ACBP/DBI levels rise in response to
both apoptotic and non-apoptotic cell death, including ferroptosis
and necroptosis and correlate with organ-specific protein
signatures in humans. These findings provide a mechanistic link
between regulated cell death and the circulating proteome,

SPRINGER NATURE

highlighting ACBP/DBI as a central effector released upon loss of
plasma membrane integrity.

In SARS-CoV-2-infected individuals, plasma ACBP/DBI concen-
trations increased with disease severity and were elevated in
patients with comorbidities such as diabetes, obesity, cardiovas-
chronic-obstructive pulmonary disease and cancer

cular disease,
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Fig. 7 Association of plasma ACBP/DBI levels with aging, disease states and future morbidity across human cohorts. A Correlations
between plasma ACBP/DBI concentrations and clinical, biochemical and physiological parameters related to aging, body composition, glucose
and lipid metabolism, inflammation, cardiovascular function, renal function and liver function. For each parameter, the heatmap indicates the
direction and relative strength of the association with plasma ACBP/DBI across cohorts. B Associations between plasma ACBP/DBI levels and
the presence of diagnosed diseases. Disease categories include metabolic diseases and complications, cardiovascular diseases, inflammatory
and autoimmune diseases, pulmonary diseases, infectious diseases, renal disorders, liver diseases, cancer, neurological and psychiatric
disorders and morbidity and frailty. C Associations between plasma ACBP/DBI levels and the risk of future adverse outcomes, including
increased mortality risk, future hip or knee joint replacement, future cancer diagnosis, future frailty and future cardiovascular events. The total
number of individuals analyzed, the number of cohorts and the corresponding references are indicated. Dot density reflects the number of
cohorts reporting a significant association and color represents the relative magnitude and direction of the association (red, positive and blue,
negative). Only associations supported by published cohort studies are included, as explained in Materials and Methods.

[23]. The positive correlations of ACBP/DBI with inflammatory
markers (CRP, neutrophil to lymphocyte ratio, IL-6, SASP) and
indices of organ dysfunction including renal, hepatic and cardiac
parameters, suggest that ACBP/DBI release reflects both systemic
inflammation and multi-organ stress. Notably, proteomic correla-
tion analyses revealed that ACBP/DBI levels are enriched for
proteins predominantly derived from skeletal muscle and
pancreas, pointing to tissue-specific contributions to plasma
ACBP/DBI, a concept supported by our quantitative organ analysis
in mice. The association of ACBP/DBI with pancreatic and muscle
markers may reflect the capacity of SARS-CoV-2 to infect and
replicate in cells of the exocrine pancreas [79] and to cause
pancreatitis [79], myositis [80] and rhabdomyolysis [81].

Mechanistically, our in vitro studies demonstrate that ACBP/DBI
release is coupled to plasma membrane permeabilization rather
than specific cell death pathways. Apoptotic, ferroptotic and
necroptotic cells all exhibited loss of intracellular ACBP/DBI and
concurrent accumulation in the extracellular medium. These
in vitro observations were recapitulated in vivo: hepatocyte
apoptosis induced by Jo-2 antibody, APAP-triggered ferroptosis
and TNF-a + D-Gal-induced necroptosis each resulted in measur-
able increases in plasma ACBP/DBI in mice. Importantly, pharma-
cologic interventions that block cell death, such as Z-VAD for
apoptosis or DFOM for ferroptosis, prevented both organ injury
and ACBP/DBI release, providing causal evidence linking regulated
cell death to circulating ACBP/DBI.

Our liver-specific ACBP/DBI knockout experiments revealed that
hepatocytes are a major source of ACBP/DBI during APAP-induced
injury. Nevertheless, the contribution of other organs such as
kidney, pancreas and skeletal muscle is substantial, as demon-
strated in various mouse models. These findings underscore the
organ-specific yet multi-tissue nature of ACBP/DBI release, which
may explain its broad correlation with diverse pathological states
in humans.

Meta-analysis of human plasma proteomics confirms that ACBP/
DBl is a robust indicator of systemic cellular stress. Across
>100,000 individuals, elevated plasma ACBP/DBI correlates with
aging, metabolic and cardiovascular risk factors, renal and hepatic
dysfunction and increased risk for future morbidity and mortality.
In individuals with organ-specific pathologies, including stroke,
ischemic heart disease, COPD, renal injury and liver disease,
plasma ACBP/DBI levels were consistently elevated, validating the
translational relevance of our mouse and in vitro findings.
Remarkably, even ostensibly healthy individuals at risk of
cardiovascular or malignant disease displayed higher-than-
normal ACBP/DBI plasma concentrations, suggesting its potential
utility as an early-warning biomarker for impending organ stress
or disease.

From a mechanistic perspective, ACBP/DBI may not merely
serve as a passive biomarker but could instead actively participate
in inter-organ communication during cellular stress. Prior studies
indicate that extracellular ACBP/DBI modulates autophagy [26, 27]
and energy metabolism [37, 49] and its rapid release upon
membrane permeabilization could function as a distress signal to
distant organs. This hypothesis aligns with our observation that
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ACBP/DBI correlates with proteins from muscle and pancreas
organs known to secrete endocrine mediators under stress
[82-84]. It is well established that pathologies affecting one organ
tend to accelerate the manifestation of diseases in other organs
[85-89], raising the possibility that ACBP/DBI contributes to this
pathogenic inter-organ communication.

Several implications emerge from our findings. First, plasma
ACBP/DBI provides a quantitative and mechanistic readout of
cell death across multiple modalities and tissues. Second, it
offers clinical translational potential as a biomarker for acute
organ injury, systemic inflammatory states and risk stratification
in both COVID-19 and broader pathologies. Third, the tissue-
specific analysis of ACBP/DBI-correlated proteins may allow for
organ-targeted biomarker profiling, potentially distinguishing
liver versus muscle versus pancreatic injury in complex clinical
scenarios.

In conclusion, our integrated analysis establishes ACBP/DBI as a
central, conserved marker of cell death and organ injury, linking
mechanistic cellular biology to clinically relevant human pheno-
types. This work sets the stage for future studies exploring ACBP/
DBl as both a biomarker and a potential mediator of stress
response, with broad implications for translational medicine and
the monitoring of organ health.

Limitations of the study

While our study integrates human cohorts, mouse models and
in vitro assays to define ACBP/DBI as a systemic biomarker of cell
death, several limitations remain. First, organ-specific contribu-
tions in humans are inferred from proteomic correlations and
therefore require direct tissue-level validation. Second, although
pharmacologic inhibitors link specific cell death pathways to
ACBP/DBI release, off-target effects cannot be fully excluded.
Third, longitudinal dynamics of ACBP/DBI during chronic disease
remain unexplored and the causal roles of extracellular ACBP/DBI
in inter-organ cross-talk are not directly tested. Finally, population
heterogeneity may affect generalizability across ethnicities, ages
and comorbidity profiles.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
authors upon reasonable request.
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