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Abstract
Background  Cardiovascular disease represents a significant 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 effects 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 effects 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 efflux 
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 significantly 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 efflux capacity 
(p < 0.0001, p = 0.0006) after 12 weeks. Notably, only the non-IF group exhibited significantly elevated activity of PON1 
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Background
Diet and fasting are the cornerstones of lifestyle modifi-
cations and essential factors in promoting cardiovascular 
health. The Mediterranean diet is associated with lower 
cardiovascular risk and diabetes incidence [1]. Various 
fasting strategies, from intermittent fasting to fasting-
mimicking diets, may also offer advantages for prevent-
ing and treating chronic metabolic diseases like type 
2 diabetes (T2DM) [2–4]. Significant weight loss from 
short-term calorie restriction can lower blood sugar and 
HbA1c levels, potentially leading to remission of T2DM 
[5]. Previous findings 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 effects on cardiovascular health, 
HDL is emerging as a significant 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. This cascade promotes 
the phosphorylation and activation of AMPK, resulting 
in downstream effects such as glucose uptake. The most 
extensively studied and significant function of HDL is its 
cholesterol efflux capacity, which quantifies the capacity 
to remove cholesterol from cells. Recent large-scale clini-
cal studies have demonstrated a correlation between in 
vitro HDL cholesterol efflux 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). This 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 significance.
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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]. These mechanisms suggest a potential link 
between low circulating HDL levels and metabolic dys-
function [7].

Understanding the factors influencing HDL func-
tion in T2DM could pave the way for novel biomarkers 
to track disease progression and develop personalized 
treatment plans. While specific dietary components 
have demonstrated improvements in HDL function [14], 
the influence of fasting on HDL structure, function, and 
metabolism remains unclear. In this study, we examined 
the effects 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 
efflux capacity, (iv) PON1 activity and (v) serum LCAT 
and CETP activities.

Materials and methods
This is an analysis of the INTERFAST-2 study, a sin-
gle-center, randomized, controlled trial, investigating 
the effect of intermittent fasting in people with T2DM 
already injecting insulin (INTERFAST-2). This 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). This 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. The study population consisted of individuals with 
T2DM, aged 18 to 75 years, with glycated hemoglobin 
A1c ≥ 7.0% (≥ 53 mmol/mol). The 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 inflammatory 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. The 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. The 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 buffer. Forty microliters (µL) of this 
PEG solution were then added to 100 µL of serum. The 
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. The 
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. The serum samples 
were incubated with the LCAT substrate for four hours 
at 37 °C. The fluorescent substrate emits at 470 nm, and 
upon LCAT-mediated hydrolysis, a monomer with fluo-
rescence at 390 nm is released. LCAT activity was quan-
tified by monitoring the change in the ratio of emission 
intensities at λ = 470 nm and λ = 390 nm over time.

Arylesterase activity of Paraoxonase
The Ca2+-dependent arylesterase activity of PON1 was 
determined using a photometric assay involving phenyl-
acetate substrate, following a previously described proto-
col [16]. Briefly, 1.5 µL of 1:10 phosphate-buffered 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. The hydrolysis of phenyl-
acetate was monitored at a wavelength of 270  nm. The 
enzymatic activity was determined using the Beer-Lam-
bert law, with a molar extinction coefficient 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. The 
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-buffered saline 
are incubated with the donor and acceptor molecules at 
37  °C for three hours. The reaction produces a fluores-
cent signal (λEx = 465 nm/λEm = 535 nm) proportional to 
CETP activity.

Serum levels of apolipoprotein M
Serum levels of apoM were quantified 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. 
Briefly, 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 
disulfide bonds in apoM. The 1:50 diluted samples (in 
tris-buffered 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 efflux capacity
The cholesterol efflux 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). The cells were then 
rinsed and incubated with 2.8% apoB-depleted serum 

samples for 3 h. Cholesterol efflux 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 quantification was performed by analyzing the data 
using the Bruker IVDr Lipoprotein Subclass Analysis 
(B.I.LISATM) method as described previously [20]. The 
Bruker IVDr Lipoprotein Subclass Analysis identifies four 
HDL subclasses, labeled HDL-1 through HDL-4, based 
on increasing density and decreasing size. The defined 
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 significance. Participant characteristics are 
reported as means ± standard deviation, median with 
interquartile range or counts, and proportions. Statisti-
cal differences 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 differences in comorbidities and used medica-
tion. The Spearman correlation coefficient was used to 
assess correlations between HDL functions and clinical 
parameters. The results are presented as a scatterplot. 
Differences 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. The INTERFAST-2 trial included 
41 participants, with 19 (45%) assigned to the IF group 
and 22 (55%) to the non-IF group. The mean age of the 
study cohort was 63 ± 7 years, and body mass index (BMI) 
was 34 ± 5  kg/m². While lipid profiles 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 inflammatory markers, CRP 
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and IL-6, suggested low-grade inflammation, highlight-
ing the metabolic and inflammatory burden associated 
with the study population. A significant 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 differences 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 significant differences 
between other baseline characteristics were observed.

Effects of IF on HDL composition
Lipoprotein profile 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-
significant upward trend in several components of large 
HDL (L-HDL) after the intervention in the IF group. This 
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 significantly 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).

Effects of IF on metrics of HDL function and metabolism
Next, we determined whether IF affects 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-inflammatory activities upon 
fasting, we examined the activity of the HDL-associated 
enzyme PON1. After 12 weeks, there was a significant 
increase in PON1 activity among the non-IF group, while 
the increase in the IF group did not reach significance 
(Fig. 2B). LCAT is an enzyme that plays a crucial role in 
the maturation of HDL particles [23]. Interestingly, we 
observed a significant increase in LCAT activity in the 
non-IF group, whereas again the increase in the IF group 
did not reach significance (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. Differences 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 significant. 
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 effects, both 
positive and negative, are areas of ongoing research. In 
patients with T2DM, previous studies suggested that IF 
may offer several benefits 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].

This study explored the effects of dietary intervention 
and fasting on HDL metabolism and function in indi-
viduals with type 2 diabetes. Our findings underscore the 
potential of nutritional modifications to enhance vari-
ous HDL-related functional parameters after a 12-week 
intervention. These results are particularly noteworthy 

Fig. 1  Effects 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; difference 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  Effects of IF on HDL functionality and metabolism. Line plots of cholesterol efflux capacity, enzymes involved in HDL functionality, and metabolism 
before and after the intervention period. (A) Cholesterol efflux capacity (% efflux); (B) PON1 activity (mM/min/ml); (C) LCAT activity (% substrate turnover); 
(D) CETP activity (pg transfer/h). Differences 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 efflux 
capacity, have been demonstrated to strongly correlate 
with a decreased risk of cardiovascular disease [8]. It is 
interesting to note that HDL cholesterol efflux 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. The 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 esterification, LCAT exhibits additional 
antioxidant and anti-inflammatory 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]. These findings 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. These 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 efflux capacity 
increased in both the IF and non-IF groups, the activi-
ties of PON1 and LCAT were significantly enhanced 
only in the non-IF group. IF increased apoM levels after 
12 weeks. The 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. This 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. This could explain why some parameters 
such as PON1 and LCAT activity only increased sig-
nificantly in the non-IF group. Additionally, participants 
were encouraged to reduce sugar and salt intake, choose 
whole grains and legumes over refined 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 efflux capacity of HDL was increased after 1 
year of intervention compared to baseline levels [32]. The 
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 significant positive effects 
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 fish 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 efflux observed 
in both groups, the lack of a significant PON1 and LCAT 
activity increase in the IF group remains unclear and fur-
ther research is needed to draw firm conclusions.

It is important to note that alternate-day fasting 
appears to have the opposite effect 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].

The 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 findings 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]. The 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 significantly improve lipid profiles 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 findings. Secondly, the open-label design 
may have introduced bias. Participant’s awareness of their 
fasting status may have altered their behavior, impacting 
the results. Those fasting may have indulged in unhealthy 
food choices post-fasting, potentially negating some ben-
efits. 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 influenced 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 significant improvements 
in HDL cholesterol efflux capacity, suggesting that base-
line differences likely did not substantially affect the 
results. The slight age difference of approximately five 
years between the groups is unlikely to have impacted the 
findings, as previous research suggests that cholesterol 
efflux 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 difference in our 
study is unlikely to have had a significant impact.

Conclusions
Our findings 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 efflux 
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 
benefits. The 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 efflux observed in both groups, the lack of a 
significant PON1 and LCAT activity increase in the IF 
group remains unclear and further research is needed to 
draw firm 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 offer broader clinical benefits in T2DM 
management, extending beyond just the prevention of 
atherosclerosis.
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