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ABSTRACT: Metabolic perturbations and inflammatory mediators
play a fundamental role in both early and late adverse post-acute
ischemic stroke outcomes. Using data from the observational
MAGIC (MArker bioloGici nell’Ictus Cerebrale) study, we evaluated
the effect of 130 serum metabolic features, using a nuclear magnetic
spectroscopy approach, on the following outcomes: hemorrhagic
transformation at 24 h after stroke, non-response to intravenous
thrombolytic treatment with the recombinant tissue plasminogen
activator (rt-PA), and the 3 month functional outcome. Blood
circulating metabolites, lipoproteins, and inflammatory markers were
assessed at the baseline and 24 h after rt-PA treatment. Adjusting for
the major determinants for unfavorable outcomes (i.e., age, sex, time
onset-to-treatment, etc.), we found that acetone and 3-hydroxybu-
tyrate were associated with symptomatic hemorrhagic transformation and with non-response to rt-PA; while 24 h after rt-PA, levels
of triglycerides high-density lipoprotein (HDL) and triglycerides low-density lipoprotein (LDL) were associated with 3 month
mortality. Cholesterol and phospholipids levels, mainly related to smaller and denser very low-density lipoprotein (VLDL) and LDL
subfractions were associated with 3 month poor functional outcomes. We also reported associations between baseline 24 h relative
variation (Δ) in VLDL subfractions and ΔC-reactive protein, Δinterleukin-10 levels with hemorrhagic transformation. All observed
metabolic changes reflect a general condition of energy failure, oxidative stress, and systemic inflammation that characterize the
development of adverse outcomes.
KEYWORDS: ischemic stroke, metabolomics, lipoproteomics, nuclear magnetic resonance

1. INTRODUCTION
Ischemic stroke is a leading cause of death and disability
continuously increasing1 and contributing significantly to
health costs. There is an urgent need to find biomarkers
useful for clinical practice and to better understand metabolic
dysregulation on the basis of the pathophysiological mecha-
nisms of the disease. In this light, metabolic perturbations are
fundamental events that contribute to ischemic stroke, its
progression, and the development of unfavorable outcomes.2−5

Regarding the knowledge about biomarkers associated with
poor prognosis in the setting of stroke patients treated with
thrombolysis, little evidence has been reported (i.e., glucose).6

Dyslipidaemia is a risk factor contributing to the onset of
ischemic stroke; high levels of total cholesterol and low-density
lipoprotein (LDL) cholesterol increase the risk for cerebral
ischemia.7,8 However, the effects of lipid levels on clinical
outcomes after the ischemic attack are controversial: high total
cholesterol and LDL levels have been associated with better

functional and vital outcomes after stroke,9,10 while low LDL
levels increased the risk of early symptomatic intracranial
hemorrhage11 and low total cholesterol was related to a worse
functional outcome in ischemic stroke patients after the
thrombolytic treatment.12 Therefore, the effective contribution
of lipid levels to stroke outcomes, particularly after
thrombolysis, needs to be further investigated.

In this framework, nuclear magnetic resonance (NMR)-
based metabolomics can provide crucial information, allowing
a high-throughput analysis of various types of samples (i.e.,
blood and urine) and giving information on various molecular

Received: June 3, 2022
Published: December 5, 2022

Articlepubs.acs.org/jpr

© 2022 The Authors. Published by
American Chemical Society

16
https://doi.org/10.1021/acs.jproteome.2c00333

J. Proteome Res. 2023, 22, 16−25

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 D

E
G

L
I 

ST
U

D
I 

D
I 

FI
R

E
N

Z
E

 o
n 

M
ar

ch
 1

8,
 2

02
4 

at
 1

7:
12

:3
3 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cristina+Licari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leonardo+Tenori"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesca+Di+Cesare"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claudio+Luchinat"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Betti+Giusti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ada+Kura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rosina+De+Cario"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rosina+De+Cario"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Domenico+Inzitari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benedetta+Piccardi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mascia+Nesi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cristina+Sarti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesco+Arba"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vanessa+Palumbo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vanessa+Palumbo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patrizia+Nencini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rossella+Marcucci"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Maria+Gori"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elena+Sticchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jproteome.2c00333&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.2c00333?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.2c00333?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.2c00333?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.2c00333?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.2c00333?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jprobs/22/1?ref=pdf
https://pubs.acs.org/toc/jprobs/22/1?ref=pdf
https://pubs.acs.org/toc/jprobs/22/1?ref=pdf
https://pubs.acs.org/toc/jprobs/22/1?ref=pdf
pubs.acs.org/jpr?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jproteome.2c00333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jpr?ref=pdf
https://pubs.acs.org/jpr?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


features present in biological matrices.13,14 Here, using data of
patients enrolled in the MAGIC (MArker bioloGici nell’Ictus
Cerebrale) study,15−17 we aimed at providing metabolic
insights underlying susceptibility to early and late post-acute
ischemic stroke (AIS) adverse outcomes.

We also studied the interplay between statistically significant
metabolomic features and circulating inflammatory markers,
such as Δ of metalloproteinase 9 (MMP9), alpha2 macro-
globulin (A2M), serum amyloid protein (SAP), C reactive
protein (CRP), interleukins (ILs), tumor necrosis factor alpha
(TNFα), and monocyte chemo-attractant protein I (MCPI),
resulted to be statistically associated to secondary intracerebral
hemorrhage (sICH), 3 month mortality, and 3 month poor
functional outcome, as previously described in the publication
of Gori et al.16

An overview of the present study design is reported in Figure
1.

2. MATERIALS AND METHODS

2.1. Study Population and Outcomes

The subjects and the study samples considered are from the
MAGIC study15,16 in which 327 patients were enrolled; only
subjects for whom serum aliquots were available for
metabolomics analysis are considered in this study (n = 243).

The study population considered here is characterized by
patients who had an AIS and were admitted for thrombolysis
treatment with the recombinant tissue plasminogen activator
(rt-PA), in 14 different Italian centers, registered in the Safe
Implementation of Thrombolysis in Stroke International
Stroke Thrombolysis Register (SITS-ISTR, www.
sitsinternational.org), according to the SITS-Monitoring
Study criteria,18 in the frame of the national, observational,
and multicentric MAGIC study.15,16

The whole study focuses on the analysis of serum samples
collected at two different time points: before (t1) and 24 h after
(t2) the administration of rt-PA. Adverse outcomes were
defined as follows: (i) early outcomes (24 h) characterized by
development of symptomatic intracerebral hemorrhage
(sICH), according to the National Institute of Neurological
Disorders and Stroke criteria,19 and the absence of clinical
response to systemic thrombolysis [<4 point decrease on 24 h
National Institutes of Health Stroke Scale (NIHSS)] and (ii)
late outcomes (3 months) characterized by death and disability
defined as the modified Rankin scale (mRS), dichotomized
into a good (mRS, 0−2) or poor (mRS, 3−6) functional status.

A description of the clinical and demographic characteristics
of the patients is reported in Table 1.
2.2. Ethical Issues

The study protocol was approved by the local Ethical
Committee of each participating Centre, which complies
with the Declaration of Helsinki. All patients gave informed
consent.
2.3. NMR Sample Collection and Preparation

Whole venous blood was collected in tubes without an
anticoagulant, before and 24 h after thrombolysis. Tubes were
centrifuged at room temperature at 1500g for 15 min, and the
supernatants were stored in aliquots at −80 °C until NMR
measurements.

For metabolomic analyses, serum samples were prepared
following the details reported elsewhere.13

2.4. NMR Experiments

Serum samples were analyzed using a Bruker 600 MHz
spectrometer working at a 600.13 MHz proton Larmor
frequency equipped with a 5 mm PATXI 1H−13C−15N and
2H decoupling probe. This includes a z-axis gradient coil, an

Figure 1. Graphical representation of the analysis followed to identify, in serum samples, possible predictors of early and late adverse outcomes of
AIS treated with intravenous thrombolysis with rt-PA. Blood samples were collected before (t1) and 24 h after (t2) the administration of rt-PA.
Early adverse outcomes were defined 24 h after the event, as follows: development of sICH and non-response to the intravenous thrombolysis. Late
outcomes [mortality and disability (mRS 3−6)] were defined 3 months after the transient ischemia. For each time point, 1D NMR spectra have
been acquired and therefore used to estimate metabolite and lipid concentrations; t1, t2, and Δ(pre−post)rt‑PA concentrations of metabolites/
lipoprotein.
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automatic tuning−matching, and an automatic and refrigerated
sample changer (SampleJet). To stabilize approximately at the
level of ±0.1 K, the sample temperature (310 K), a BTO 2000
thermocouple was employed and each NMR tube was kept for
at least 5 min inside the NMR probe head to equilibrate the
acquisition temperature of 310 K.

For each serum specimen, three one-dimensional proton
NMR spectra [i.e., 1D nuclear Overhauser effect spectroscopy
(NOESY), 1D Carr−Purcell−Meiboom−Gill, and 1D diffu-
sion-edited] were acquired with different pulse sequences,20−22

allowing the selective detection of different molecular
components. Detailed procedures on parameters of NMR
experiments are reported elsewhere.13

Raw NMR data were multiplied by an exponential function
of 0.3 Hz line-broadening factor before the application of
Fourier transform. Phase and baseline distortions were
automatically corrected, and transformed spectra were
calibrated to the glucose doublet at 5.24 ppm using TopSpin
3.2 (BrukerBioSpin).
2.5. Metabolite and Lipoprotein Identification and
Quantification
18 metabolites and 112 lipoproteins were identified and
estimated from 1H 1D NOESY NMR spectra according to
Bruker’s B.I.-LISA protocols.23 A complete list of the molecular
features analyzed in this study is presented in Table S1.
2.6. Laboratory Measurements
Levels of different inflammatory markers(IL, TNFα, CRP,
A2M, SAP, and MCPI) have been measured, as previously
reported in Gori et al.16

2.7. Statistical Analysis
2.7.1. Demographic and Clinics. For demographics,

clinical characteristics, and risk factors, a t-test and a χ-square
test were applied, respectively, for comparisons including
continuous variables and categorical variables.
2.7.2. Exploratory Analysis. Principal component analysis

(PCA)24,25 was performed to explore data patterns. Data were
scaled to unit variance before analysis.
2.7.3. Correlation Analysis. Pearson correlation anal-

ysis26,27 was used to study the potential association between
inflammatory markers and metabolomics data at t1 and t2. The
significance threshold has been imposed at a P-value of < 0.05.

For completeness, adjusted P-values, using the Benjamini−
Hochberg method,28 were also reported.
2.7.4. Penalized Logistic Regression Analyses. As main

explanatory variables, we considered the baseline (t1), 24 h
post (t2) rt-PA, and a single patient’s relative pre-24 h and
post-rt-PA variation [Δ(pre−post)rt‑PA] of metabolites and
lipid concentrations.

For each metabolite or lipid x, the variation in terms of
concentration between the time points t1 and t2 was calculated
as follows

x
x xt t

x x(pre post)

2
t trt PA

2 1

1 2
= +

(1)

The statistically robust effect of each variable at t1, t2, or
considering Δ(pre−post)rt‑PA on the four adverse outcomes
was estimated by penalized logistic regression analysis,29

including as covariates different patients’ characteristics, that
is, age, sex, baseline, 24 h post-blood glucose (for t1 and t2
models, respectively), baseline NIHSS, time onset-to treat-
ment, blood collection center, risk factors, and comorbidities
(i.e., history of atrial fibrillation, congestive heart failure, recent
infections or inflammations, hypertension, diabetes, hyper-
lipidaemia, and smoke).

Odd ratio (OR) values and 95% confidence interval (95%
CI) were reported for each metabolite or lipoprotein analyzed.
For completeness, adjusted P-values, obtained using the
Benjamini−Hochberg method,28 were also reported. Since
correction for multiple testing increases the risk of false a
negative, especially in the case where (possibly) weak
associations are tested on a large number of variables, we
presented both corrected and uncorrected P-values. We
considered significant P-values < 0.05.
2.7.5. Receiver Operating Characteristic Curve Anal-

ysis. Adverse outcomes were evaluated also by applying
receiver operating characteristic (ROC) curve analysis on
selected analytes at t1 and t2 and considering specific patient’s
relative metabolites and lipids Δ(pre−post)rt‑PA concentra-
tions.

In detail, for each of the evaluated outcomes, we estimated
the values of the area under the ROC curve (AUC-ROC) for
two different penalized logistic regression models. First, we
calculated AUC values for models [hereafter referred as “Bas1”
for t1 and Δ(pre−post)rt‑PA, and “Bas2” for t2] that included
only clinical and risk factors known to affect the outcomes (i.e.,
age, gender, blood collection center, time onset-to-treatment,
recent infections or inflammations, glycemia, NIHSS, history of
atrial fibrillation, and congestive heart failure). Second, we
quantify how much the addition of a combination of
metabolomic features increases the prediction for events
when added to each “Bas” ROC curve model. The metabolites
and/or lipoproteins to be included are chosen among the top
three statistically significant features based on the results of the
penalized logistic regression models.

Third, for t1 and Δ(pre−post)rt‑PA ROC models, we
combined statistically significant metabolic features with
specific blood circulating inflammatory markers statistically
associated with sICH, 3 month mortality, and 3 month poor
functional outcome (mRS = 3−6), selecting them based on the
results reported in the original publication of Gori et al.16

For all ROC models, 95% CIs of the AUC values have been
calculated, together with a P-value, to highlight any significant
changes in the prediction of the adverse outcome after

Table 1. Demographic and Clinical Characteristics of the
243 Patients Selected for This Studya

demographics n = 243

age, years, mean and SD 68.8 ± 11.9
sex (male), n (%) 137 (56.4%)
onset to treatment time, minutes, mean and SD 163.4 ± 83.7
NIHSS, mean and SD 11.9 ± 6.1
baseline systolic blood pressure, mmHg, mean and SD 147.5 ± 21.3
baseline diastolic blood pressure, mmHg, mean and SD 79.7 ± 12.7
blood glucose, mg/dL, mean and SD 130.2 ± 49.5

Risk Factors
hypertension, n (%) 143 (58.8%)
diabetes, n (%) 36 (14.8%)
hyperlipidaemia, n (%) 56 (23%)
current smoking, n (%) 35 (14.4%)
atrial fibrillation, n (%) 56 (23%)
congestive heart failure, n (%) 26 (10.7%)

aMain abbreviations: SD: standard deviation and NIHSS: National
Institutes of Health Stroke Scale.
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considering the association of metabolomics and clinical
features.

To avoid overfitting, before performing any ROC analysis,
all penalized logistic regression models were cross-validated
using the leave-one-out scheme.
2.7.6. Software. All statistical analyses were performed

using R (version 3.5.3), an open-source software for the
statistical management of data.30 Penalized logistic regression
models were built using the logistf function of the R package
“logistf”.29,31 To perform ROC analysis roc function of the R
package, “pROC” was used.32 To perform correlation analysis,
the rcorr function of the R package “Hmisc” was used. The
plot was generated using the R package “ggplot2”.33

3. RESULTS

3.1. Exploration Analysis and Association between
Molecular Features and Inflammatory Markers
All analyses have been performed using data from 243 patients
of the original cohort belonging to the MAGIC study.15,16

Notwithstanding this, all demographics, clinical characteristics,
and risk factors do not statistically change (P-value > 0.05)
between the original cohort and the sub-cohorts analyzed in
this study (see Table S2). First, as a multivariate exploratory
approach, PCA was performed using all 18 metabolites and
112 lipoproteins detected on n = 243 serum NMR spectra in
order to obtain an overview of the variation in the data and to
check the presence of metabolic signatures among the different
evaluated conditions. As shown in Figure 2, there is no

separation among the samples collected before (t1) and 24 h
after (t2) the administration of rt-PA, and no outliers are
highlighted, confirming the good quality of the data.

To highlight potential associations between molecular
features and inflammatory markers before (t1) and 24 h after
(t2) rt-PA, Pearson correlation analysis was also performed. In
Tables S3 and S4, only the significant correlations (P-value <
0.05) were reported, respectively, for t1 and t2 time points.
Before the administration of rt-PA (t1) we observed, in
particular, correlations between lipoproteins and IL-8 and

CRP; after the administration of rt-PA (t2), we observed, in
particular, correlations between lipoproteins and IL-6, IL-12
and CRP. It is important to underline that no strong
correlations (Pearson’s coefficient r> |0.6| were observed.
3.2. Molecular Features Associated with Early Adverse
Outcomes

3.2.1. Development of sICH. Before starting the
thrombolytic therapy (t1), acetone and 3-hydroxybutyrate
were determined to be the only metabolites significantly (P-
values < 0.05) associated with the development of
symptomatic intracranial hemorrhage. At t2, 18 lipids out of
112 were associated with the evaluated outcome, especially
lipids related to bigger and less dense very low-density
lipoprotein (VLDL) particles. Considering Δ(pre−post)rt‑PA
metabolite/lipid concentrations, we reported phenylalanine,
pyruvate, and glucose to be the most statistically associated
metabolites, while among lipid parameters, phospholipids
related to VLDL particles are the most statistically associated
analytes (see Table 2). To view the complete lists of all
metabolites and lipids effects at t1, t2, and Δ(pre−post)rt‑PA, we
refer the reader to the Supporting Information (Tables S5−
S7).

Considering these results, as reported in Table 3, for the t1
time point, the addition of acetone and 3-hydroxybutyrate to
the Bas1 ROC curve model did not statistically improve the
AUC value (model Bas1: AUC = 0.58 and model Bas1 + G:
AUC = 0.59, P-value = 0.349). Adding baseline levels of the
interleukin I receptor antagonist (IL-IRa) and IL-10 to Bas1 +
G model, the resulting model got worse (model Bas1 + G + P:
AUC = 0.51, P-value = 0.87).

For the t2 time point, the addition of VLDL-2 cholesterol,
phospholipids, and triglycerides to the Bas2 model statistically
increased the baseline AUC value of 0.556 to a value of 0.636
(P-value = 0.039, model Bas2 + H).

Finally, considering Δ(pre−post)rt‑PA metabolic feature
concentrations, adding the values related to VLDL phospho-
lipid main fraction and the ones related to the VLDL-2
cholesterol and phospholipid subfractions to the Bas 1 ROC
model, we obtained an improvement of the related AUC value,
changing from 0.58 to a value of 0.65 (P-value = 0.063, model
Bas1 + I). Moreover, ROC analysis demonstrated that the
addition of ΔCRP and ΔIL-10 to the Bas1 + I model
significantly improved the AUC for the prediction of sICH in
AIS patients treated with thrombolysis (model Bas1 + I + Q:
AUC = 0.75, P-value = 2.07 × 10−5).
3.2.2. Non-response to the Intravenous Thrombolytic

Therapy. At the t1 time point, acetone and 3-hydroxybutyrate
were determined to be associated with the non-response to the
intravenous thrombolysis. At t2, we estimated the association
for phenylalanine, VLDL-5 phospholipids, high-density lip-
oprotein (HDL)-4 triglycerides, HDL-2 free cholesterol,
acetone, and 3-hydroxybutyrate. About Δ(pre−post)rt‑PA,
alanine, acetone, the total particle number of Apo-B100,
related LDL-3 sub-particles, and HDL-4 triglycerides were the
significant predictors of non-response to the therapeutic
thrombolytic treatment (see Tables 2, and S5−S7).

As reported in Table 3, at t1, the addiction of acetone and 3-
hydroxybutyrate to the baseline Bas1 ROC curve model did
not statistically improve the AUC (model Bas1: AUC = 0.54
and model Bas1 + J: AUC = 0.55). At t2, adding the same two
ketone bodies, also reporting FDR values < 0.05, to the Bas2
ROC curve model, the AUC significantly increased to a value

Figure 2. Scatter plot of PCA, taking into account the first two
principal components. The red dots represent the serum metabolic
profiles collected before (t1) the administration of rt-PA, and the
green dots represent the serum metabolic profiles collected 24 h after
(t2) the administration of rt-PA.
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of 0.62 (model Bas2 + K). Regarding Δ(pre−post)rt‑PA, the
addition of acetone, the LDL-3 particle number, and LDL-3
apolipoprotein-B to the respective Bas1 ROC curve model led
to a slight and not significant improvement of the AUC,
changing from 0.54 to 0.58 (model Bas1 + L).
3.3. Molecular Features Associated with Late Adverse
Outcomes

3.3.1. 3 Month Mortality. As reported in Table 2,
triglycerides related to the HDL-3 subfraction are the only
analytes presenting an association with the AIS patients’ 3
month mortality at t1. For t2, HDL triglycerides, LDL-6 related
cholesterol, triglycerides and phospholipids, HDL-3, and HDL-
4 triglycerides were determined associated with this late
outcome. Considering Δ(pre-−post)rt‑PA, triglycerides related
to LDL and HDL particles and LDL-1, LDL-2, and HDL-4
sub-particles were determined associated with 3 month
mortality (for more information see Tables S5−S7).

At t1, after adding triglycerides related to the HDL-3
subfraction to the Bas1 ROC model, the AUC did not improve
(model Bas1 + A). Adding to this model levels of ΔMMP9,
SAP, and A2M, a non-statistically significant improvement of
the AUC was obtained (model Bas + A + M: AUC = 0.75, P-
value = 0.28). At t2, after adding LDL-6, HDL-triglycerides,
and LDL-6 cholesterol to the related baseline model, the AUC
increased, without a statistical significance, from 0.76 to 0.80
(Bas2 + B). Lastly, considering Δ(pre−post)rt‑PA, the addition
of HDL, LDL, and LDL-2 triglycerides to the Bas1 ROC curve
model increased, without significance, the AUC value from
0.72 to 0.74 (Bas1 + C). The Δ(pre−post) levels of IL-IRa, IL-
10, and TNFα were added to the model Bas1 + C; the Bas1 +
C + N model was determined to be worse (AUC = 69.5 and P-
value = 0.29) (see Table 3).
3.3.2. 3 Month mRS 3−6. As reported in Table 2, at t1, 15

different lipids, mainly related to small dense VLDL, LDL, and
HDL particles, were statistically associated with a 3 month
poor functional outcome (mRS = 3−6). Considering t2
samples, acetic acid, 3-hydroxybutyrate, and 16 different lipids
were determined to be statistically related to the development
of poor functional outcomes (mRS = 3−6). Among the 16
lipids, triglycerides, total cholesterol, and free cholesterol
estimated for LDL-6 subfractions appeared to be the most
statistically significant associated metabolic features. When
relating Δ(pre−post)rt‑PA metabolite and lipid concentrations
to the 3 month poor functional outcome (mRS = 3−6), we
found that glutamate, acetate, free cholesterol, phospholipids,
and Apo A2, related mainly to HDL-1 and HDL-2, were
statistically associated with the outcome (for more informa-
tion, see Tables S5−S7).

As reported in Table 3, at t1, the addition of the top three
statistically associated lipid fractions to the related baseline
ROC model built at t1 did not statistically improve the AUC
(model Bas1: AUC = 0.81 and model Bas1 + D AUC = 0.83,
P-value = 0.193). For the ROC curve analysis, at t2, the
addition of 24 h post rt-PA values of VLDL-5 cholesterol,
LDL-6 free cholesterol, and LDL-6 triglycerides, reporting also
FDR values < 0.05 in the penalized logistic regression, to the
Bas2 ROC model, led to a statically significant improvement in
the already good value of the baseline AUC (model Bas2:
AUC = 0.807 and model Bas2 + E: AUC = 0.844, P-value =
0.037). Considering Δ(pre−post)rt‑PA, adding glutamate and
ApoA2, related to both HDL-1 and HDL-2, to the Bas1 ROC
curve model, the AUC remained the same (model Bas1: AUCT
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= 0.81 and model Bas1 + F: AUC = 0.81, P-value = 0.57).
Lastly, adding to the Bas1 + F model Δ values of IL-6, IL-8, IL-
10, IL-12, MCPI, TNFα, and CRP, the resulting Bas1 + F + O
model, reported a similar value of the AUC (model Bas1 + F +
O: AUC = 0.80, P-value = 0.83).

4. DISCUSSION
We observed that various metabolomic features (especially
lipids related to HDL, LDL, VLDL particles, and ketone
bodies) resulted to be statistically associated (P-value < 0.05)
with each of the assessed post-AIS adverse outcomes. Since
correction for multiple testing increases the risk of false
negatives, especially in the case where (possibly) weak
associations are tested on a large number of variables, in this
work, we present both corrected and uncorrected P-values and
discussing the biological implications of the results for which
P-values were significant before correction, improving the value
of baseline AUC models for each specific outcome. Combining
metabolomic features with inflammatory markers resulted in
statistically significant associations among Δ levels of VLDL-2
cholesterol, VLDL-2 phospholipids, the main fraction of VLDL
phospholipids, and ΔCRP, ΔIL-10 for the prediction of sICH.

We observed that acetone and 3-hydroxybutyrate appear to
be involved in the symptomatic development of intracranial
hemorrhage and in the non-response to the thrombolytic
therapy, while t2 triglycerides levels, mainly associated with
HDL and LDL particles, seem to be related to 3 month death.
Moreover, alteration of cholesterol and phospholipids levels,

mainly related to smaller and denser VLDL and LDL sub-
particles, may be involved in the development of post-stroke
impairments and neurological disabilities.

Many studies evidenced associations between lipids and
ischemic stroke,2,4 demonstrating how these molecules are
involved in the etiology and progression of AIS. Serum
cholesterol is an independent predictor for long-term func-
tional outcomes, and higher serum total cholesterol levels have
been associated with better prognosis.34 Triglycerides have
been significantly associated with the risk of stroke and carotid
atherosclerosis,35 but the biological mechanisms by which they
could affect the 3 month death or the survival of AIS patients
need further investigations. Since triglycerides are hydrolyzed
to fatty acids to furnish alternative energy sources during stress
conditions, we can hypothesize a situation of energy failure,
thus leading to an increase in demand for energy and an
enhanced transition from aerobic to anaerobic glycolysis. As a
consequence, levels of pyruvate and lactate may change,
altering their role in providing substitute energy fuel and in
metabolic pathways of neuroprotection where lactate is
normally largely involved.36 Moreover, citrate and ketone
body levels can change to restore energy homeostasis. It
demonstrated a significant increase of serum ketone bodies in
response to angioplasty-induced ischemia applied in patients
with stable angina, hypothesizing that changes in the
metabolism of ketone bodies could be related to the
reperfusion oxidative stress.37

Table 3. ROC Curve Models For t1, t2, and Δ(pre-post)rt‑PA, Metabolites/Lipids Values Considering Early (sICH, Non-
Response to Thrombolysis) and Late (Three-Month Mortality and Three-Month Poor Functional Outcome) Outcomes. AUC
Values Are Reported Both for Models Built Considering Only Clinical Characteristics, Risk Factors, And Comorbidities
(Referred to As Bas1 or Bas2 for t1, Δ(pre-post)rt‑PA, and t2 Samples, Respectively), And for Models Obtained after Adding
Selected Combinations among the Top Three Statistically Significant Metabolomic Features, Selected from Previous Penalized
Logistic Regression Analysis; Models Obtained after Combining Metabolic Features and Circulating Inflammatory Markers
Statistically Associated with sICH, Mortality, And Poor Functional Outcome Are Also Described. 95% CIs And P-values (P)
Are Also Reporteda

aAbbreviations used: Bas1: correction for age, gender, blood collection center, time onset-to-treatment, recent infections or inflammations, baseline
values of glycemia, NIHSS, history of atrial fibrillation, and congestive heart failure; Bas2: correction for age, gender, blood collection center, time
onset-to-treatment, 24h post rt-PA glycemia, recent infections or inflammations, baseline values of NIHSS, history of atrial fibrillation, and
congestive heart failure. A: DL-3 triglycerides; B: LDL-6 triglycerides, HDL triglycerides, LDL-6 cholesterol; C: main fraction triglycerides LDL,
HDL, LDL-2 triglycerides; D: HDL-3 phospholipids, HDL phospholipids main fraction, HDL/LDL cholesterol; E: VLDL-5 cholesterol, LDL-6
free cholesterol, LDL-6 triglycerides; F: glutamate, HDL-1 apolipoprotein A2, HDL-2 apolipoprotein A2; G: 3-HB, acetone; H: VLDL-2
cholesterol/phospholipids/triglycerides; I: main fraction VLDL phospholipids, VLDL-2 cholesterol, VLDL-2 phospholipids; J: 3-HB, acetone; K:
3-hydroxybutyrate, acetone; L: acetone, LDL-3 particle number, LDL-3 apolipoprotein B; M: ΔMMP9, SAP, and A2M; N: ΔIL-IRa, ΔIL-10, and
ΔTNFα; O: ΔIL-6, ΔIL-8, ΔIL-10, ΔIL-12, ΔMCPI, ΔTNFα, and ΔCRP; and P: IL-Ira, IL-10; Q: ΔCRP, and ΔIL-10.
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We reported associations of LDL estimated at t2 with 3
month death and 3 month poor functional outcome. It has
been shown that AIS is associated with adverse distributions of
LDL and HDL subclasses, and particularly, short-term
mortality is linked to increased levels of small dense LDL
particles (sdLDL).38 Our results also evidence the role of LDL
and VLDL cholesterol, estimated at t2, in increasing the risk of
symptomatic intracranial hemorrhage development at 24 h.

Moreover, statistically significant associations between
HDL-related parameters and adverse outcomes could reflect
a general inflammation condition that characterizes the post-
stroke course. Inflammation may alter the lipoprotein profile
by modulating the HDL function39 which contributes to the
development of adverse outcomes, linked to the activity of rt-
PA itself. Indeed, generated plasmin after rt-PA activity on
plasminogen can degrade non-target proteins, including Apo
A1, which represents the major protein constituent of HDL
particles.
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