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A B S T R A C T

Aims: Acute heart failure (AHF) is typi昀椀ed by in昀氀ammatory and oxidative stress responses, which are associated
with unfavorable patient outcomes. Given the anti-in昀氀ammatory and antioxidant properties of high-density li-
poprotein (HDL), this study sought to examine the relationship between impaired HDL function and mortality in
AHF patients. The complex interplay between various HDL-related biomarkers and clinical outcomes remains
poorly understood.
Methods: HDL subclass distribution was quanti昀椀ed by nuclear magnetic resonance spectroscopy. Lec-
ithin–cholesterol acyltransferase (LCAT) activity, cholesterol ester transfer protein (CETP) activity, and para-
oxonase (PON-1) activity were assessed using 昀氀uorometric assays. HDL-cholesterol ef昀氀ux capacity (CEC) was
assessed in a validated assay using [3H]-cholesterol-labeled J774 macrophages.
Results: Among the study participants, 74 (23.5 %) out of 315 died within three months after hospitalization due
to AHF. These patients exhibited lower activities of the anti-oxidant enzymes PON1 and LCAT, impaired CEC,
and lower concentration of small HDL subclasses, which remained signi昀椀cant after accounting for potential
confounding factors. Smaller HDL particles, particularly HDL3 and HDL4, exhibited a strong association with
CEC, PON1 activity, and LCAT activity.
Conclusions: In patients with AHF, impaired HDL CEC, HDL antioxidant and anti-in昀氀ammatory function, and
impaired HDL metabolism are associated with increased mortality. Assessment of HDL function and subclass
distribution could provide valuable clinical information and help identify patients at high risk.

1. Introduction

Previous research has demonstrated that low levels of HDL particles
are independent risk factors for both mortality and hospital read-
missions due to recurrent symptoms of AHF [1–3]. Studies in animal
models have demonstrated HDL-mediated favorable cardiac remodeling
in pre-heart failure settings such as diabetic cardiomyopathy [4],
post-myocardial infarction [5], and chronic pressure overload [6]. A

single injection of reconstituted HDL given to mice shortly after
myocardial infarction has shown therapeutic potential by increasing
cardiac glucose uptake, protecting heart cells from death, and restoring
cardiac function, effectively halting the progression to heart failure [7].

Oxidative stress is a fundamental pathophysiological mechanism
closely associated with the aging process and is involved in heart fail-
ure’s development and progression [8,9]. Various constituents of HDL,
in particular its major protein constituent apolipoprotein A-I (apoA-I),
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the antioxidant enzyme paraoxonase 1 (PON1) and lecithin–cholesterol
acyltransferase (LCAT) play a crucial role in the anti-oxidative and
cardioprotective effects triggered by HDL [10–13]. PON1 is an essential
antioxidant component in HDL that is important in hydrolyzing oxidized
lipids within lipoproteins [14–17]. LCAT plays a vital role in the
maturation of HDL particles and has a unique ability to break down
oxidized short-chain phospholipids [18]. LCAT-targeted therapies have
emerged as a promising approach for treating LCAT de昀椀ciency and
potentially other cardiovascular diseases [19]. Small, dense HDL parti-
cles show the most potent antioxidative, anti-in昀氀ammatory, and anti-
apoptotic activities [20]. The ability of HDL to remove cholesterol and
oxysterols from cells, better known as cholesterol ef昀氀ux capacity (CEC),
is a potent anti-atherogenic function of HDL [21]. By facilitating the
removal of excess cholesterol from cardiac cells, HDL may help prevent
lipid accumulation and cellular damage. By promoting the ef昀氀ux of
cholesterol and 7-oxysterols, HDL particles maintain endothelial func-
tion and preserve active eNOS dimer levels [22].

Despite previous research, the relationship between different HDL-
related biomarkers and clinical outcomes remains incompletely under-
stood. Furthermore, a direct comparison of their association with inci-
dent events is lacking. In this study, we investigated the relationship
between various HDL parameters and the prognosis of patients who
presented to the emergency department with severe signs and symptoms
of AHF that required hospital treatment. We aimed to identify HDL
markers indicative of quality and quantity associated with 3-month
mortality following the index AHF hospitalization.

2. Methods

2.1. Study cohort

The AHF study is a prospective, observational, single-center study
conducted over 36 months. It recruited consecutive adult patients who
presented to the emergency department of the university hospital center
with severe signs and symptoms of acute heart failure (AHF) requiring
hospitalization. Patients with mild clinical signs and symptoms of heart
failure who were appointed to ambulatory treatment, as well as hospi-
talized AHF patients with severe non-cardiovascular comorbidities and
those who refused to participate were excluded (Supplemental Fig. 1).

At the time of presentation to the emergency department, a
comprehensive patient history was documented for all participants.
Physical and echocardiography examinations were conducted, and
venous blood samples were collected for analysis before treatment. The
follow-up period relevant to this substudy was three months post-index
AHF hospitalization, with the primary endpoint being the participants’
survival status at that time.

All patients who participated in the study provided written informed
consent following the guidelines set forth by Good Clinical Practice.
Furthermore, the study adhered to the principles outlined in the
Declaration of Helsinki. Ethical approval was obtained from the local
ethics committees of the Sisters of Charity University Hospital Centre in
Zagreb, Croatia (EP 2258/18-10) and the Medical University of Graz in
Austria (EC 33–258 ex 20/21).

2.2. ApoB-Depletion of serum

To analyze the composition and function of HDL, we utilized serum
HDL (apoB-depleted serum) [23]. To prepare apoB-depleted serum, 40
μL polyethylene glycol (20 % in 200 mmol/L glycine buffer) (Sig-
ma-Aldrich, Darmstadt, Germany) was gently mixed with 100 μL serum.
The mixture was incubated at room temperature for 20 min, followed by
centrifugation at 10,000×g for 30 min at 4 çC. The supernatant was then
collected and samples were stored at −70 çC until required.

2.3. NMR spectroscopy measurements

Serum levels of HDL subclasses were measured on a Bruker 600 MHz
Avance Neo NMR spectrometer using the Bruker IVDr lipoprotein sub-
class analysis protocol [24]. NMR spectra were recorded at a constant
temperature of 310 K using various pulse sequences for proton spectra
acquisition and water suppression. Data analysis for lipoprotein quan-
ti昀椀cation was performed using the Bruker IVDr Lipoprotein Subclass
Analysis (B.I.LISA™) method.

2.4. Cholesterol ef昀氀ux capacity

The cholesterol ef昀氀ux capacity was assessed as previously published
[25,26] with a cell-based method. J774.2 cells (Sigma Aldrich, Darm-
stadt, Germany) were seeded at a density of 300,000 cells per well in
48-well plates and incubated for 24 h. The cells were labeled with 0.5
μCi/mL radiolabelled [3H]-cholesterol (Hartmann Analytic, Braunsch-
weig, Germany) in DMEM media containing 2 % FBS, 1 % pen-
icillin/streptomycin, and 8(4-chlorophenylthio)-cyclic adenosine
monophosphate (0.3 mM) (Sigma-Aldrich, Darmstadt, Germany) over-
night. After rinsing, cells were equilibrated for 2 h with serum-free
DMEM containing 2 % bovine serum albumin (Sigma-Aldrich, Darm-
stadt, Germany), rinsed again, and incubated with 2.8 % apoB-depleted
serum for 3 h. CEC was quanti昀椀ed by calculating the ratio of radioac-
tivity in the media to the total radioactivity of the media and lysed cells.

2.5. LCAT activity

According to the manufacturer’s protocol, serum LCAT activity was
assessed using a commercial kit (MAK107, Merck, Darmstadt, Ger-
many). Samples were incubated with the LCAT substrate for 4 h at 37 çC.
The 昀氀uorescent substrate emits at 470 nm, and upon LCAT-mediated
hydrolysis, a monomer with 昀氀uorescence at 390 nm is released. LCAT
activity was measured by monitoring the change in the ratio of emission
intensities at 470 nm and 390 nm over time.

2.6. Arylesterase activity of paraoxonase 1

The arylesterase activity of PON1 was evaluated utilizing a photo-
metric assay with phenylacetate substrate, as outlined in the speci昀椀ed
reference [27]. ApoB-depleted serum was added to a 200 μL buffer so-
lution containing 100 mM Tris, 2 mM CaCl₂ (pH 8.0), and 1 mM phe-
nylacetate. Phenylacetate hydrolysis was monitored at 270 nm.
Enzymatic activity was determined using the Beer-Lambert law with a
molar extinction coef昀椀cient of 1310 L mol-1 cm-1.

2.7. CETP activity

CETP activity was determined using a commercial assay kit
(MAK106-1 KT, Merck, Darmstadt, Germany) following the manufac-
turer’s protocol. Diluted serum samples were incubated with donor and
acceptor molecules in a buffer at 37 çC for 3 h. The donor molecule
contains a self-quenched 昀氀uorescent lipid, which exhibits increased
昀氀uorescence upon CETP-mediated transfer to the acceptor molecule.
Fluorescence intensity was measured at an excitation wavelength of 465
nm and an emission wavelength of 535 nm.

2.8. Statistical analysis

Statistical analyses were conducted using SPSS (Version 29.0.0.0)
(SPSS, Inc., Chicago, IL, USA) and GraphPad Prism 8.0. A p-value of less
than 0.05 was considered statistically signi昀椀cant. Participant charac-
teristics are represented as the median and interquartile range (Q1, Q3)
or count and proportion. Mann-Whitney U Test or Fischer Exact Test
were used to examine differences in clinical and laboratory character-
istics, HDL composition, metabolism, and function between AHF
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patients who survived and those who died within 3 months after index
AHF hospitalization. The prognostic value of HDL parameters for 3-
month mortality was examined using univariable and multivariable
Cox regression analyses. Kaplan-Meier survival analyses were performed
to compare the tertiles of the HDL parameters using the log-rank test.
The Spearman correlation coef昀椀cient was used to assess correlations
between the measured indicators of HDL function and metabolism and
HDL subclasses.

3. Results

3.1. Clinical characteristics of the study cohort

A total of 315 patients with severe clinical signs and symptoms of

AHF requiring hospitalization were enrolled in the study over 36
months. The median age of the cohort was 76 years and 43 % of patients
were female. More than 90 % of the enrolled patients had a prior
diagnosis of cardiomyopathy and the index presentation was an acute
worsening of chronic heart failure. At the time of presentation to the
emergency department, all enrolled patients were in New York Heart
Association (NYHA) functional class III (5.4 %) or IV (94.6 %). The
demographic characteristics, comorbidities, vital signs, other physical
measurements, and laboratory test results obtained at the time of pre-
sentation to the emergency department, as well as the classi昀椀cation of
participants into different AHF groups, are presented in detail in Table 1
and Supplementary Table 1. Chronic medications of the AHF cohort are
listed in Supplementary Table 2. Within three months after the index
AHF hospitalization, 74 patients (23.5 %) died. Table 1 and

Table 1
Baseline characteristics of the study cohort.

Alive Deceased All p-Value
(n = 241) (n = 74) (n = 315)

Demographics
Age (years) 74.0 (66.0, 81.0) 79.0 (69.5, 85.8) 76.0 (67.0, 82.0) 0.004
Sex, Female 106 (44.0 %) 30 (40.5 %) 136 (43.2 %) 0.688
Comorbidities
Hypertension 227 (94.2 %) 67 (90.5 %) 294 (93.3 %) 0.289
T1DM 2 (0.8 %) 2 (2.7 %) 4 (1.3 %) 0.236
T2DM 100 (41.5 %) 32 (43.2 %) 132 (41.9 %) 0.789
CAD 123 (51.0 %) 33 (44.6 %) 156 (49.5 %) 0.354
CMP 217 (90.0 %) 71 (95.9 %) 288 (91.4 %) 0.154
AF 122 (50.6 %) 48 (64.9 %) 170 (54.0 %) 0.034
CKD 94 (39.0 %) 49 (66.2 %) 143 (45.4 %) < 0.001
COPD 57 (23.7 %) 27 (36.5 %) 84 (26.7 %) 0.035
MetS 164 (68.0 %) 53 (71.6 %) 217 (68.9 %) 0.667
Physical examination at the time of presentation to the emergency department
BMI (kg/m2) 27.5 (24.8, 31.2) 29.4 (26.3, 33.0) 28.0 (25.0, 31.6) 0.018
MAP (mmHg) 103.3 (90.0, 120.0) 90.0 (82.1, 106.7) 100.0 (88.3, 118.3) < 0.001
Heart rate (beats/min) 100.0 (80.0, 115.0) 95.5 (76.0, 118.8) 100.0 (80.0, 116.0) 0.185
Respiratory rate (breaths/min) 28.0 (24.0, 32.0) 28.0 (25.0, 34.0) 28.0 (24.0, 33.0) 0.336
Laboratory parameters at the time of presentation to the emergency department
Total cholesterol (mmol/L) 3.7 (2.9, 4.7) 3.3 (2.8, 4.0) 3.5 (2.9, 4.5) 0.008
HDL-C (mmol/L) 1.1 (0.9, 1.4) 1.0 (0.8, 1.2) 1.1 (0.9, 1.3) 0.027
LDL-C (mmol/L) 1.9 (1.4, 2.8) 1.8 (1.4, 2.3) 1.9 (1.4, 2.7) 0.052
Albumin (g/L) 38.0 (35.2, 41.8) 36.6 (34.0, 39.2) 37.8 (34.8, 41.3) 0.011
Creatinine (μmol/L) 111.0 (87.0, 148.0) 133.5 (107.8, 168.0) 117.0 (90.5, 152.5) 0.001
eGFR (mL/min/1.73 m2) 51.0 (33.4, 68.8) 38.4 (29.3, 50.2) 46.6 (32.3, 65.0) < 0.001
CRP (mg/L) 10.3 (4.7, 25.5) 31.2 (10.0, 55.4) 12.2 (5.5, 33.1) < 0.001
IL-6 (pg/mL) 22.9 (11.6, 45.0) 58.3 (20.1, 104.8) 25.1 (12.9, 60.1) < 0.001
NT-proBNP (pg/mL) 5796.0 (3315.0, 12323.0) 10568.0 (5855.0, 20537.8) 6692.0 (3531.0, 14395.5) < 0.001
AHF type 0.154
New onset AHF 24 (10.0 %) 3 (4.1 %) 27 (8.6 %)
AHF following CHF 217 (90.0 %) 71 (95.9 %) 288 (91.4 %)
NYHA class at the time of presentation to the emergency department 0.378
3 15 (6.2 %) 2 (2.7 %) 17 (5.4 %)
4 226 (93.8 %) 72 (97.3 %) 298 (94.6 %)
Echocardiography
LVEDd/BSA (mm/m2) 29.1 (18.0, 44.8) 27.4 (18.3–38.8) 28.5 (18.0, 44.8) 0.043
IVS (mm) 13.0 (2.0, 19.0) 13.0 (8.0, 22.0) 13.0 (2.0, 22.0) 0.189
PW (mm) 13.0 (8.0, 19.0) 13.0 (8.0, 16.0) 13.0 (8.0, 19.0) 0.313
LVEF (%) 40.0 (15.0, 66.0) 40.0 (15.0, 65.0) 40.0 (15.0, 66.0) 0.972
SPAP (mmHg) 50.0 (30.0, 90.0) 52.5 (30.0, 102.0) 50.0 (30.0–102.0) 0.010
AHF class 0.648
HFrEF, EF < 40 % 110 (46.6 %) 33 (49.3 %) 143 (47.2 %)
HFmrEF, EF 41–49 % 66 (28.0 %) 15 (22.4 %) 81 (26.7 %)
HFpEF, EF g 50 % 60 (25.4 %) 19 (28.4 %) 79 (26.1 %)

Participant characteristics are reported as median and interquartile range (Q1, Q3), as well as counts and frequencies. Differences between AHF patients who were
alive and those who died within 3 months after index AHF hospitalization were tested using the Mann–Whitney U test or Fisher’s exact test. P values < 0.05 are
considered signi昀椀cant and are depicted in bold. AHF, acute heart failure; BMI, body mass index; CAD, coronary artery disease; CHF, chronic heart failure; CMP,
cardiomyopathy; COPD, chronic obstructive lung disease; CRP, C-reactive protein; eGFR, estimated glomerular 昀椀ltration rate; IL-6, interleukin-6; IVS, interventricular
septum thickness; MAP, mean arterial pressure; HFrEF, heart failure with reduced ejection fraction; HFmrEF, heart failure with mildly reduced ejection fraction;
HFpEF, heart failure with preserved ejection fraction; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; LVEDd, left ventricular
end-diastolic diameter; LVEF, left ventricular ejection fraction; MetS, metabolic syndrome; NT-proBNP, N-terminal B-type natriuretic peptide; PW, left ventricular
posterior wall thickness; SPAP, systolic pulmonary artery pressure; T1DM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus.
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Supplementary Table 1 also illustrate the differences between those who
survived and those who succumbed within three months after the index
AHF hospitalization. Patients who died within three months after the
index AHF hospitalization were signi昀椀cantly older than those who sur-
vived the same period, and more likely to have concomitant chronic
kidney disease and chronic pulmonary disease. The deceased patients
had signi昀椀cantly higher body mass index (BMI), lower systemic blood
pressure, higher pulmonary artery pressure, and greater left ventricular
dilation. However, there was no signi昀椀cant difference in left-ventricular
ejection fraction at the time of presentation to the emergency depart-
ment due to AHF. In addition, patients who died within 3 months of the
index hospitalization for AHF had signi昀椀cantly more elevated serum
levels of NT-proBNP, more markedly impaired renal function, more
reduced hepatic biosynthetic capacity (decreased cholesterol and albu-
min levels), and more elevated levels of in昀氀ammatory markers,
including C-reactive protein and interleukin-6 (acute infectious disease
was an exclusion criterion for inclusion). These measurements were
obtained at the time of emergency department presentation.

3.2. Comparative analysis of baseline functionality, metabolism of HDL,
and serum levels of HDL subclasses in AHF survivors versus non-survivors
after 3-month follow-up

In a comparative analysis, we observed that patients who died within
three months after index AHF hospitalization had signi昀椀cantly altered
functional, structural, and metabolic characteristics of HDL compared to
survivors. Speci昀椀cally, markers such as CEC, PON1 activity, and LCAT
and CETP enzymatic activities were signi昀椀cantly reduced (Fig. 1). In
addition, we observed a marked reduction in levels of the small HDL
subclasses (HDL3-apoA-I and HDL4-apoA-I) in non-surviving patients,
whereas levels of larger HDL subclasses (HDL1-apoA-I and HDL2-apoA-
I) were not altered.

3.3. Associations of HDL subclasses, function, and metabolism with 3-
month mortality after index AHF hospitalization

Univariable Cox regression analyses showed that lower CEC, activ-
ities of PON1, LCAT, and CETP, as well as lower serum levels of small
HDL subclasses were all signi昀椀cantly associated with an increased risk of
3-month mortality after an index AHF hospitalization (Fig. 2). These
associations (with exception of HDL2-apoA-I and CETP activity)

Fig. 1. Differences in indicators of HDL serum levels, function, and metabolism between AHF patients who died compared to those who were alive within 3 months
after index AHF hospitalization. CEC of HDL (a), HDL-associated PON1-activity (b), serum LCAT-activity (c), serum CETP-activity (d), HDL1-apoA-I (e), HDL2-apoA-I
(f), HDL3-apoA-I (g), and HDL4-apoA-I (h), were assessed. Data are presented as Tukey box plots with median and interquartile range, as well as minimum,
maximum, and outliers. Differences between groups were analyzed using the Mann-Whitney U test. P values < 0.05 were considered signi昀椀cant. ApoA-I, apoli-
poprotein A-I; CEC, cholesterol ef昀氀ux capacity; CETP, cholesteryl ester transfer protein; HDL, high-density lipoprotein; LCAT, lecithin-cholesterol acyltransferase;
PON1, paraoxonase 1.
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remained signi昀椀cant after adjustment for age, sex, BMI, smoking status,
presence of diabetes, total cholesterol, creatinine level, interleukin-6 (IL-
6), albumin, systolic and diastolic blood pressure, and NT-proBNP
(Fig. 2).

For Kaplan-Meier survival analysis (Fig. 3), patients were catego-
rized into tertiles based on HDL parameters. Patients with the highest
levels of CEC, PON1, and LCAT activities, as well as small HDL sub-
classes (HDL3-apoA-I and HDL4-apoA-I), demonstrated signi昀椀cantly
better 3-month survival following index AHF hospitalization compared
to those in the lowest tertile.

We performed receiver operating characteristics curve analyses to
assess the accuracy of CEC, PON1 activity, LCAT activity, HDL3-apoA-I,
and HDL4-apoA-I to predict mortality within 3 months after index AHF
hospitalization (Supplemental Fig. 2). The best predictive value with an
area under the curve (AUC) of 0.69 was observed for HDL3-apoA-I,
followed closely by LCAT activity (AUC of 0.68), HDL4-apoA-I (AUC
of 0.68) and PON1 activity (AUC of 0.67) and CEC (AUC of 0.63). All
HDL parameters showed a comparable predictive value to NT-proBNP
(AUC of 0.66).

3.4. Correlation between HDL function/metabolism and composition of
HDL subclasses

Correlations between serum levels of HDL particles/subclasses and
the indicators of HDL function and metabolism were examined by
Spearman correlation analyses (Fig. 4). We found that CEC was signif-
icantly positively correlated with all HDL subclasses, however, most
profoundly with parameters of medium-size HDL subclasses 2 and 3. In
contrast, PON1-activity was most profoundly positively correlated with
parameters of HDL subclass 3 followed by subclasses 4 and 2, and only
weakly with large-buoyant HDL subclass 1. Similarly, as found for
PON1-activity, the LCAT-activity was most profoundly positively
correlated with small HDL subclasses 3 and 4.

4. Discussion

Previous research suggested that the antioxidative and anti-
in昀氀ammatory properties of HDL may play a crucial role in the patho-
genesis of HF by protecting the structure and function of the heart and

thus reducing the risk of death [28]. Previous 昀椀ndings demonstrated
that smaller HDL subclasses [2,29] and impaired HDL cholesterol ef昀氀ux
capacity [30] are associated with increased mortality risk following
index AHF hospitalization. However, no studies have directly compared
these metrics. Our study is the 昀椀rst comprehensive assessment of mul-
tiple measures of HDL function, structure, and metabolism in a cohort of
patients with severe clinical signs and symptoms of AHF who presented
to the emergency department and required hospitalization. Multivari-
able Cox regression analysis demonstrated that CEC, LCAT, and PON1
activity, as well as small HDL subclasses, remained signi昀椀cantly
inversely associated with 3-month mortality after adjusting for multiple
clinical and laboratory risk factors.

Interestingly, using ROC analysis we identi昀椀ed three promising
predictors of mortality after hospitalization due to severe clinical signs
and symptoms of AHF: PON1 activity, LCAT activity, and levels of small-
density HDL subclasses. These markers performed similarly to the cur-
rent gold standard for HF diagnosis and prognosis, NT-proBNP. Notably,
small HDL subclasses can be conveniently measured by NMR, making
them potentially suitable for routine clinical use [31].

While total HDL cholesterol levels have traditionally been used to
assess cardiovascular risk, this approach may not capture the relevant
information. NMR technology offers a more nuanced approach by
allowing the analysis of HDL subclasses. This provides a deeper under-
standing of a patient’s HDL particle function, as we observed a strong
correlation of CEC, PON-1, and LCAT activities with small HDL sub-
classes. Biomarkers related to HDL function could provide comple-
mentary information and enhance risk strati昀椀cation for mortality of the
patients hospitalized due to severe signs and symptoms of AHF [32].

Our study has limitations. Due to the observational design, this study
cannot establish causality between the observed associations. Repro-
ducing our results across disparate cohorts, ethnicities, and earlier dis-
ease stages would enhance the overall external validity of these 昀椀ndings.

The present study offers several key strengths. First, it provides
comprehensive insights into HDL’s functional, structural, and metabolic
properties and their relationship to outcomes in AHF patients. Unlike
prior studies focusing on HDL structure, we comprehensively assessed
HDL function, structure, and metabolism in hospitalized AHF patients,
offering novel insights into HDL’s role in this population. Notably, we
observed a strong positive correlation between the functionality of HDL

Fig. 2. Cox regression analysis was used to assess the association between standardized HDL-related parameters and HDL subclasses and the risk of 3-month
mortality following index AHF hospitalization. Hazard ratios (HRs) per 1 standard deviation increase and 95 % con昀椀dence intervals (CIs) were calculated. Cova-
riates included age, sex, body mass index (BMI), smoking status, diabetes mellitus, total cholesterol, creatinine, interleukin-6 (IL-6), albumin, systolic blood pressure,
diastolic blood pressure, and N-terminal pro-B-type natriuretic peptide (NT-proBNP). Signi昀椀cant associations (p < 0.05) are highlighted in bold. Abbreviations:
ApoA-I, apolipoprotein A-I; CEC, cholesterol ef昀氀ux capacity; CETP, cholesteryl ester transfer protein; HDL, high-density lipoprotein; LCAT, lecithin-cholesterol
acyltransferase; PON1, paraoxonase 1.
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and its subclasses. Smaller HDL particles, particularly HDL3 and HDL4,
exhibited a strong association with CEC, PON1 activity, and LCAT ac-
tivity. These 昀椀ndings are consistent with previous research suggesting
that the protective effect of higher HDL particle concentration on heart
failure mortality is likely driven primarily by these smaller HDL sub-
classes [1,33]. By determining a patient’s HDL subclasses, clinicians

may be able to tailor treatment plans to target these speci昀椀c HDL
functions. This personalized approach could lead to more effective
treatment of HF, especially in patients with cardiomyopathies in the
early stages. HDL-mediated cholesterol ef昀氀ux capacity could be a crucial
protective mechanism in heart failure due to its potential to mitigate
oxidative stress, in昀氀ammation, and apoptosis, all of which contribute to

Fig. 3. Kaplan-Meier 3-month survival estimates with subsequent log-rank test of HDL-related parameters. For each variable assessed, AHF patients (n = 315) were
categorized into tertiles for CEC, (a), PON1-activity (b), LCAT-activity (c), HDL3-apoA-I (d), HDL4-apoA-I (e). Patients were divided into tertiles having high, middle,
or low activities of enzymes or serum concentrations of apolipoproteins. Number of patients per tertile is 105. ApoA-I, apolipoprotein A-I; CEC, cholesterol ef昀氀ux
capacity; HDL, high-density lipoprotein; LCAT, lecithin-cholesterol acyltransferase; PON1, paraoxonase 1.

Fig. 4. Heatmap for correlation analyses between indicators of HDL function and metabolism and serum levels of HDL subclasses. Values are presented as Spearman
correlation coef昀椀cient. P-values <0.05 are considered signi昀椀cant after a Bonferroni correction for multiple testing and signi昀椀cant correlations are depicted in bold.
A1, apolipoprotein A-1; C, cholesterol; CEC, cholesterol ef昀氀ux capacity; FC, free cholesterol; HDL, high-density lipoprotein; LCAT, lecithin cholesterol acyltransferase;
PL, phospholipid; PON1, paraoxonase 1.
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cardiac dysfunction. Large population studies have consistently linked
reduced HDL cholesterol ef昀氀ux capacity to increased cardiovascular
risk. This re昀氀ects the anti-in昀氀ammatory and anti-atherogenic properties
of cholesterol ef昀氀ux pathways, which inhibit hematopoietic stem cell
proliferation, macrophage in昀氀ammation, and foam cell formation [34].
By facilitating the removal of excess cholesterol from cardiac cells, HDL
may help prevent lipid accumulation and cellular damage. In addition,
HDL maintains endothelial function by promoting ef昀氀ux of cholesterol
and 7-oxysterols and preserving active eNOS dimer levels [22]. Sup-
porting this notion, prior research has shown that administering a single
bolus of reconstituted HDL after ischemia signi昀椀cantly enhanced
myocardial glucose uptake and improved cardiac structural remodeling,
leading to better functional recovery in mice [7]. It is important to
highlight that sepsis is a signi昀椀cant contributor to mortality in in-
dividuals with heart failure, accounting for approximately 25 % of
deaths in this population [35]. HDL exerts pleiotropic effects in host
defense against pathogens, capable of sequestering and neutralizing
potentially harmful substances like bacterial lipopolysaccharides and
preventing viruses from entering or fusing with host cells [36].

Improving our understanding of HDL function and developing stra-
tegies to enhance its bene昀椀cial effects could lead to signi昀椀cant ad-
vancements in HF and AHF treatment.

5. Conclusions

Our 昀椀ndings suggest that speci昀椀c HDL parameters could serve as
valuable biomarkers for predicting severe AHF outcomes. This insight
paves the way for the development of targeted therapies aimed at
improving patient prognosis in the future.
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Abstract: Liver cirrhosis is a complex condition characterized by oxidative stress, inflamma-

tion, and metabolic dysfunction, contributing to systemic complications and high mortality.

High-density lipoprotein (HDL), particularly its small subclasses, is known for its antioxi-

dant, anti-inflammatory, and cholesterol efflux capacities. This study examined changes

in HDL subclass distribution and composition in cirrhosis and assessed their prognostic

relevance for mortality. We analyzed HDL profiles using nuclear magnetic resonance spec-

troscopy in patients with compensated (n = 205) and decompensated (n = 158) cirrhosis,

compared to healthy controls (n = 16). Across all HDL subclasses in cirrhotic patients,

cholesterol content was decreased, and triglyceride levels were elevated. In particular,

compensated cirrhosis was associated with a marked reduction in small and extra-small

HDL particles, while large HDL levels remained unchanged. This reduction was even

more pronounced in decompensated disease. Small HDL particle levels were inversely

correlated with oxidative stress markers and liver dysfunction and independently predicted

12-month mortality in patients with compensated cirrhosis, even after adjusting for MELD

score. In conclusion, our findings highlight a substantial depletion of small and extra-small

HDL particles as a key feature of cirrhosis, linked to oxidative stress and mortality in the

compensated stage.
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1. Introduction

Chronic liver disease constitutes a significant global health challenge, accounting

for approximately two million deaths annually [1]. Emerging evidence highlights the

pivotal role of dysregulated lipid metabolism in orchestrating inflammatory pathways

and exacerbating disease severity [2–4]. In particular, decreased levels of high-density

lipoprotein (HDL) cholesterol and its primary apolipoprotein, apolipoprotein A-I (ApoA-I),

Antioxidants 2025, 14, 664 https://doi.org/10.3390/antiox14060664



Antioxidants 2025, 14, 664 2 of 15

have been consistently associated with heightened systemic inflammation, greater disease

severity, and reduced survival in individuals with cirrhosis [5].

Multiple mechanistic pathways support the protective role of HDL in liver disease.

First, HDL exhibits antioxidative properties that counteract oxidative stress, a central driver

of hepatocellular injury and vascular remodeling [6,7]. Second, HDL participates in re-

verse cholesterol transport, thereby reducing lipid accumulation contributing to hepatic

damage [8]. Third, in cirrhotic patients, impaired hepatic function and portal hypertension

lead to increased intestinal permeability, facilitating the translocation of microbial products,

such as lipopolysaccharides (LPS), into the systemic circulation. HDL may mitigate these

effects by neutralizing circulating endotoxins and promoting tissue repair, thus poten-

tially attenuating disease progression. These multifaceted functions position HDL as a

promising therapeutic target for the management of cirrhosis-related complications [4,9,10].

However, the reduced concentrations and impaired functionality of HDL in cirrhosis are

likely to compromise these protective mechanisms, thereby exacerbating systemic inflam-

mation and underscoring the dual role of HDL as a biomarker and potential therapeutic

target. The functional heterogeneity of HDL is reflected in its diverse subclasses, which

differ in size, density, and compositional characteristics. Among these, small, dense HDL

subpopulations—characterized by distinct protein and lipid profiles—have attracted par-

ticular clinical interest due to their pronounced atheroprotective and anti-inflammatory

properties. These subclasses exhibit enhanced cholesterol efflux capacity, potent antioxidant

and anti-inflammatory effects, and a superior ability to inhibit endothelial cell apopto-

sis [7,11]. Notably, recent evidence suggests that these small HDL subclasses offer improved

prognostic value in assessing mortality risk in various pathological conditions, surpassing

the predictive accuracy of conventional total HDL cholesterol measurements [12–15]. In

the present study, we used proton nuclear magnetic resonance (NMR) spectroscopy to

analyze the distribution and compositional changes in HDL subclasses in patients with

cirrhosis. Our study investigates the link between small HDL subclasses and markers of

oxidative stress and liver dysfunction and whether specific subclass shifts are associated

with mortality.

2. Materials and Methods

2.1. Study Cohort

The plasma samples of the study cohort were obtained from a previously published

study of 508 patients with cirrhosis that investigated HDL-related biomarkers in chronic

liver failure [5]. Of these, 363 plasma samples were available for further analysis. The

current study included two distinct groups: (i) 205 consecutive patients with stable cirrhosis

recruited between 2011 and 2016 at the Medical University of Graz (from the Hepatology

Outpatient Clinic or the Gastroenterology/Hepatology Ward, including stable patients

undergoing evaluation for liver transplantation), and (ii) 158 patients with decompensated

cirrhosis, with or without acute-on-chronic liver failure (ACLF), enrolled between February

and September 2011 as part of the multicenter CANONIC study in 12 European countries

(see Moreau et al., 2013 [16] for details). In both cohorts, cirrhosis was diagnosed based

on liver histology or a combination of clinical, biochemical, and imaging criteria. Patients

with a history of solid organ transplantation or hepatocellular carcinoma with advanced

Barcelona Clinic Liver Cancer stages C and D were excluded. In addition, individuals

with cholestatic liver disease were not included because of the effect of cholestasis on lipid

profiles. Hospitalized patients with cirrhosis were evaluated for acute decompensation or

ACLF, as defined by Moreau et al. in 2013 [16]. In addition to the collection of baseline

data, including medical history, physical examination, and laboratory measurements,



Antioxidants 2025, 14, 664 3 of 15

information on liver transplantation and mortality at 90 days and 12 months after the start

of the study was collected.

Additionally, 16 age- and sex-matched healthy controls, who did not meet the follow-

ing exclusion criteria, were included: any history of cardiovascular disease, pregnancy,

obesity, dyslipidemia, liver disease, renal disease, diabetes, or clinical signs of inflamma-

tion. The control participants were not taking any medication that lowers cholesterol or

reduces inflammation.

Blood samples were obtained from patients and healthy controls at the outset of

the study. The study was approved by the local Institutional Review Board (Medical

University of Graz, 23-056 ex 10/11, 23-096 ex 10/11, 23-285 ex 10/11) in accordance with

the Declaration of Helsinki. Each patient was required to provide written informed consent

unless the requirement for this had been waived by the local Institutional Review Board.

2.2. NMR Spectroscopy Measurements

Serum levels of HDL-ApoA-I levels within each subclass were quantified using a

Bruker 600 MHz Avance Neo NMR (Bruker, Rheinstetten, Germany) spectrometer and

are reported in mg/dL, reflecting the mass concentration of apolipoprotein A-I in plasma.

These values represent protein mass associated with each HDL subclass, not particle

number. NMR spectra were recorded at a constant temperature of 310 K using various

pulse sequences for proton spectra acquisition and water suppression. ApoA-I is the

primary structural protein of HDL, and its subclass-specific distribution provides an in-

direct measure of HDL particle remodeling and potential functional capacity. The Bruker

IVDr lipoprotein subclass analysis protocol (B.I.LISATM) was used for assessing subclass

concentrations [17].

2.3. Statistical Analysis

Statistical analyses were conducted using SPSS (Version 29.0.0.0) (SPSS, Inc., Chicago,

IL, USA) and GraphPad Prism 10.4.1. A p-value of less than 0.05 was considered statistically

significant. Participant characteristics are represented as the median and interquartile range

(Q1–Q3) or count and proportion. Mann–Whitney U Test or Fisher’s Exact Test were

used to examine differences in clinical and laboratory characteristics and HDL subclass

distribution between individuals with compensated and decompensated cirrhosis. A post

hoc power analysis was conducted to assess the adequacy of the control group size (n = 16)

in detecting differences in HDL parameters. Using α = 0.05 and assuming a two-sided t-test,

comparisons with patient groups (n = 205 or n = 158) showed statistical power ranging from

0.76 to 0.87 to detect effect sizes of 0.7–0.8 (Cohen’s d), which correspond to the magnitude

of group differences observed in key HDL metrics. Statistical significance between healthy

controls and individuals with cirrhosis was assessed using the Kruskal–Wallis test with

Dunn’s multiple comparisons post hoc analysis. The associations between HDL subclasses

and inflammatory/oxidative markers were evaluated using Spearman’s correlation. The

prognostic value of HDL parameters for 90-day or 12-month mortality was examined

using multivariable Cox regression analyses, as well as receiver operating characteristic

(ROC) analysis.

3. Results

3.1. Baseline Characteristics

In this study, we analyzed 363 plasma samples from two distinct patient cohorts:

205 individuals with compensated cirrhosis from a single-center cohort in Austria and

158 individuals with decompensated cirrhosis from a European multicenter cohort, includ-

ing 41 cases of ACLF. Additionally, 16 age- and sex-matched healthy controls were included
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for comparison (Table 1). The mean age across both cirrhosis cohorts was 58 years. Among

individuals with decompensated cirrhosis, 38.6% were female, compared to 25.4% in the

compensated cirrhosis group. Compared to patients with compensated cirrhosis, patients

with decompensated cirrhosis had a significantly different clinical profile, characterized

by lower serum albumin (p < 0.001) levels and higher bilirubin (p < 0.001) and creati-

nine (p = 0.004) concentrations. Inflammatory markers, including white blood cell count

(p = 0.007) and C-reactive protein (p < 0.001), were markedly elevated in the decompensated

cirrhosis group, while lipid parameters, specifically total cholesterol and HDL cholesterol,

were significantly lower (p < 0.001). The primary cause of cirrhosis differed between cohorts:

alcohol-related cirrhosis was most common in the compensated group (55.4%), whereas the

decompensated group showed a more even distribution between alcohol-related (39.3%)

and viral (32.3%) etiologies. Mortality rates also varied substantially, with 90-day mortality

at 3.9% for patients with compensated cirrhosis and 20.3% for those with decompensated

cirrhosis, while 12-month mortality rates were 7.3% and 34.8%, respectively (Table 1).

Table 1. Baseline characteristics of the study cohort.

Compensated Cirrhosis
(n = 205)

Decompensated Cirrhosis
(n = 158)

p-Value

Age (years) 58 (52–63) 58 (51–66) 0.092
Gender (female) 52 (25.4) 61 (38.6) 0.007

MELD Score 11.60 (8.82–16.12) 18.00 (13.00–22.25) <0.001
Albumin 3.90 (3.30–4.40) 3.00 (2.60–3.40) <0.001

Bilirubin [mg/dL] 1.39 (0.80–2.87) 2.83 (1.40–6.79) <0.001
Creatinine [mg/dL] 0.83 (0.72–1.02) 0.90 (0.73–1.55) 0.004

INR 1.29 (1.17–1.49) 1.46 (1.27–1.85) <0.001
WBC 5.14 (3.90–6.63) 5.70 (4.20–8.25) 0.007
CRP 3.05 (1.20–8.03) 15.50 (4.6–38.10) <0.001

Total Cholesterol 175.36 (43.45–336.91) 119.79 (92.32–151.17) <0.001
HDL-Cholesterol 43.37 (0.06–85.13) 28.30 (20.04–40.44) <0.001

Etiology <0.001
Alcohol 123 (55.40) 62 (39.20)

Virus 36 (16.20) 51 (32.30)
Other 54 (24.3) 28 (17.70)

90-day mortality 8 (3.90) 32 (20.30) <0.001
12 months mortality 15 (7.30) 55 (34.80) <0.001

Participant characteristics are reported as median and interquartile range (Q1–Q3), as well as counts and frequen-
cies (%). Mann–Whitney U Test or Fisher’s Exact Test were used to examine differences in clinical and laboratory
characteristics. Abbreviations: CRP, c-reactive protein; INR, international normalized ratio; MELD, model for
end-stage liver disease; WBC, white blood cell count.

3.2. HDL Subclass Distribution in Cirrhosis

Proton NMR spectroscopy was used to analyze HDL subclass composition, encom-

passing a range from large to extra-small particles. In patients with compensated cirrhosis, a

significant reduction in small to extra-small HDL (S-HD to XS-HDL) particle concentrations

was observed (p < 0.001), with no significant change in large HDL (L-HDL) (p = 0.404)

and medium-sized HDL (M-HDL) (p = 0.095). Decompensated cirrhosis exhibited a more

pronounced reduction in M-HDL, S-HDL and XS-HDL subclasses (p < 0.001) (Figure 1).

3.3. Composition of HDL Subclasses in Patients with Cirrhosis

The distribution of HDL subclasses in patients with compensated and decompensated

cirrhosis differed markedly from that in healthy controls, prompting a detailed analysis of

HDL particle composition. Lipid levels were normalized to ApoA-I subclass concentrations

to evaluate the lipid content of L- to XS-HDL particles (Figure 2). This analysis revealed
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significantly reduced HDL-cholesterol levels in M-HDL, S-HDL and XS-HDL subclass

concentrations in all patients with cirrhosis (p < 0.001), (Figure 2A), alongside a notable

decrease in free cholesterol content within L-HDL particles (p < 0.001) (Figure 2B). Phos-

pholipid levels showed only subtle variations, with a modest increase observed in S-HDL

particles (p = 0.015) among individuals with decompensated cirrhosis. In contrast, triglyc-

eride concentrations were elevated across all HDL subclasses in patients with compensated

and decompensated cirrhosis (p < 0.001) (Figure 2D).

Figure 1. HDL subclass concentrations across study groups. Baseline concentrations of HDL-ApoA-I

subclasses in healthy controls, compensated cirrhosis, and decompensated cirrhosis. Concentrations

in compensated cirrhosis are represented in light red, decompensated cirrhosis in dark red, and

healthy controls in white. The graphs show all data points, with the line representing the median of

each data set. Statistical significance was assessed using the Kruskal–Wallis test with Dunn’s multiple

comparisons post hoc analysis. Abbreviations: ApoA-I, apolipoprotein A-I; HDL, high-density

lipoprotein; L-, large; M-, medium; S-, small; XS-, extra-small.

3.4. Inflammation, Etiology of Liver Failure, and HDL Subclass Distribution

We examined the association between inflammation (C-reactive protein levels) and

HDL subclass distribution in cirrhosis. In patients with compensated cirrhosis, elevated

CRP ≥ 5 mg/L was strongly linked to a significant reduction in M-HDL (p = 0.038), S-HDL

(p < 0.001), and XS-HDL (p = 0.013) subclass concentrations, while L-HDL (p = 0.052)

concentrations showed only a non-significant trend. Conversely, in patients with decom-

pensated cirrhosis, HDL subclass distribution exhibited no association with inflammation

status (all p > 0.999) (Figure 3). Irrespective of underlying etiology, encompassing pre-

dominant causes such as alcohol-related liver disease and viral hepatitis, compensated

liver cirrhosis was associated with a moderate reduction in M-HDL, S-HDL and XS-HDL

subclasses (Figure S1A). This observation remained consistent across both alcohol-related

and hepatitis-related cirrhosis when compared to other etiologies. In patients with decom-

pensated cirrhosis, the distribution of HDL subclasses was not significantly influenced by

disease etiology (Figure S1B).
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Figure 2. HDL Subclass composition across study groups. HDL lipid subclass measurements were

normalized to corresponding ApoA-I subclass levels to assess compositional differences in lipid

content across L- to XS-HDL particles. (A) HDL-total cholesterol (free and esterified) content in

L-HDL to XS-HDL particles in healthy controls and patients with compensated or decompensated

cirrhosis. (B) HDL-free cholesterol levels across HDL subclasses. (C) HDL-phospholipid content in

HDL particles. (D) HDL-triglyceride levels in L-HDL to XS-HDL particles. Error bars indicate the

standard deviation of the mean. Statistical significance was evaluated using the Kruskal–Wallis test

followed by Dunn’s multiple comparisons post hoc analysis. Abbreviations: ApoA-I, apolipoprotein

A-I; HDL, high-density lipoprotein; L-, large; M-, medium; S-, small; XS-, extra-small.
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Figure 3. HDL subclass distribution by inflammation status. HDL subclass distributions are presented

as Tukey’s box plots, comparing patients with C-reactive protein (CRP) levels <5 mg/L (gray) and

≥5 mg/L (red). Distributions are shown for (A) compensated cirrhosis and (B) decompensated

cirrhosis. Statistical differences were determined using the Kruskal–Wallis test with Dunn’s multiple

comparisons post hoc analysis. Abbreviations: ApoA-I, apolipoprotein A-I; HDL, high-density

lipoprotein; L-, large; M-, medium; S-, small; XS-, extra-small.

3.5. Associations of HDL Subclasses with Markers of Oxidative Stress, Inflammation and
Liver Dysfunction

A robust inverse correlation was observed between HDL subclasses and C-reactive pro-

tein (CRP) levels. The strongest association was noted for XS-HDL particles (see Figure 4).

This suggests that XS-HDL particles may be highly responsive to systemic inflammation.

Additionally, bilirubin exhibited a significant negative correlation with M- and S-HDL par-

ticles, indicating a potential link between HDL subclass distribution and liver dysfunction.

Several amino acids exhibited inverse correlations with all HDL subclasses. Tyrosine and

phenylalanine, which are aromatic amino acids that are often elevated during metabolic

stress, showed particularly strong negative associations with smaller HDL particles. XS-

HDL particles demonstrated the most significant negative correlations with glutamine

and glycine, which are key glutathione synthesis precursors, as well as with pyruvic acid,

a metabolite closely involved in redox homeostasis and antioxidant defense. Together,

these results underscore the strong relationships between HDL subclasses and indicators

of inflammation, liver dysfunction, and oxidative stress.

3.6. HDL Subclasses and Mortality in Compensated and Decompensated Cirrhosis

Analysis of HDL subclasses demonstrated a strong association with mortality. In

patients with compensated cirrhosis, a significant reduction across all HDL subclasses was

closely linked to an elevated 12-month mortality risk (all p < 0.001) (Figure 5A). Likewise, in

patients with decompensated cirrhosis, lower HDL subclass concentrations were associated

with increased 90-day mortality (L-HDL: p = 0.012, M-HDL: p < 0.001, S-HDL: p = 0.134,

XS-HDL: p = 0.002) (Figure 5B). However, this association weakened at 12 months in the

decompensated group (L-HDL: p = 0.024, M-HDL: p = 0.011, S-HDL: p = 0.277, XS-HDL:

p = 0.383) (Figure S2).
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Figure 4. Correlations of HDL subclasses with inflammatory and oxidative markers. Clinical

parameters such as CRP and bilirubin as well as NMR-measured amino acid levels of all patients

with liver cirrhosis (n = 363) were correlated with HDL subclasses (L-HDL–XS-HDL). Each cell of

the heatmap represents a pairwise Spearman’s correlation between the two parameters indicated

in the respective row and column. Significant values, after Bonferroni correction, are depicted in

bold. Abbreviations: CRP, C-reactive protein; HDL, high-density lipoprotein; L-, large; M-, medium;

S-, small; XS-, extra-small.

Figure 5. HDL subclass concentrations and survival outcomes. (A) Twelve-month survivors versus

non-survivors in compensated cirrhosis and (B) ninety-day survivors versus non-survivors in de-

compensated cirrhosis. Statistical significance was assessed using unpaired t-tests or Mann–Whitney

U tests, as appropriate based on data distribution. Abbreviations: ApoA-I, apolipoprotein A-I;

HDL, high-density lipoprotein; L-, large; M-, medium; S-, small; XS-, extra-small.
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3.7. HDL Subclasses as Predictors of Mortality in Liver Cirrhosis

To assess the independent prognostic value of HDL subclass parameters for mortality

risk in liver cirrhosis, we performed multivariable Cox regression analyses (Table 2). In

patients with compensated cirrhosis, after adjusting for age, sex, and Model for End-

Stage Liver Disease (MELD) score, M-HDL (p < 0.001), S-HDL (p < 0.001) and XS-HDL

(p = 0.001) showed a significant inverse association with 12-month mortality. In contrast,

among patients with decompensated cirrhosis, only XS-HDL retained a significant inverse

association with 90-day mortality (p = 0.004). Following additional adjustment for C-

reactive protein (CRP) levels, the inverse association between HDL subclasses and three-

month mortality was attenuated in compensated patients, with XS-HDL particles no

longer reaching statistical significance (p = 0.246). Conversely, in cases of decompensated

patients, the correlation with XS-HDL particles exhibited a strengthening p-value (Table S1,

p = 0.001).

Table 2. Multivariable Cox-regression analyses of HDL-related parameters with risk of death in

liver cirrhosis.

Compensated Decompensated

Parameter
HR (95% CI)

Per 1 SD
p-Value

HR (95% CI)
Per 1 SD

p-Value

Total
HDL-ApoA-I

0.43 (0.21–0.87) 0.019 0.75 (0.49–1.15) 0.189

L-HDL-ApoA-I 0.49 (0.23–1.04) 0.063 0.83 (0.54–1.28) 0.399
M-HDL-ApoA-I 0.09 (0.03–0.33) <0.001 0.73 (0.46–1.16) 0.178
S-HDL-ApoA-I 0.10 (0.03–0.39) <0.001 0.91 (0.54–1.55) 0.730

XS-HDL-ApoA-I 0.24 (0.10–0.58) 0.001 0.46 (0.28–0.78) 0.004

The independent association between standardized HDL subclasses and mortality was determined using multi-
variable Cox regression. Analyses were conducted for 12-month mortality in compensated patients and 90-day
mortality in decompensated patients. Hazard ratios (HRs) with 95% confidence intervals (CIs) were computed per
1 standard deviation increase in HDL subclass levels, adjusting for age, sex, and MELD score. Significant findings
(p < 0.05) are indicated in bold. Abbreviations: ApoA-I, apolipoprotein A-I; HDL, high-density lipoprotein; HR,
hazard ratio, L-, large; M-, medium; S-, small; XS-, extra small.

3.8. Receiver Operating Characteristic Analyses of HDL Subclasses as Mortality Predictors

To assess clinical utility, receiver operating characteristic (ROC) analyses were per-

formed on significant Cox regression predictors. In compensated cirrhosis, M-HDL had

a numerically higher area under the curve (AUC) than MELD for predicting 12-month

mortality (0.92 vs. 0.89; Figure 6A). The combination of M-HDL-ApoA-I and MELD fur-

ther improved prognostic accuracy (AUC: 0.93). In decompensated cirrhosis, although

XS-HDL-ApoA-I was a significant predictor in Cox regression, it did not significantly

improve the 90-day mortality prediction of MELD (Figure 6B). Although the ROC curves

of combined MELD and M- HDL or combined MELD and XS-HDL showed comparable or

slightly higher AUC than the MELD score alone, statistical comparison using the DeLong

test revealed no significant differences between the AUCs of the MELD score and those

combined parameters (compensated: p = 0.612, decompensated: p = 0.818).
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Figure 6. Receiver operating characteristic (ROC) curves for mortality prediction. (A) 12-month

mortality prediction in compensated cirrhosis (DeLong Test: p = 0.612) and (B) 90-day mortality

prediction in decompensated cirrhosis (DeLong Test: p = 0.818). Curves depict the MELD score (black),

the HDL subclass significantly associated with mortality (orange), and the combined MELD-HDL

subclass model (red). The area under the curve (AUC) is indicated below the graphs, including the

95% confidence interval, which is displayed in brackets. Abbreviations: ApoA-I, apolipoprotein A-I;

HDL, high-density lipoprotein; MELD, Model for End-Stage Liver Disease.

4. Discussion

Cirrhosis markedly alters lipoprotein metabolism, leading to substantially reduced

HDL and total cholesterol levels. This study offers the first comprehensive analysis of HDL

subclass composition in cirrhosis and its clinical implications for mortality. We observed a

significant decline in M-HDL to XS-HDL particle concentrations in patients with cirrhosis,

particularly those with decompensated disease, whereas L-HDL levels remained relatively

unchanged. This decrease was associated with lower cholesterol content within the M-to-

XS-HDL, whereas triglyceride levels were increased in all subclasses. Notably, reduced

M-to-XS-HDL concentrations were independently linked to higher mortality risk, even

after adjusting for established predictors such as age, sex, and MELD score, underscoring

their potential as a prognostic marker.

Further adjustment for CRP levels (an indicator of systemic inflammation), revealed

nuanced insights. For compensated patients, the protective association between HDL

subclasses and three-month mortality weakened, and the effect of XS-HDL particles lost sta-

tistical significance. Conversely, for decompensated patients, the association with XS-HDL

particles persisted and strengthened. These findings suggest that, for compensated patients,

the relationship between HDL subclasses and mortality may be partially influenced by

inflammation. For decompensated patients, XS-HDL particles may serve as more robust

and independent prognostic markers.

These findings are consistent with the recognized biological roles of HDL subclasses,

wherein critical functions—such as cholesterol efflux capacity, anti-oxidative capacity, anti-

inflammatory effects, and antiapoptotic activity—are predominantly mediated by small,

dense, protein-rich HDL particles [11]. Specifically, these smaller HDL particles may confer

significant protection against oxidative stress induced by free radicals [11].

Our study shows a significant inverse correlation between circulating levels of small

HDL subclasses and key markers of oxidative stress and liver dysfunction, namely pheny-

lalanine, tyrosine, bilirubin, and C-reactive protein. This observed negative association

strongly suggests that the antioxidant and anti-inflammatory functions of small HDL sub-

classes may play a protective role in liver failure. The observed elevation of phenylalanine
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and tyrosine in liver disease has been linked to oxidative stress-induced inhibition of pheny-

lalanine hydroxylase [18]. The observed strong negative correlation suggests a possible

direct interaction between the depletion of small HDL subclasses and the development

of metabolic dysfunction in this patient population. Similarly, elevated bilirubin levels,

indicative of impaired hepatic detoxification, and elevated CRP, a marker of increased

systemic inflammation, both showed negative correlations with all HDL subclasses.

Our previous research showed a significant reduction in the activities of key enzymes

involved in HDL maturation and metabolism in patients with cirrhosis, including phos-

pholipid transfer protein, lecithin–cholesterol acyltransferase (LCAT), cholesteryl ester

transfer protein (CETP), and lipoprotein lipase (LPL) [3]. LCAT facilitates HDL matura-

tion by esterifying free cholesterol, which is then incorporated into the HDL core, while

CETP regulates HDL composition by transferring cholesteryl esters between HDL and

very-low-density lipoprotein. The marked reduction in the S-HDL and XS-HDL subclasses

observed in cirrhosis is probably due to impaired hepatic ApoA-I synthesis combined with

these enzymatic deficiencies. Specifically, reduced LCAT activity impairs the conversion of

pre-β-1 HDL to α-migrating HDL, limiting cholesterol esterification and resulting in lower

cholesterol content within these smaller HDL subclasses. At the same time, reduced CETP

activity limits the transfer of cholesteryl esters from HDL, potentially preserving L-HDL

levels. During LPL-mediated lipolysis of triglyceride-rich lipoproteins, surface remnants

such as phospholipids and apolipoproteins are transferred to HDL [19], supporting HDL

remodeling and maturation. However, reduced LDL activity in cirrhosis may interfere with

this process and further increase triglyceride levels in HDL by inhibiting the degradation

of triglycerides in HDL. These complex changes in HDL subclass distribution and compo-

sition warrant further investigation, given the different contributions of each subclass to

lipid homeostasis and innate immunity.

The immunomodulatory role of HDL may be particularly important in chronic liver

failure. Patients with cirrhosis are highly susceptible to Gram-negative bacterial infections,

which cause excessive release of the pro-inflammatory cytokine tumor necrosis factor-alpha

(TNF-alpha), exacerbating liver damage [20]. As a result, mortality from septic shock in

cirrhotic patients reaches approximately 80% [21], far exceeding the 30% rate observed in

individuals without cirrhosis [22]. The diminished quantity and impaired functionality of

HDL may substantially contribute to the pathophysiology of systemic inflammation, a key

driver in the progression to acute-on-chronic liver failure (ACLF) [23]. HDL exerts a critical

protective role against sepsis by neutralizing deleterious bacterial cell wall components,

such as lipopolysaccharide (LPS) [10]. Notably, restoring HDL levels and functions with

reconstituted HDL significantly attenuated LPS-induced inflammatory pathways in an ex

vivo study of patients with advanced chronic liver failure [24]. While our study did not

directly assess the risk of decompensation, the observed associations support the hypothesis

that HDL subclass profiling may offer early predictive insight into decompensating events

and serve as a potential biomarker for risk stratification in chronic liver disease. Future

prospective studies are warranted to explore these links.

Lipoprotein receptors play a dual role in viral infection. While they are crucial for

lipid metabolism, viruses can exploit these receptors to enter host cells, evade immune

responses, and disseminate throughout the body. Specifically, the HDL scavenger receptor

B1 (SR-BI) has been shown to facilitate hepatitis B virus (HBV) entry into hepatocytes by

interacting with the viral preS1 envelope protein [10]. Notably, HBV infection upregulates

SR-BI expression in hepatocytes, potentially enhancing viral replication. However, HDL

can competitively bind to SR-BI, blocking viral access and enabling the receptor’s protec-

tive function in innate immunity [25]. Understanding the complex relationship between

HDL and the immune system may reveal innovative targets for developing new treat-
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ments to combat infectious diseases and improve patient outcomes. Implementing NMR

spectroscopy in routine clinical laboratories can facilitate high-throughput, standardized

measurement of lipoprotein subfractions [26], thereby offering enhanced risk stratification.

Furthermore, NMR facilitates comprehensive profiling of HDL subclasses, which have

demonstrated potential as biomarkers in conditions such as Alzheimer’s disease [27], acute

heart failure [13], and myocardial infarction [12]. Interpreting HDL-ApoA-I in mg/dL

offers a protein-centric view of HDL composition rather than a direct count of particles.

Reductions in ApoA-I mass within small HDL subclasses may indicate structural and func-

tional impairment, such as reduced antioxidant and anti-inflammatory potential. These

changes are consistent with dysfunctional HDL profiles observed in chronic disease states

and may have prognostic significance. Although the Bruker IVDr NMR platform used in

this study provides standardized and reproducible lipoprotein subclass data, its current

application is largely limited to research environments. Broader clinical implementation

may be constrained by the need for specialized equipment, technical expertise, and cost con-

siderations. Nevertheless, as NMR technology becomes more automated and cost-effective,

its integration into clinical laboratories may become increasingly feasible, particularly for

high-throughput risk stratification or biomarker panels, potentially expanding their use

from research to clinical diagnostics [28].

Certain limitations of the current study warrant consideration. This study’s observa-

tional nature limits our ability to establish causality between HDL subclass changes and

mortality. We acknowledge that relying solely on plasma measurements represents a limita-

tion regarding spatial specificity. These systemic markers cannot definitively distinguish the

precise contribution of hepatic oxidative stress from oxidative processes originating in other

organs or from broader systemic inflammation. Ideally, future studies incorporating direct

assessments of intrahepatic oxidative stress through liver tissue biopsies or hepatic-specific

imaging/biomarkers would provide a more direct and spatially resolved measure.

The observed depletion of S-HDL and XS-HDL particles in cirrhosis, especially in

the compensated stage, points to a potentially modifiable factor in disease progression.

Since these HDL subclasses are known for their antioxidant, anti-inflammatory, and choles-

terol efflux capabilities, their loss may fuel systemic inflammation and oxidative stress in

cirrhotic patients.

Our findings suggest that HDL subclasses may offer superior clinical utility as biomark-

ers for disease monitoring and risk stratification compared to total HDL cholesterol. This

highlights the importance of investigating interventions aimed at preserving or restoring

small HDL particles, including ApoA-I mimetic peptides, lifestyle modifications, and novel

pharmacological agents, for their potential to ameliorate cirrhosis-related complications.

Furthermore, incorporating HDL subclass analysis into clinical practice could significantly

improve prognostic assessment beyond established tools like the MELD score. While

acknowledging the observational nature of this study precludes causal inference, these

insights are pivotal for designing future trials on HDL-targeted therapies in liver disease.

5. Conclusions

Taken together, these findings suggest that reductions in specific HDL subclasses

may amplify oxidative stress, potentially creating a detrimental feedback loop that ex-

acerbates liver dysfunction and systemic complications in cirrhosis. The robust inverse

association between small HDL and these markers of oxidative stress highlights therapeu-

tic potential of strategies targeting restoration of small HDL subclasses. HDL subclass

analysis provides robust mortality prediction in compensated cirrhosis, comparable to

the MELD score. This indicates the potential for incorporating HDL subclass profiling

into clinical practice to enable personalized therapeutic strategies. Such strategies could
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enhance HDL-mediated functions, including cholesterol efflux, anti-inflammatory, and

antioxidant activity, ultimately leading to improved patient outcomes and more targeted

anti-inflammatory interventions.
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Abstract

Background Cardiovascular disease represents a signi�cant risk factor for mortality in individuals with type 

2 diabetes mellitus (T2DM). High-density lipoprotein (HDL) is believed to play a crucial role in maintaining 

cardiovascular health through its multifaceted atheroprotective e�ects and its capacity to enhance glycemic control. 

The impact of dietary interventions and intermittent fasting (IF) on HDL functionality remains uncertain. The objective 

of this study was to assess the e�ects of dietary interventions and IF as a strategy to safely improve glycemic control 

and reduce body weight on functional parameters of HDL in individuals with T2DM.

Methods Before the 12-week intervention, all participants (n = 41) of the INTERFAST-2 study were standardized to 

a uniform basal insulin regimen and randomized to an IF or non-IF group. Additionally, all participants were advised 

to adhere to dietary recommendations that promoted healthy eating patterns. The IF group (n = 19) followed an 

alternate-day fasting routine, reducing their calorie intake by 75% on fasting days. The participants’ glucose levels 

were continuously monitored. Other parameters were measured following the intervention: Lipoprotein composition 

and subclass distribution were measured by nuclear magnetic resonance spectroscopy. HDL cholesterol e�ux 

capacity, paraoxonase 1 (PON1) activity, lecithin cholesterol acyltransferase (LCAT) activity, and cholesterol ester 

transfer protein (CETP) activity were assessed using cell-based assays and commercially available kits. Apolipoprotein 

M (apoM) levels were determined by ELISA.

Results Following the 12-week intervention, the IF regimen signi�cantly elevated serum apoM levels (p = 0.0144), 

whereas no increase was observed in the non-IF group (p = 0.9801). ApoM levels correlated with weight loss and 

fasting glucose levels in the IF group. Both groups exhibited a robust enhancement in HDL cholesterol e�ux capacity 

(p < 0.0001, p = 0.0006) after 12 weeks. Notably, only the non-IF group exhibited signi�cantly elevated activity of PON1 
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Background

Diet and fasting are the cornerstones of lifestyle modi�-
cations and essential factors in promoting cardiovascular 
health. �e Mediterranean diet is associated with lower 
cardiovascular risk and diabetes incidence [1]. Various 
fasting strategies, from intermittent fasting to fasting-
mimicking diets, may also o�er advantages for prevent-
ing and treating chronic metabolic diseases like type 
2 diabetes (T2DM) [2–4]. Signi�cant weight loss from 
short-term calorie restriction can lower blood sugar and 
HbA1c levels, potentially leading to remission of T2DM 
[5]. Previous �ndings of the INTERFAST-2 study dem-
onstrated that alternate day fasting (IF) over 12 weeks in 
insulin-treated people with T2DM is safe, and reduces 
HbA1c, body weight, and total daily insulin dose, while 
the resting metabolic rate and the physical activity levels 
remained unaltered [6].

T2DM and the cluster of pathologies including glucose 
intolerance/insulin resistance, obesity, and high plasma 
triglycerides that comprise the metabolic syndrome are 
associated with low and dysfunctional HDL. In addition 
to its established positive e�ects on cardiovascular health, 
HDL is emerging as a signi�cant factor in enhancing 

glycemic control. HDL lowers plasma glucose by increas-
ing plasma insulin and activating the adenosine mono-
phosphate-activated protein kinase (AMPK) pathway 
in skeletal muscle [7]. HDL binds to cell surface recep-
tors on skeletal muscle, including ATP-binding cassette 
transporter A1, leading to the mobilization of intracel-
lular calcium ions and activation of calcium/calmodulin-
dependent protein kinase kinase. �is cascade promotes 
the phosphorylation and activation of AMPK, resulting 
in downstream e�ects such as glucose uptake. �e most 
extensively studied and signi�cant function of HDL is its 
cholesterol e�ux capacity, which quanti�es the capacity 
to remove cholesterol from cells. Recent large-scale clini-
cal studies have demonstrated a correlation between in 
vitro HDL cholesterol e�ux capacity and the prevalence 
and incidence of cardiovascular disease, which appears 
to be independent of HDL-C concentration [8]. Paraox-
onase 1 (PON1), an HDL-associated enzyme, enhances 
insulin sensitivity by promoting GLUT4 translocation in 
myocytes [9]. ApoM is a lipocalin, primarily associated 
with HDL particles, that has a distinct hydrophobic bind-
ing pocket that allows it to bind functional lipids such as 
sphingosine-1-phosphate (S1P). �is interaction plays a 

(p = 0.0455) and LCAT (p = 0.0117) following the 12-week intervention. In contrast, the changes observed in the IF 

group did not reach statistical signi�cance.

Conclusions A balanced diet combined with meticulous insulin management improves multiple metrics of HDL 

function. While additional IF increases apoM levels, it does not further enhance other aspects of HDL functionality.

Trial registration The study was registered at the German Clinical Trial Register (DRKS) on 3 September 2019 under 

the number DRKS00018070.

Keywords T2DM, Obesity, Intermittent fasting, Diet, HDL, Cardiovascular health, Cholesterol e�ux, ApoM, PON-1, 

LCAT
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critical role in preventing the degradation of S1P, enhanc-
ing the formation of atheroprotective preβ-HDL, and 
promoting insulin release [10, 11]. Lecithin–cholesterol 
acyltransferase (LCAT) as well as cholesterol ester trans-
fer protein (CETP) play a crucial role in HDL matura-
tion [12, 13]. �ese mechanisms suggest a potential link 
between low circulating HDL levels and metabolic dys-
function [7].

Understanding the factors in�uencing HDL func-
tion in T2DM could pave the way for novel biomarkers 
to track disease progression and develop personalized 
treatment plans. While speci�c dietary components 
have demonstrated improvements in HDL function [14], 
the in�uence of fasting on HDL structure, function, and 
metabolism remains unclear. In this study, we examined 
the e�ects of IF on various functional parameters of HDL 
in patients with T2DM, including (i) HDL subclass dis-
tribution, (ii) serum apoM levels, (iii) HDL cholesterol 
e�ux capacity, (iv) PON1 activity and (v) serum LCAT 
and CETP activities.

Materials and methods

�is is an analysis of the INTERFAST-2 study, a sin-
gle-center, randomized, controlled trial, investigating 
the e�ect of intermittent fasting in people with T2DM 
already injecting insulin (INTERFAST-2). �is study was 
conducted at the University Hospital Graz, Austria, and 
approved by the ethics committee of the Medical Univer-
sity of Graz, Austria (EK 30–350 ex 17/18). �is research 
adhered to the tenets of the Declaration of Helsinki, and 
GCP-ICH guidelines, and complied with the protocol 
and requirements of the relevant regulatory authori-
ties. �e study population consisted of individuals with 
T2DM, aged 18 to 75 years, with glycated hemoglobin 
A1c ≥ 7.0% (≥ 53 mmol/mol). �e primary inclusion crite-
ria were as follows: a total daily insulin dose of ≥ 0.3 units 
per kilogram of body weight and stable body weight over 
the previous three months (weight change < ± 3 kg). Par-
ticipants had to be willing to comply with the study pro-
cedures, attend the study site, participate in the required 
protocols, and adhere to the fasting protocols.

Major exclusion criteria included active known malig-
nancy within the past year (excluding prostate, gas-
trointestinal, and basal cell carcinoma intraepithelial 
neoplasia), pregnancy or intent to become pregnant, lac-
tation, and any chronic disease that might interfere with 
the interpretation of study results. In addition, partici-
pants were excluded if they had started a new hormonal 
supplement or changed their hormonal contraceptive in 
the previous two months. Participants with type 1 dia-
betes mellitus or other forms of diabetes mellitus, acute 
or chronic in�ammatory diseases, or who consumed 
more than 15 standard alcoholic drinks per week were 

also excluded. In addition, individuals who worked night 
shifts or used illicit substances were not included.

Four weeks before the start of the dietary intervention, 
participants were switched to the same basal insulin regi-
men. A trained physician made dose adjustments for par-
ticipants in both groups during the intervention period. 
Further information can be found in the published study 
protocol [15].

A registered dietitian provided an educational inter-
vention focused on individualized dietary strategies to 
promote optimal health outcomes. �e session empha-
sized on creating a balanced and varied plate with a 
rainbow of vegetables. Participants were encouraged 
to reduce their added sugars and salt intake while add-
ing more whole grains and legumes to their meals. All 
patients had the same number of interactions with the 
dietitian during both on-site and telephone visits. Adher-
ence to the diet was continuously monitored voluntarily.

Blood samples were collected from the participants at 
the outset of the study, which occurred after the insulin 
switch phase but before the commencement of the inter-
vention. �e second blood draw was conducted after 12 
weeks of intervention. Blood samples were drawn after a 
minimum of 8 h of overnight fasting.

ApoB-Depletion of serum

Apolipoprotein B (apoB) was depleted from serum using 
a polyethylene glycol (PEG) precipitation method. A 
20% (w/v) stock solution of PEG (P1458, Sigma-Aldrich, 
Darmstadt, Germany) was prepared by dissolving it in 
200 mmol/L glycine bu�er. Forty microliters (µL) of this 
PEG solution were then added to 100 µL of serum. �e 
mixture was gently mixed and incubated at room tem-
perature for 20  min. Following incubation, the samples 
were centrifuged at 10,100 × g for 30  min at 4  °C. �e 
resulting HDL-containing apoB-depleted serum was col-
lected and stored at − 70 °C for further analysis.

Lecithin–cholesteryl acyltransferase (LCAT) activity

LCAT activity was assessed using a commercially avail-
able kit (MAK107, Merck, Darmstadt, Germany) follow-
ing the manufacturer’s guidelines. �e serum samples 
were incubated with the LCAT substrate for four hours 
at 37 °C. �e �uorescent substrate emits at 470 nm, and 
upon LCAT-mediated hydrolysis, a monomer with �uo-
rescence at 390 nm is released. LCAT activity was quan-
ti�ed by monitoring the change in the ratio of emission 
intensities at λ = 470 nm and λ = 390 nm over time.

Arylesterase activity of Paraoxonase

�e Ca2+-dependent arylesterase activity of PON1 was 
determined using a photometric assay involving phenyl-
acetate substrate, following a previously described proto-
col [16]. Brie�y, 1.5 µL of 1:10 phosphate-bu�ered saline 
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diluted apoB-depleted serum was added to a 200 µL buf-
fer solution containing 100 mM Tris, 2 mM CaCl2 (pH 
8.0), and 1 mM phenylacetate. �e hydrolysis of phenyl-
acetate was monitored at a wavelength of 270  nm. �e 
enzymatic activity was determined using the Beer-Lam-
bert law, with a molar extinction coe�cient of 1,310  L 
mol-1 cm-1.

Cholesterol Ester Transfer Protein (CETP) activity

Serum CETP activity was determined using a commer-
cially available kit (MAK106, Merck, Darmstadt, Ger-
many) following the manufacturer’s instructions. �e 
CETP Activity Assay Kit uses a proprietary substrate to 
measure CETP-mediated neutral lipid transfer. 3  µl of 
serum samples diluted 1:10 in phosphate-bu�ered saline 
are incubated with the donor and acceptor molecules at 
37  °C for three hours. �e reaction produces a �uores-
cent signal (λEx = 465 nm/λEm = 535 nm) proportional to 
CETP activity.

Serum levels of apolipoprotein M

Serum levels of apoM were quanti�ed using a sandwich 
enzyme-linked immunosorbent assay method described 
in a prior study [17]. For apoM measurement, capture 
antibody (clone 1G9) (Abnova, Taipei City, Taiwan) 
detection antibody (clone EPR2904) (Abcam, Cambridge, 
UK), and HRP-conjugated anti-rabbit IgG antibody (cat. 
No. PO448) (DAKO, Glostrup, Denmark) were used. 
Brie�y, a high-binding ELISA plate (Corning, Arizona, 
US) was coated with a capture antibody overnight and 
blocked with 2% bovine serum albumin. Serum sam-
ples (10  µl) were treated with 1,4-dithiothreitol (Sigma-
Aldrich) and iodoacetamide (Sigma-Aldrich) to cleave 
disul�de bonds in apoM. �e 1:50 diluted samples (in 
tris-bu�ered saline + 1% bovine serum albumin) were 
incubated overnight in the ELISA plate. After washing 
and the addition of detection and secondary antibodies, 
the absorbance of the colorimetric reaction was mea-
sured at 492 nm to determine the apoM concentration.

Cholesterol e�ux capacity

�e cholesterol e�ux capacity of apoB-depleted serum 
was determined following established protocols [18, 
19]. In brief, J774.2 cells (Sigma Aldrich, Darmstadt, 
Germany) were labeled with 0.5 µCi/mL radiolabeled 
[3  H]-cholesterol (Hartmann Analytic, Braunschweig, 
Germany) in DMEM media containing 2% FBS, 1% peni-
cillin/streptomycin, and 8(4-chlorophenylthio)-cyclic 
adenosine monophosphate (0.3 mM) (Sigma-Aldrich, 
Darmstadt, Germany) overnight. After two washes, the 
cells were equilibrated for 2 h in serum-free DMEM sup-
plemented with 2% bovine serum albumin from Sigma-
Aldrich (Darmstadt, Germany). �e cells were then 
rinsed and incubated with 2.8% apoB-depleted serum 

samples for 3 h. Cholesterol e�ux capacity was expressed 
as the ratio of radioactivity in the media to the total 
radioactivity in the media and lysed cells.

NMR analysis

HDL subclasses and composition were assessed using 
a Bruker 600  MHz Avance Neo NMR spectrometer 
(Bruker, Rheinstetten, Germany) according to the Bruker 
IVDr Lipoprotein Subclass Analysis Protocol. Lipopro-
tein quanti�cation was performed by analyzing the data 
using the Bruker IVDr Lipoprotein Subclass Analysis 
(B.I.LISATM) method as described previously [20]. �e 
Bruker IVDr Lipoprotein Subclass Analysis identi�es four 
HDL subclasses, labeled HDL-1 through HDL-4, based 
on increasing density and decreasing size. �e de�ned 
density ranges for these subclasses are HDL-1 (1.063 to 
1.100 kg/L), HDL-2 (1.100 to 1.112 kg/L), HDL-3 (1.112 
to 1.125 kg/L), and HDL-4 (1.125 to 1.210 kg/L). For sim-
plicity, these subclasses are designated as L-HDL (HDL-
1), M-HDL (HDL-2), S-HDL (HDL-3), and XS-HDL 
(HDL-4).

Statistical analysis

All statistical analyses were performed with SPSS (ver-
sion 29.0.0.0) (SPSS, Inc., Chicago, IL, USA) and Graph-
Pad Prism 8.0. A p-value of < 0.05 was used to determine 
statistical signi�cance. Participant characteristics are 
reported as means ± standard deviation, median with 
interquartile range or counts, and proportions. Statisti-
cal di�erences between the groups were calculated using 
paired t-test or Wilcoxon signed rank test, depending on 
the normality of the data. Fisher’s exact test was used to 
identify di�erences in comorbidities and used medica-
tion. �e Spearman correlation coe�cient was used to 
assess correlations between HDL functions and clinical 
parameters. �e results are presented as a scatterplot. 
Di�erences before and after intervention within each 
group were calculated using the paired t-test or Wilcoxon 
test, depending on the normality of the data.

Results

Baseline characteristics of the study cohort

Baseline characteristics of the study cohort are pre-
sented in Table  1. �e INTERFAST-2 trial included 
41 participants, with 19 (45%) assigned to the IF group 
and 22 (55%) to the non-IF group. �e mean age of the 
study cohort was 63 ± 7 years, and body mass index (BMI) 
was 34 ± 5  kg/m². While lipid pro�les were generally 
within normal limits, glucose metabolism was impaired, 
indicated by elevated fasting glucose (184 ± 42), insu-
lin (18.3 ± 9.4), and glycated hemoglobin (HbA1c) levels 
(68 ± 12 mmol/mol). Hypertension was common, with 
elevated systolic blood pressure (141 ± 22 mmHg). Addi-
tionally, elevated levels of in�ammatory markers, CRP 
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and IL-6, suggested low-grade in�ammation, highlight-
ing the metabolic and in�ammatory burden associated 
with the study population. A signi�cant proportion of the 
study cohort also had other comorbidities such as heart 
failure, coronary artery disease, and myocardial infarc-
tion. Participants were taking a variety of medications 
for diabetes management, including metformin, DPP-4 
inhibitors, SGLT2 inhibitors, GLP-1 receptor agonists, 
and basal insulin. While the groups were generally well-
matched, some di�erences have to be noted in age (61 ± 7; 
66 ± 6), HDL-C (53 ± 11; 45 ± 10), and triglyceride levels 
(212 [93, 528]; 161 [52, 321]). No signi�cant di�erences 
between other baseline characteristics were observed.

E�ects of IF on HDL composition

Lipoprotein pro�le analysis by NMR revealed changes 
in HDL composition after 12 weeks. When comparing 
the IF group to the non-IF group, we observed a non-
signi�cant upward trend in several components of large 
HDL (L-HDL) after the intervention in the IF group. �is 
includes apoA-I, apoA-II, cholesterol, and phospholipids 
(p = 0.083, 0.126, 0.198, and 0.061, respectively) (Fig. 1A). 
Plasma apoM levels increased signi�cantly after 12 weeks 
of IF (Fig.  1B). In agreement with our results, previous 
studies have shown an association between apoM and 
BMI [21, 22]. Consistent with this observation, our data 
showed a negative correlation between changes in BMI 
due to weight loss and changes in apoM levels (Fig. 1C). 
In addition, we observed a negative association between 
the change in apoM (delta apoM) and the change in fast-
ing glucose (delta fasting glucose) (Fig. 1D).

E�ects of IF on metrics of HDL function and metabolism

Next, we determined whether IF a�ects the functional 
metrics of HDL. Interestingly, the ability of HDL to 
remove cholesterol from macrophages was elevated in 
both the IF and non-IF groups after 12 weeks of inter-
vention (Fig.  2A). To gain insight into the changes in 
serum antioxidant and anti-in�ammatory activities upon 
fasting, we examined the activity of the HDL-associated 
enzyme PON1. After 12 weeks, there was a signi�cant 
increase in PON1 activity among the non-IF group, while 
the increase in the IF group did not reach signi�cance 
(Fig. 2B). LCAT is an enzyme that plays a crucial role in 
the maturation of HDL particles [23]. Interestingly, we 
observed a signi�cant increase in LCAT activity in the 
non-IF group, whereas again the increase in the IF group 
did not reach signi�cance (Fig. 2C). CETP facilitates the 
redistribution of cholesteryl esters, triglycerides, and 
phospholipids between plasma lipoproteins. Notably, no 
change in CETP activity was observed in either of the 
groups following the intervention period (Fig. 2D).

Table 1 Baseline characteristics of the study cohort

Non-IF 

group

IF group All p-

val-

ue(n = 22) (n = 19) (n = 41)

Demographic parameters

Age (years) 61 ± 7 66 ± 6 63 ± 7 0.025

Sex, Female 9 (40.9) 9 (47.4) 18 (43.9) 0.758

Physical examination and laboratory parameters

BMI (kg/m2) 34 ± 5 35 ± 4 34 ± 5 0.418

Systolic BP (mmHg) 145 ± 24 137 ± 20 141 ± 22 0.281

Diastolic BP (mmHg) 85 ± 11 79 ± 10 82 ± 11 0.093

Total Cholesterol (mg/

dL)

169 (107, 

271)

157 (114, 

277)

166 (107, 

277)

0.353

Fasting Insulin (mU/L) 18 ± 7 19 ± 11 18.3 ± 9.4 0.910

Fasting Glucose (mg/

dL)

180 ± 45 187 ± 39 184 ± 42 0.638

HbA1c (mmol/mol) 69 ± 13 67 ± 11 68 ± 12 0.591

HDL-C (mg/dL) 53 ± 11 45 ± 10 49 ± 11 0.023

Triglycerides (mg/dL) 212 (93, 

528)

161 (52, 

321)

181 (52, 

528)

0.009

Albumin (g/dL) 4.4 ± 0.2 4.3 ± 0.2 4.3 ± 0.2 0.266

AST (U/L) 25 (13, 9) 24 (14, 6) 24.5 (13, 9) 0.957

ALT (U/L) 23 (14, 6) 25 (18,0) 24 (15,0) 0.288

GGT (U/L) 24.5 (4.0, 

101.0)

28.00 (14.0, 

158.0)

25.0 (4.0, 

158.0)

0.313

CRP (mg/L) 3.0 (0.6, 

16.8)

2.1 (0.6, 

18.8)

2.6 (0.6, 

18.8)

0.704

IL-6 (pg/mL) 3.3 

(1.6–15.1))

3.60 (1.5, 

16.3)

3.4 (1.5, 

16.3)

0.541

Total Protein (g/dL) 7.32 ± 0.41 7.12 ± 0.31 7.2 ± 0.37 0.093

Uric acid (mg/dL) 4.95 (2.90, 

9.00)

5.40 (2.60, 

9.10)

5.10 (2.60, 

9.90)

0.374

Comorbidities

Hypertension 18 (81.8) 18 (94.7) 36 (87.8) 0.350

Heart failure 1 (4.5) 4 (21.1) 5 (12.2) 0.164

Coronary heart disease 6 (27.3) 6 (31.6) 12 (29.3) 1.000

Myocardial infarction 3 (13.6) 7 (36.8) 10 (24.4) 0.144

Stroke 2 (9.1) 0 (0.0) 2 (4.9) 0.490

Retinopathy 5 (22.7) 5 (26.3) 10 (24.4) 1.000

Polyneuropathy 10 (45.5) 7 (36.8) 17 (41.5) 0.752

Amputation 1 (4.5) 1 (5.3) 2 (4.9) 1.000

Medication

Metformin 17 (77.3) 14 (73.7) 31 (75.6) 1.000

Sulfonylurea 0 (0.00) 0(0.00) 0(0.00) 1.000

DPP4 inhibitors 5 (22.7) 8 (42.1) 13 (31.7) 0.313

SGLT2 inhibitors 9 (40.9) 9 (47.4) 18 (43.9) 0.758

GLP-1 receptor agonist 11 (50.0) 8 (42.1) 19 (46.3) 0.756

Pioglitazon 0 (0.0) 0(0.0) 0(0.0) 1.000

Premixed insulin 1 (4.5) 0 (0.0) 1 (2.4) 1.000

Basal insulin 20 (90.9) 19 (100.0) 39 (95.1) 0.490

Bolus insulin 18 (81.8) 18 (94.7) 36 (87.8) 0.350

Data are reported as means ± standard deviation, median with interquartile 

range or counts, and proportions. Di�erences between non-IF and IF 

individuals were tested with a t-test, Mann–Whitney U test, or Fisher’s 

exact test. P values less than 0.05 were considered statistically signi�cant. 

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body 

mass index; BP, blood pressure; CRP, C-reactive protein; DPP4, dipeptidyl 

peptidase 4; GGT, gamma-glutamyl transferase; GLP1, glucagon-like peptide-1; 

HbA1c, hemoglobin A1c; HDL-C, high-density lipoprotein cholesterol; IL-6, 

interleukin-6, SGLT2, sodium-glucose linked transporter type 2
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Discussion

While fasting is practiced by billions worldwide for 
health or religious reasons, the larger picture of human 
adaptation to prolonged food deprivation remains elu-
sive. Furthermore, the long-term health e�ects, both 
positive and negative, are areas of ongoing research. In 
patients with T2DM, previous studies suggested that IF 
may o�er several bene�ts such as weight loss, which may 
lead to a lower daily insulin requirement [6, 24]. In addi-
tion, integrating a balanced diet and proper insulin man-
agement with IF may positively impact HDL metabolism 

and function. As previously shown, a 12-week IF regimen 
in insulin-treated people with T2DM is safe, and reduces 
HbA1c, body weight, and total daily insulin dose. IF 
may be a promising approach for some T2DM patients, 
potentially improving blood sugar control [6].

�is study explored the e�ects of dietary intervention 
and fasting on HDL metabolism and function in indi-
viduals with type 2 diabetes. Our �ndings underscore the 
potential of nutritional modi�cations to enhance vari-
ous HDL-related functional parameters after a 12-week 
intervention. �ese results are particularly noteworthy 

Fig. 1 E�ects of IF on HDL composition. (A) HDL compositional parameters measured by NMR spectroscopy. (B) Fold change of apoM levels after 12 

weeks of intervention. (C) Correlation analysis of delta apoM levels with delta BMI of the IF group; di�erence from before to after 12 weeks intervention 

measurements. (D) Correlation analysis of delta apoM with delta fasting glucose parameters of the IF group. HDL, high-density lipoprotein; HDL-A1, HDL-

associated apolipoprotein A1; HDL-A2, HDL-associated apolipoprotein A2; HDL-C, HDL cholesterol; HDL-FC, HDL free cholesterol; HDL-TG, HDL triglycer-

ides; HDL-PL, HDL phospholipids; LDL-ApoB, LDL associated apolipoprotein B; LDL-C, LDL cholesterol
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Fig. 2 E�ects of IF on HDL functionality and metabolism. Line plots of cholesterol e�ux capacity, enzymes involved in HDL functionality, and metabolism 

before and after the intervention period. (A) Cholesterol e�ux capacity (% e�ux); (B) PON1 activity (mM/min/ml); (C) LCAT activity (% substrate turnover); 

(D) CETP activity (pg transfer/h). Di�erences between baseline and after intervention (12 weeks) were analyzed by paired t-test or Wilcoxon test depend-

ing on the normality of the data. CETP, cholesterol ester transfer protein; LCAT, lecithin cholesterol acyltransferase; PON1, paraoxonase 1
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because improved HDL functionality is closely linked 
to reduced cardiovascular risk and better glycemic con-
trol. Metrics of HDL function, such as cholesterol e�ux 
capacity, have been demonstrated to strongly correlate 
with a decreased risk of cardiovascular disease [8]. It is 
interesting to note that HDL cholesterol e�ux capacity 
is inversely related to T2DM in the EPIC Norfolk study 
[25]. HDL-associated PON1 plays a crucial role in pre-
venting LDL oxidation and atherosclerosis by hydrolyz-
ing lipid peroxides [26]. Oxidized LDL is associated with 
insulin resistance. �e prevention of LDL oxidation by 

PON1 helps to maintain insulin sensitivity [9]. Moreover, 

PON1 reduces insulin resistance in mice fed a high-fat 

diet, and promotes GLUT4 overexpression in myocytes, 

via the IRS-1/Akt pathway [27]. Beyond its primary role 

in cholesterol esteri�cation, LCAT exhibits additional 

antioxidant and anti-in�ammatory properties. LCAT 

can neutralize the platelet-activating factor and oxidized 

phospholipids [12], and its activity has been indepen-

dently associated with all-cause mortality in patients with 

chronic kidney disease [28]. Moreover, HDL-associated 

apoM inhibits the degradation of S1P, stimulates the for-

mation of atheroprotective small preβ-HDL particles, 

and facilitates insulin release [10, 11]. �ese �ndings sug-

gest a potential correlation between low or dysfunctional 

circulating HDL levels and metabolic dysfunction. Nota-

bly, the administration of reconstituted HDL to patients 

with T2DM has been shown to decrease plasma glu-

cose by increasing plasma insulin and activating skeletal 

muscle AMP-activated protein kinase [29], which is in 

line with the aforementioned assumption. �ese results 

indicate that therapies aimed at raising functional HDL 

levels may have broader clinical applications beyond ath-

erosclerosis in the management of T2DM.

Notably, whereas HDL cholesterol e�ux capacity 

increased in both the IF and non-IF groups, the activi-

ties of PON1 and LCAT were signi�cantly enhanced 

only in the non-IF group. IF increased apoM levels after 

12 weeks. �e activity of CETP, a protein that facilitates 

the redistribution of cholesterol esters and triglycer-

ides between lipoproteins [30], was not altered in both 

groups.

All participants were given recommendations for a diet 

similar to the Mediterranean diet. �is included eating 

at least three servings of vegetables and two servings of 

fruit per day, which was not possible for the IF group on 

fasting days. �is could explain why some parameters 

such as PON1 and LCAT activity only increased sig-

ni�cantly in the non-IF group. Additionally, participants 

were encouraged to reduce sugar and salt intake, choose 

whole grains and legumes over re�ned options, and limit 

red meat, dairy products, and saturated fats. Simmering 

was recommended as a healthier cooking method com-

pared to frying [31]. Previous research demonstrated, 

that the Mediterranean diet markedly improves HDL 

functional parameters [14]. In the PREDIMED trial, the 

cholesterol e�ux capacity of HDL was increased after 1 

year of intervention compared to baseline levels [32]. �e 

Mediterranean diet, especially when supplemented with 

extra virgin olive oil rich in phenolic compounds, has 

been shown to markedly improve metrics of HDL func-

tionality. Particularly, the phenolic compounds of extra 

virgin olive oil seem to exert signi�cant positive e�ects 

on HDL function [14]. Moreover, supplementation of 

anthocyanins as well as antioxidants such as lycopene 

or the omega-3 fatty acid eicosapentaenoic acid improve 

parameters of HDL function. Especially the consump-

tion of nuts, legumes, and �sh was previously reported 

to be associated with elevated PON1 antioxidant activity 

[33]. It is documented that the consumption of tomatoes 

is associated with an increase in LCAT activity, which 

is believed to be linked to the high lycopene content of 

tomatoes [34].

While the recommended Mediterranean-style diet rich 

in fruits, vegetables, and whole grains might be the pri-

mary driver of the improved cholesterol e�ux observed 

in both groups, the lack of a signi�cant PON1 and LCAT 

activity increase in the IF group remains unclear and fur-

ther research is needed to draw �rm conclusions.

It is important to note that alternate-day fasting 

appears to have the opposite e�ect in mice lacking LDL 

receptors. Two studies reported that alternate-day fasting 

unexpectedly increased the development of atherosclero-

sis in mice lacking LDL receptors [35, 36].

�e results of our study suggest that a balanced Med-

iterranean-style diet enhances HDL function. However, 

the addition of fasting might negate some of these advan-

tages, with the notable exception of increasing apoM lev-

els. Our �ndings align with previous research showing 

that apoM levels are lower in individuals with obesity and 

metabolic syndrome, conditions often characterized by 

insulin resistance, and that caloric restriction increases 

the production of apoM [37]. ApoM expression is con-

trolled by transcription factors associated with hepatic 

glucose and lipid metabolism [38]. ApoM, a carrier 

for S1P has been shown to enhance insulin secretion 

through S1P signaling, potentially impacting glycemic 

control [39]. �e observed association between apoM 

levels and blood glucose in the IF group is consistent with 

this concept. Furthermore, the observed rise in apoM 

levels in the IF group could potentially lead to improved 

blood sugar regulation, given that apoM has been shown 

to enhance insulin secretion through S1P [10].

In addition to diet and fasting, regular aerobic exercise 

training is tightly linked with improved glycemic control 

and can signi�cantly improve lipid pro�les in healthy and 

obese individuals [40–43]. In individuals with T2DM, 

supervised and structured aerobic exercise training was 
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associated with increased HDL cholesterol levels and 

reductions in plasma triglycerides and LDL cholesterol 

[44]. Combining a Mediterranean diet, intermittent fast-

ing, and regular physical activity could further improve 

the health of T2DM patients.

Some limitations of our study have to be noted. Pri-

marily, the relatively small sample size limits the general-

izability of our �ndings. Secondly, the open-label design 

may have introduced bias. Participant’s awareness of their 

fasting status may have altered their behavior, impacting 

the results. �ose fasting may have indulged in unhealthy 

food choices post-fasting, potentially negating some ben-

e�ts. Conversely, participants in the non-IF group may 

have consciously adhered to a healthier diet. Moreover, 

the non-IF group had higher baseline HDL cholesterol 

and triglyceride levels, which might have in�uenced the 

results. If baseline HDL cholesterol levels are already 

high, there might be a limited capacity for further 

improvement through dietary and fasting interventions. 

However, both groups showed signi�cant improvements 

in HDL cholesterol e�ux capacity, suggesting that base-

line di�erences likely did not substantially a�ect the 

results. �e slight age di�erence of approximately �ve 

years between the groups is unlikely to have impacted the 

�ndings, as previous research suggests that cholesterol 

e�ux capacity and LCAT activity are generally indepen-

dent of age [45]. While PON1 activity declines in indi-

viduals over 65 in comparison to individuals of about 26 

years of age [45], the relatively small age di�erence in our 

study is unlikely to have had a signi�cant impact.

Conclusions

Our �ndings underscore the continued importance of a 

healthy lifestyle, particularly the Mediterranean diet, in 

addition to well-managed insulin therapy for individuals 

with T2DM. While we observed improvements in HDL 

function, as indicated by increased cholesterol e�ux 

capacity, in both the non-IF and IF groups, the exclusive 

increase in apoM levels in the IF group suggests an addi-

tional mechanism that may contribute to the metabolic 

bene�ts. �e established role of apoM in promoting insu-

lin secretion is consistent with the observed improve-

ments in glycemic control. While the recommended 

Mediterranean-style diet rich in fruits, vegetables, and 

whole grains might be the primary driver of the improved 

cholesterol e�ux observed in both groups, the lack of a 

signi�cant PON1 and LCAT activity increase in the IF 

group remains unclear and further research is needed to 

draw �rm conclusions.

In conclusion, our study highlights the importance 

of a comprehensive approach to managing T2DM, 

which includes a healthy diet, well-regulated insulin 

therapy, and potentially intermittent fasting, as strate-

gies to reduce cardiovascular risk and enhance overall 

metabolic health. Additionally, increasing functional 

HDL levels may o�er broader clinical bene�ts in T2DM 

management, extending beyond just the prevention of 

atherosclerosis.
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