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Lipidomic profiling in metastatic prostate cancer captures
tumor metabolic rewiring and its modulation by androgen
receptor–targeting therapy
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BACKGROUND: Reprogrammed lipid metabolism with massive upregulation of tumor cell-autonomous synthesis of saturated fatty
acids is a hallmark of prostate cancer (PCa) and is driven in part by aberrations in androgen receptor (AR) signaling. While lipid
alterations are well described in primary PCa, the extent to which the circulating lipidome reflects tumor-associated metabolic
changes in metastatic disease, and its role in therapy response, remains to be determined. This study aims to assess whether
plasma lipid profiling captures tumor metabolic rewiring, and whether this reflects response to AR-targeting therapy, in metastatic
castration-resistant PCa (mCRPC).
METHODS: Quantitative plasma lipidomics was performed on plasma samples collected from patients with mCRPC (n= 50) and
cancer-free subjects (C-FS, n= 14). Samples from patients with mCRPC were collected longitudinally at the time of progression on
androgen deprivation therapy prior to initiation of first-line enzalutamide (Enza), after the start of treatment with Enza, before
progression on Enza.
RESULTS: Compared to C-FS, patients with mCRPC showed distinct lipidomic signatures, characterized by increased levels of
monounsaturated lipids and altered composition of the phospholipid and sphingolipid pool, mimicking the aberrations known to
occur in primary PCa tissue. Enza treatment markedly reduced total lipid levels, decreased major phospholipid classes and
ceramides, while increasing sphingomyelins. Notably, quantitative differences in specific sphingolipid species occurring after Enza
treatment correlated with survival outcomes.
CONCLUSIONS: Plasma lipidomics reflects key metabolic features of PCa and is profoundly impacted by AR inhibition, with
prognostic relevance in patients with mCRPC. These findings support its potential as a non-invasive tool for monitoring disease
activity and treatment response, and lay the groundwork for lipid-based biomarkers in mCRPC, while indicating that the lipidomic
alterations observed may help inform ongoing and forthcoming research on metabolic targeting.
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INTRODUCTION
Prostate cancer (PCa) remains a significant global health burden,
particularly in its advanced, treatment-resistant stages [1]. Meta-
static castration-resistant prostate cancer (mCRPC) has a 5-year
survival rate below 50%, despite advances in therapeutic
strategies [2–4]. Among next-generation hormonal agents for
mCRPC, enzalutamide (Enza) has demonstrated survival benefits in

both chemotherapy-naïve and pre-treated patients [5, 6]. It
inhibits key steps in androgen receptor (AR) signaling by blocking
androgen binding, preventing AR nuclear translocation, and
inhibiting DNA binding.
Metabolic reprogramming in PCa promotes a distinct lipogenic

tumor phenotype, marked by increased de novo lipid synthesis,
and altered lipid profiles relative to normal prostate tissue [7–11].
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Consistently, primary PCa tissue exhibits a lipidomic profile
enriched in monounsaturated lipids and elongated fatty acids
within specific phospholipid classes, reflecting enhanced lipids
synthesis, elongation, and desaturation [12–16]. However, the
effects of systemic therapies and in particular of AR-targeting
agents on lipid metabolic pathways remain poorly characterized.
The majority of lipidomics studies in PCa have relied on tumor
tissue analyses, an approach with limited applicability in the
metastatic setting where biopsies are rarely feasible. At the same
time, studies investigating the circulating lipidome in advanced
disease have predominantly focused on correlations between
individual lipids species and clinical outcomes, without addressing
the broader impact of systemic therapy on lipid metabolism.
In the present study, we performed a comprehensive plasma

lipidomic profiling in patients with mCRPC and evaluated long-
itudinal changes during treatment with Enza. By integrating
lipidomic data with clinical parameters and outcome measures,
we sought to elucidate the impact of hormonal therapy on
systemic lipid metabolic reprogramming.

MATERIALS AND METHODS
Patients and study design
The mCRPC cohort included patients from the IRCCS ‘Dino Amadori’
Cancer Institute (Meldola, Italy) initiating Enza as first-line treatment for
castration-resistant disease. The diagnosis of mCRPC was established
according to Prostate Cancer Clinical Trials Working Group 3 (PCWG3) and
RECIST 1.1 criteria. All patients underwent staging with PSMA PET imaging
to confirm metastatic disease and assess tumor burden. Blood samples
were collected at baseline and at predefined time points during treatment.
PSA levels were monitored every 4–6 weeks until death or study cutoff
(April 30, 2024). The first patient was enrolled on January 1, 2018.
Cancer-free subjects (C-FS) served as a control group and consisted of

men undergoing prostate biopsy for digital rectal examination suspicious
for malignancy or elevated prostate specific antigen (PSA) levels at the
Presbyterian Hospital (New York, USA), with histopathology confirming
absence of malignancy.

Samples collection and processing
C-FS fasting blood samples were collected immediately prior to prostate
biopsy. In patients with mCRPC, fasting blood samples were collected at
baseline (after progression on androgen deprivation therapy (ADT) and
before the start of Enza) and every 4 weeks during treatment with Enza
until radiographic progression. All samples were collected in EDTA tubes,
centrifuged at 3000 × g for 10min. The plasma supernatant was further
clarified at 15,000 × g for 10min. Plasma aliquots were then stored at
−80 °C.

Lipidomics analysis
Lipidomic profiling was performed by Lipometrix (KU Leuven, Belgium)
using their liquid chromatography–electrospray ionization tandem mass
spectrometry on a Nexera X2 UHPLC system (Shimadzu) coupled with a
hybrid triple quadrupole/linear ion trap mass spectrometer (6500 + QTRAP
system; AB SCIEX), as previously described [12, 17].

Statistical analysis
All statistical analyses were conducted in the R Environment (Rstudio
version 2024.12.0 + 467.pro1). Lipid concentration values were log-
transformed and scaled before all differential analyses. Linear models
were built to assess the differences in lipid levels between C-FS and
patients with mCRPC. Due to C-FS selection based on sample availability,
analyses were adjusted for age—which differed between C-FS and mCRPC
—and BMI, used as a proxy for patients’ metabolic status. Paired t-test was
used to evaluate lipid changes over time in mCRPC, while Spearman
correlation was used to evaluate associations with continuous clinical
variables. Elongation indexes were calculated for the main PL classes
according to Butler et al. [12]. Briefly, the abundance of each PL species
within the same PL class was expressed relatively to the shortest PL species
of the same saturation subclass. Linear regression models adjusted for age
and BMI were then used to compare elongation indexes between mCRPC
and control subjects.

Survival analyses in patients with mCRPC were conducted using Cox
regression on scaled data. Univariate and multivariable models were used
adjusting for clinically relevant factors, including age, PSA response,
Gleason score of the primary tumor, and disease volume at ADT
progression according to the CHAARTED trial definition [18]. PSA response
was calculated as the ratio of baseline PSA assessed before Enza start to
PSA assessed at the closest time point from sample collection after therapy
start. Radiographic progression was defined using PCWG3 criteria for
skeletal disease and RECIST 1.1 criteria for soft-tissue lesions, and
progression-free survival (PFS) was measured from treatment initiation to
the date of radiographic progression. Both PFS and overall survival (OS)
were measured from ADT progression.

RESULTS
Patient characteristics
Baseline plasma samples were available for a total of 64
individuals, including 14 C-FS and 50 patients with mCRPC.
Among the mCRPC cohort, 42 patients had additional plasma
samples collected after Enza start. For a subset of 7 patients,
samples were also obtained at the time of radiological disease
progression.
Patients with mCRPC were older than C-FS (p-value < 0.0001),

while there were no significant differences in BMI or PSA levels
(Table 1).
In the mCRPC cohort, after a median follow-up of 36.2 months

(range = 4.3 - 124.5 months), 24 patients experienced radio-
graphic progression, and 19 patients died. The median radio-
graphic PFS was 28.2 months (range = 2.5 – 76.1 months).
A detailed summary of subject demographics and clinical

characteristics is provided in Supplementary Table 1.

Plasma lipidomic profiling in patients with mCRPC mimics
aberrations occurring in primary PCa tissue
A total of 2017 plasma lipid species belonging to 17 lipid classes
were assessed and grouped under the three major categories: PL,
sphingolipids (SL), and neutral lipids (triacylglycerols, diacylglycer-
ols, and cholesteryl esters). Raw lipidomics data are available in
Supplementary Table 2. Concentration of total monounsaturated
lipids was significantly higher in patients with mCRPC, even after
adjusting for age and BMI (adjusted p-value= 0.029, Fig. 1A).
Moreover, the overall amount of monounsaturated lipids posi-
tively correlated with PSA levels (Spearman rho = 0.35, p= 0.011;
Fig. 1B), with a trend towards significant association with PSMA-
PET SUV values (Spearman rho = 0.27, p-value= 0.059; Supple-
mentary Fig. 1) in patients with mCRPC. Patients with mCRPC were
relatively enriched for PL, while being depleted of neutral lipids
(Fig. 1C).

Table 1. Baseline characteristics of the study cohorts.

C-FS
(N= 14)

mCRPC
(N= 50)

p-value

Age,
Median (IǪR)

60
(53.25 - 63.75)

77
(69 - 81)

<0.0001

BMI,
Median (IǪR)

25
(24.1 - 27.04)

26.49
(24.61 – 28.07)

0.13

PSA,
Median (IǪR)

4.53
(3.2 - 5.57)

2.1
(1.07 - 5.79)

0.23

Gleason, n (%)
≤7
>7
Not available

/ 18 (36%)
25 (50%)
7 (14%)

FU (y) / 3.02
(2.18 - 4.14)

Data are reported as median and interquartile range (IQR) for continuous
variables and as number (percentage) for categorical variables. PSA:
prostate-specific antigen. FU follow-up duration in years. NA not available.
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In both cohorts, the most represented classes within the PL pool
were phosphatidylethanolamine (PE), phosphatidylcholine (PC),
and phosphatidylinositol (PI). In the mCRPC cohort, a shift in the
distribution of major PL species was observed, specifically
characterized by a relative increase in PE and a decrease in PC
(Fig. 2A). Notably, patients with mCRPC were relatively enriched in
monounsaturated PL and depleted for polyunsaturated PL
(Fig. 2B). In addition, several saturated PL species also appeared
to be increased in mCRPC, although less markedly than

monounsaturated species. We also observed substantial elonga-
tion in the fatty acyl chain of PL across plasma samples from
patients with mCRPC. To quantitatively assess these changes, we
calculated an elongation index for each of the main PL species.
Elongation indexes were defined as the ratio of the abundance of
each PL species to that of the shortest species within its respective
saturation subclass [12]. Indeed, an increased fatty acid chain
length was observed for most PC and PI species in patients with
mCRPC compared to C-FS (Fig. 2C, Supplementary Fig. 2). For PE
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species, an increased chain length was observed mainly in
monounsaturated species (Supplementary Fig. 2).
Significantly higher concentration of ceramides was observed in

mCRPC, even after adjusting for age and BMI (adjusted p= 0.018,
Fig. 2D). No significant differences were observed for the other
main SL classes. Similarly, no significant differences were detected
across the different lipid classes within neutral lipids between the
two study cohorts.

Treatment with Enza is associated with broad changes in the
overall PL and SL pool
To investigate the effects of AR inhibition on systemic lipid
metabolism, longitudinal lipidomic profiling was performed in
patients with mCRPC before and after treatment with Enza and at
radiographic progression.

Enza treatment resulted in a substantial reduction in total lipid
content (p= 0.00015, Fig. 3A). Similarly, the absolute levels of
monounsaturated lipids decreased during Enza treatment
(p= 0.044; Fig. 3B). Analysis of the different lipid categories
revealed a relative decrease in PL, coupled by a relative
enrichment of neutral lipids and SL (Fig. 3C).
A significant decrease was observed for all main PL classes (Fig. 4A),

with a relative increase of PC over PE species (Fig. 4B). Treatment with
Enza was associated with a significant decrease of ceramides and a
significant increase of sphingomyelins (SM) (Fig. 4C, D).

Associations between circulating lipids and survival outcomes
in mCRPC patients
The total monounsaturated ceramides assessed after Enza start
were significantly associated with PFS in univariate analysis
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(Hazard ratio [HR] = 1.81, 95% confidence interval [CI] =
1.10–2.70, p-value= 0.019) and multivariate analyses (HR= 1.67,
95% CI= 1.01–2.76, p-value= 0.044), after adjusting for age, PSA
response, Gleason score of the primary tumor, and volume of
disease (Supplementary Fig. 3). Notably, monounsaturated cer-
amides assessed after Enza start significantly correlated with PSA
response (Spearman rho = 0.34, p-value= 0.027).
A significant association between total SM assessed after Enza

start and both PFS and OS was also observed in univariate analysis
(PFS HR= 0.60, 95% CI= 0.37 - 0.98, p= 0.041: OS HR= 0.53, 95%
CI= 0.30–0.94, p= 0.029). After multivariate adjustment, total SM
concentration remained significantly associated with OS (HR=
0.49, 95% CI= 0.24–0.97, p= 0.04), while showing a strong trend
towards statistical significance for PFS (HR= 0.49, 95%
CI= 0.31–1.01, p= 0.053; Supplementary Fig. 3). No significant
associations between overall PL or sphingolipid classes at baseline
and PFS or OS were found.
Concerning the individual lipid species significant associations

between PFS and 6 individual lipid species were observed at
baseline and 45 lipid species after Enza treatment in both
univariate and multivariate analyses (Fig. 5A; Supplementary
Table 3). For OS, significant associations were observed for
49 species assessed at baseline and 26 species assessed after
Enza start in both univariate and multivariate analyses (Fig. 5A;
Supplementary Table 4). Most associations involved PLs and
neutral lipids, reflecting their higher representation among tested
species. Notably, SL associations with survival increased from
baseline (n= 1) to post-treatment (n= 13), suggesting a potential
link to response to AR-targeted therapy. However, given the
limited sample size, along with the high number of analytes, no
individual lipid species passed correction for multiple testing
through false discovery rate assessment. We then focused on lipid
species previously reported to be linked to Enza response in
patient-derived explants Ki-67 changes [12]. Of these, the
concentration of SM 18:1-18:1 assessed after Enza start was
significantly associated with both PFS and OS in univariate (HR
PFS= 0.55, 95% CI= 0.31–0.99, p= 0.049; HR OS= 0.38, 95%
CI= 0.18–0.84, p= 0.017) and multivariate analyses (HR PFS=
0.39, 95% CI= 0.16–0.96, p= 0.04; HR OS= 0.23, 95%
CI= 0.07–0.71, p= 0.011; Fig. 5B). Kaplan–Meier curves stratifying
patients upon SM 18:1-18:1 concentration assessed after Enza start
further confirmed that patients with higher SM 18:1-18:1 level on-
treatment had significantly better outcomes compared to patients
with lower levels (Fig. 5C). No other significant association
between the lipid species reported by Butler et al and PFS or
OS in our cohort was observed [12].

DISCUSSION
Lipid metabolic reprogramming, driven in part by AR-mediated
transcriptional control of biosynthetic enzymes, is a recognized
hallmark of PCa [19]. While lipidomic changes are well-
characterized in primary tumors, the systemic lipidome in
advanced stages, particularly mCRPC, remains poorly defined.
Limited data on therapy-induced lipidomic shifts hinder under-
standing of AR-driven metabolic adaptations. Recent studies in
both metastatic and localized PCa highlight the central role of
lipid metabolism across disease stages [20, 21]. In this context, our
study provides a comprehensive characterization of the systemic
lipid landscape in patients with mCRPC, integrating longitudinal
plasma lipidomic profiling during treatment with clinical out-
comes, thereby reinforcing and extending this emerging line of
evidence.
Profound alterations in the circulating lipidome of patients with

mCRPC were observed, reflecting both tumor and therapy-driven
remodeling. Compared to C-FS, mCRPC patients exhibit a distinct
enrichment in monounsaturated and long-chain PL.

These changes, consistent with previous findings in primary
PCa, suggest increased activity of AR-regulated enzymes such as
fatty acid synthase (FASN), stearoyl-CoA desaturase (SCD), and
elongases of very long-chain fatty acids (ELOVL) involved in
denovo lipogenesis, membrane biogenesis, proliferation, and
resistance to oxidative stress [22–25]. Moreover, circulating
monounsaturated lipid levels also positively correlated with PSA
concentrations, reinforcing their association with both tumor
burden and clinical disease activity.
Lipid class analysis reveals a shift from energy storage toward

membrane biosynthesis, with reduced levels of neutral lipids (e.g.,
triglycerides, cholesterol esters) and increased phospholipids. The
relative enrichment of PE compared to PC within the phospholipid
pool suggests a remodeling of membrane composition that
prevents ER stress and the unfolded protein response in mCRPC,
as well as enhance membrane fluidity. These changes, in part
reversed by Enza treatment, could contribute to key malignant
features such as increased proliferative capacity, invasive poten-
tial, and metastatic ability, ultimately supporting tumor cell
adaptation and resistance to therapy. Elevated ceramides,
increased in mCRPC, may modulate cellular response to treatment
through their impact on apoptosis, cell-survival, and DNA repair
regulation [26].
A major strength of our study lies in the longitudinal

assessment of the systematic lipidomics during Enza treatment,
combined with the clinical homogeneity of the cohort in terms of
baseline characteristics and prior treatments, which enhances the
reliability and interpretability of the findings.
Enza treatment was followed by a significant reduction of total

lipids and monounsaturated fats, indicating suppressed lipid
biosynthesis. It also induced coordinated remodeling across lipid
classes, with decreased ceramides and major PLs, and increased
SM—possibly reflecting a compensatory response to limit
ceramide-induced cytotoxicity under AR inhibition [27]. In this
context, the altered balance between SM and ceramides observed
in our cohort may act as a sensor of cellular stress responses [27].
Moreover, androgen-dependent regulation of sphingolipid signal-
ing has been previously demonstrated in prostate cancer models,
supporting a functional interplay between androgen signaling and
sphingolipid homeostasis [28, 29]
At radiographic progression, monounsaturated lipids began

reverting toward pre- treatment levels, suggesting reactivation of
resistance-associated metabolic programs
and highlighting the tumor’s metabolic plasticity. However, the

limited sample size warrants further investigation.
The association between SL and clinical outcomes has been

documented in previous studies, and these results corroborate
these observations [26, 30–34]. Among the sphingolipid species,
SM 18:1;18:1 emerged as a lipid with prognostic relevance. This
sphingomyelin species is predominantly derived from the extra-
cellular sphingomyelin pool via caveolin-1–mediated trafficking,
linking its circulating levels to membrane dynamics and lipid
exchange processes [35]. In line with these biological features, and
consistent with the findings reported by Butler et al., SM 18:1;18:1
was associated with response to enzalutamide in patient-derived
prostate cancer explants [12]. We independently validated that
elevated circulating SM 18:1;18:1 during Enza treatment correlates
with improved PFS and OS, even after adjusting for clinical
covariates. This relationship may reflect a treatment-induced
rebalancing of the ceramide–sphingomyelin axis, a pathway
known to modulate cell fate decisions in cancer. Higher levels of
SM 18:1;18:1 could mitigate the accumulation of bioactive
ceramides that drive DNA damage, as we previously reported
[15]. Furthermore higher SM 18:1;18:1 level may help stabilize
membrane microdomains, supporting a sphingolipid environment
that is less permissive to pro-survival and stress-response
signaling.
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While these results highlight distinct lipid alterations, these may
arise both from the host, or the tumor itself. The clear response to
Enza, however, strongly suggest a tumor origin reflected in serum
lipids. This has been clearly demonstrated in mouse models of PCa
[13, 36]. Thus, these findings support plasma lipidomics as an
indirect surrogate of tumor metabolic state. Over and above their
biomarker value for monitoring disease progression, the circulat-
ing lipidome may also inform therapeutic strategies, particularly in
patients under AR-targeted therapy. In addition, ongoing trials
targeting lipid metabolism further underscore the therapeutic
relevance of this pathway in PCa (NCT05743621) [16].
Although many patients in the mCRPC cohort had progressed

on ADT monotherapy—no longer recommended as first-line
treatment for mCRPC—the lipidomic changes observed following
androgen deprivation likely reflect fundamental androgen-
regulated metabolic alterations that are maintained under
contemporary, intensified therapeutic regimens. Accordingly, the
lipid signatures identified in this study may capture intrinsic
aspects of advanced PCa biology rather than effects strictly
dependent on a specific treatment sequence.
While the study provides novel insights on the dysregulation of

lipid metabolism and its potential utility in the clinical manage-
ment of advanced PCa, some considerations remain. The control
cohort was not stratified by clinical parameters, introducing
potential variability. The small metastatic cohort size, especially
the progressive subgroup, may limit generalizability despite
cohort homogeneity. Additionally, unrecorded dietary habits and
medications could have influenced lipidomic profiles.

CONCLUSION
This study identifies the plasma lipidome as a dynamic and
disease stage-specific metabolic signature in mCRPC, both at
baseline and during Enza treatment. The observed lipidomic
alterations likely reflect tumor biology, AR signaling activity, and
adaptive responses to therapy. Among the species identified, SM
18:1–18:1 emerged as a promising prognostic biomarker, with
independent associations with clinical outcomes, in line with
reports from prior preclinical studies. These findings support the
clinical utility of plasma lipidomics as a non-invasive biomarker
platform and highlight its potential to inform precision medicine
strategies in advanced PCa.
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