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In recent decades, significant advancements in lipidology have profoundly reshaped
our understanding of the biological roles of lipids and lipoproteins, particularly high-
density lipoproteins (HDLs). The traditional view of HDLs as merely transporters of
cholesterol from peripheral tissues, including macrophages involved in the atherosclerotic
process, to the liver (known as Reverse Cholesterol Transport, RCT) has evolved into a more
comprehensive understanding that captures the multifaceted and diverse nature of these
lipoproteins [1-3]. HDLs are now recognized as a complex and heterogeneous family of
particles that vary in size, density, and function [4]. This diversity is substantial, with most
particle subspecies having pronounced athero-protective functions, while others may exert
pro-atherogenic activity [3]. This paradoxical, harmful action of HDLs is primarily due to
the increased susceptibility of the lipoprotein to oxidative modification, which, similar to
LDLs, causes significant structural and functional changes [2].

Converging reports indicate that smaller HDL particles possess the highest protective
activity. In line with this, the prospective study by Stadler et al. [5], conducted on patients
with chronic kidney disease, found that the levels of cholesterol Apolipoprotein A1l (ApoA1l)
and ApoA2 were independently associated with an increased risk of all-cause mortality.

The fact that ApoAl may be used as prognostic (as well as diagnostic) biomarkers
for multiple disease states other than cardiovascular diseases (CVDs) has been widely
documented [6]. This is mainly due to the ability of this main protein constituent of HDL
to coordinate and modulate a wide range of lipoprotein properties, including promoting
cholesterol efflux from macrophages, providing antioxidant and anti-inflammatory ac-
tions, detoxifying xenobiotics, and preserving endothelial integrity and function, among
others [7,8]. The pivotal role of ApoAl is confirmed in Cho’s study. The authors first
demonstrated that a mixture of lipid-free ApoA1l and CIGB-258, a peptide with proven
anti-inflammatory and antioxidant activity, synergistically improves the protective func-
tions of human HDLs [8]. They then found that in zebrafish treated with the highly toxic
carboxymethyllysine, this combination has wound-healing functions and increased sur-
vival rates by lowering reactive species formation and down-modulating pro-inflammatory
cytokines [8].

As stated above, ApoAl is fundamental for the functionality of HDL. However, this
apolipoprotein does not act alone but through mutual interaction with other so-called
accessory proteins, such as Paraoxonase 1 and 3 (PON-1 and -3), Glutathione peroxidase
1, Lipoprotein-lipase A2, etc. [2,9]. In particular, PON1 has been widely suggested to
be the main partner of ApoAl in driving the antioxidant activity of HDL [10]. This
feature accounts for the substantial body of evidence linking PON-1 to the onset and
progression of diseases where oxidative stress plays a significant pathogenic role, including
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cardiovascular diseases (CVDs) and metabolic disorders [11-13]. This aligns with the
review by Denimal [14], which meticulously describes the mechanisms by which impaired
antioxidant and anti-inflammatory activity of HDL may contribute to Type II Diabetes
(T2D) and its related complications, while the link with Type I Diabetes (T1D) is not yet fully
established. The review also highlights the role of PON1 in counteracting LDL oxidation
in diabetes, a key event that predisposes these patients to a high risk of cardiovascular
diseases (CVDs). Additionally, it discusses the potential of PON1 as a pharmacological
target in T2M [14].

Obesity is a well-known risk factor for Type Il Diabetes (T2D) [15]. Consistently,
Castane and colleagues demonstrated that morbidly obese individuals have lower enzy-
matic activities of PON1 compared to non-obese individuals [16]. In line with previous
reports [17], PON-arylesterase and PON-paraoxonase activities were inversely related to an-
thropometric parameters of central and overall obesity. Additionally, PON1 concentration
was found to inversely correlate with the degree of hepatic steatosis [16].

PON activities can be measured in biological fluids using simple and cost-effective
spectrophotometric assays [18]. This has prompted numerous biomedical researchers
worldwide to conduct population studies investigating the potential of PON1 as a diagnos-
tic and prognostic biomarker. Significant contributions in this area were provided by two
studies published in this Special Issue.

In the first work, Stankovic et al. found that blood levels of PON1, along with other
protein and lipid components of HDL, may be used in pregnant women to predict the
development of typical cardiometabolic complications, such as gestational diabetes mellitus
and hypertensive disorders of pregnancy [19]. PON1, ApoM, ApoAl, and Serum Amyloid
A (accessory proteins that impair HDL functionality) were found to be altered to varying
degrees in the first, second, or third trimesters in pregnant women with complications
compared to those without. The most striking and applicable finding was the independent
association of Sphingosine-1-phosphate with cardiometabolic pregnancy complications in
the first trimester of pregnancy [19]. This suggests that Sphingosine-1-phosphate may be
an early predictive biomarker for these clinical complications.

In the second study on the potential of PON-1 as a disease biomarker, Trentini et al.
evaluated the arylesterase activity levels and the concentration of another HDL-associated
protein from the same family in 99 Alzheimer’s disease (AD) patients, 100 patients with
mild cognitive impairment (MCI), and 79 cognitively normal controls [20]. Consistent with
previous findings, they observed a significant decrease in arylesterase activity in both the
MCI and AD patients compared to the controls, while the PON3 levels remained unchanged.
Interestingly, PON3 showed a strong association with the pro-oxidant myeloperoxidase,
suggesting a preferential physical association of PON3 with dysfunctional HDL.

The studies reviewed so far clearly indicate that proteins like PON1, which contribute
to the antioxidant and anti-inflammatory properties of HDL, have great potential as phar-
macological targets in various diseases. Unfortunately, no effective pharmacological or
natural approaches in this field have been officially approved and commercialized yet. The
study by Cho et al. provided compelling pre-clinical evidence that could help address this
issue [21]. Specifically, it assessed the effect of ozonated sunflower oil (OSO) on various
metabolic parameters, including PON1 activity, in rats. The most striking findings of
this investigation were that OSO supplementation stabilized apoA-I/HDL and increased
HDL-(PON)-1 activity. Moreover, a microinjection of plasma obtained from rats treated
with OSO rescued zebrafish embryos and adults from carboxymethyllysine (CML)-induced
toxicity and prevented CML-induced hepatic damage, fatty liver changes, oxidative stress,
and systemic inflammation in zebrafish [21].



Antioxidants 2025, 14, 358 3of4

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Ferretti, G.; Bacchetti, T.; Negre-Salvayre, A.; Salvayre, R.; Dousset, N.; Curatola, G. Structural Modifications of HDL and
Functional Consequences. Atherosclerosis 2006, 184, 1-7. [CrossRef] [PubMed]

Zimetti, F.; Adorni, M.P.; Marsillach, J.; Marchi, C.; Trentini, A.; Valacchi, G.; Cervellati, C. Connection between the Altered HDL
Antioxidant and Anti-Inflammatory Properties and the Risk to Develop Alzheimer’s Disease: A Narrative Review. Oxid. Med.
Cell. Longev. 2021, 2021, 6695796. [CrossRef] [PubMed]

Rosenson, R.S.; Brewer, H.B.; Ansell, B.J.; Barter, P; Chapman, M.].; Heinecke, ] W.; Kontush, A.; Tall, A.R.; Webb, N.R.
Dysfunctional HDL and Atherosclerotic Cardiovascular Disease. Nat. Rev. Cardiol. 2016, 13, 48-60. [CrossRef] [PubMed]

Ong, K.-L.; Cochran, B.].; Manandhar, B.; Thomas, S.; Rye, K.-A. HDL Maturation and Remodelling. Biochim. Biophys. Acta BBA
Mol. Cell Biol. Lipids 2022, 1867, 159119. [CrossRef] [PubMed]

Stadler, J.T.; Borenich, A.; Pammer, A.; Emrich, LE.; Habisch, H.; Madl, T.; Heine, G.H.; Marsche, G. Association of Small HDL
Subclasses with Mortality Risk in Chronic Kidney Disease. Antioxidants 2024, 13, 1511. [CrossRef] [PubMed]

van der Vorst, E.P.C. High-Density Lipoproteins and Apolipoprotein Al; Springer International Publishing: Cham, Switzerland, 2020;
Volume 94, ISBN 9783030417697

Cochran, B.J.; Ong, K.-L.; Manandhar, B.; Rye, K.-A. APOA1: A Protein with Multiple Therapeutic Functions. Curr. Atheroscler.
Rep. 2021, 23, 11. [CrossRef] [PubMed]

Cho, K.-H; Lee, Y.; Lee, S.H.; Kim, J.-E.; Bahuguna, A.; Dominguez-Horta, M.d.C.; Martinez-Donato, G. Enhancing Wound
Healing and Anti-Inflammatory Effects by Combination of CIGB-258 and Apolipoprotein A-I against Carboxymethyllysine
Toxicity in Zebrafish: Insights into Structural Stabilization and Antioxidant Properties. Antioxidants 2024, 13, 1049. [CrossRef]
[PubMed]

Varlibas, F.; Akhan, O.; Can, M.; Yuksel, G.; Gul, Z. Serum HDL Associated Antioxidant Activity in Alzheimer’s Disease:
Paraoxonasel and Dysfunctional HDL. Clin. Lab. 2020, 66, 1859-1865. [CrossRef] [PubMed]

Huang, Y,; Wu, Z.; Riwanto, M.; Gao, S.; Levison, B.S.; Gu, X.; Fu, X.; Wagner, M.A.; Besler, C.; Gerstenecker, G.; et al.
Myeloperoxidase, Paraoxonase-1, and HDL Form a Functional Ternary Complex. J. Clin. Investig. 2013, 123, 3815-3828. [CrossRef]
[PubMed]

Lu, C,; Gao, Y.; Zhou, H.; Tian, H. The Relationships between PON1 Activity as Well as OXLDL Levels and Coronary Artery
Lesions in CHD Patients with Diabetes Mellitus or Impaired Fasting Glucose. Coron. Artery Dis. 2008, 19, 565-573. [CrossRef]
[PubMed]

Wamique, M.; Ali, W.; Himanshu, D. Association of SRB1 and PON1 Gene Polymorphisms with Type 2 Diabetes Mellitus: A Case
Control Study. Int. |. Diabetes Dev. Ctries. 2020, 40, 209-215. [CrossRef]

Cervellati, C.; Vigna, G.B.; Trentini, A.; Sanz, ]. M.; Zimetti, F; Dalla Nora, E.; Morieri, M.L.; Zuliani, G.; Passaro, A. Paraoxonase-1
Activities in Individuals with Different HDL Circulating Levels: Implication in Reverse Cholesterol Transport and Early Vascular
Damage. Atherosclerosis 2019, 285, 64-70. [CrossRef] [PubMed]

Denimal, D. Antioxidant and Anti-Inflammatory Functions of High-Density Lipoprotein in Type 1 and Type 2 Diabetes.
Antioxidants 2023, 13, 57. [CrossRef] [PubMed]

Dandona, P.; Aljada, A.; Bandyopadhyay, A. Inflammation: The Link between Insulin Resistance, Obesity and Diabetes. Trends
Immunol. 2004, 25, 4-7. [CrossRef] [PubMed]

Castafié, H.; Jiménez-Franco, A.; Martinez-Navidad, C.; Placed-Gallego, C.; Cambra-Cortés, V.; Perta, A.-M.; Paris, M.; Castillo,
D.d.; Arenas, M.; Camps, ].; et al. Serum Arylesterase, Paraoxonase, and Lactonase Activities and Paraoxonase-1 Concentrations
in Morbidly Obese Patients and Their Relationship with Non-Alcoholic Steatohepatitis. Antioxidants 2023, 12, 2038. [CrossRef]
[PubMed]

Cervellati, C.; Bonaccorsi, G.; Trentini, A.; Valacchi, G.; Sanz, ].M.; Squerzanti, M.; Spagnolo, M.; Massari, L.; Crivellari, I.; Greco,
P; et al. Paraoxonase, Arylesterase and Lactonase Activities of Paraoxonase-1 (PON1) in Obese and Severely Obese Women.
Scand. ]. Clin. Lab. Investig. 2018, 78, 18-24. [CrossRef] [PubMed]

Younis, A. Paraoxonase-1 Enzyme Activity Assay for Clinical Samples: Validation and Correlation Studies. Med. Sci. Monit. 2015,
21,902-908. [CrossRef] [PubMed]

Stankovic, M.; Zeljkovic, A.; Vekic, J.; Antonic, T.; Ardalic, D.; Miljkovic-Trailovic, M.; Munjas, J.; Saric Matutinovic, M.;
Gojkovic, T.; Jovicic, S.; et al. Differences in HDL Remodeling during Healthy Pregnancy and Pregnancy with Cardiometabolic
Complications. Antioxidants 2024, 13, 948. [CrossRef] [PubMed]


https://doi.org/10.1016/j.atherosclerosis.2005.08.008
https://www.ncbi.nlm.nih.gov/pubmed/16157342
https://doi.org/10.1155/2021/6695796
https://www.ncbi.nlm.nih.gov/pubmed/33505588
https://doi.org/10.1038/nrcardio.2015.124
https://www.ncbi.nlm.nih.gov/pubmed/26323267
https://doi.org/10.1016/j.bbalip.2022.159119
https://www.ncbi.nlm.nih.gov/pubmed/35121104
https://doi.org/10.3390/antiox13121511
https://www.ncbi.nlm.nih.gov/pubmed/39765838
https://doi.org/10.1007/s11883-021-00906-7
https://www.ncbi.nlm.nih.gov/pubmed/33591433
https://doi.org/10.3390/antiox13091049
https://www.ncbi.nlm.nih.gov/pubmed/39334708
https://doi.org/10.7754/Clin.Lab.2020.200516
https://www.ncbi.nlm.nih.gov/pubmed/32902236
https://doi.org/10.1172/JCI67478
https://www.ncbi.nlm.nih.gov/pubmed/23908111
https://doi.org/10.1097/MCA.0b013e3283109206
https://www.ncbi.nlm.nih.gov/pubmed/19005291
https://doi.org/10.1007/s13410-019-00787-2
https://doi.org/10.1016/j.atherosclerosis.2019.04.218
https://www.ncbi.nlm.nih.gov/pubmed/31029939
https://doi.org/10.3390/antiox13010057
https://www.ncbi.nlm.nih.gov/pubmed/38247481
https://doi.org/10.1016/j.it.2003.10.013
https://www.ncbi.nlm.nih.gov/pubmed/14698276
https://doi.org/10.3390/antiox12122038
https://www.ncbi.nlm.nih.gov/pubmed/38136158
https://doi.org/10.1080/00365513.2017.1405274
https://www.ncbi.nlm.nih.gov/pubmed/29168398
https://doi.org/10.12659/MSM.892668
https://www.ncbi.nlm.nih.gov/pubmed/25814092
https://doi.org/10.3390/antiox13080948
https://www.ncbi.nlm.nih.gov/pubmed/39199194

Antioxidants 2025, 14, 358 4 0of 4

20. Trentini, A.; Rosta, V.; Riccetti, R.; Mola, G.; Galletti, R.; Pinotti, M.; Senia, V.; Zuliani, G.; Cervellati, C. PON1 and PON3 in
Alzheimer’s Disease: Similar Functions but Different Roles. Antioxidants 2024, 13, 1216. [CrossRef]

21. Cho, K.-H,; Kim, J.-E.; Lee, M.-S.; Bahuguna, A. Oral Supplementation of Ozonated Sunflower Oil Augments Plasma Antioxidant
and Anti-Inflammatory Abilities with Enhancement of High-Density Lipoproteins Functionality in Rats. Antioxidants 2024, 13, 529.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/antiox13101216
https://doi.org/10.3390/antiox13050529

	References

