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Editorial

Antioxidant Role of High-Density Lipoprotein

Paul N. Durrington

Cardiovascular Research Group, Faculty of Biology, Medicine and Health, University of Manchester,
Manchester M13 9NT, UK; pdurrington@manchester.ac.uk; Tel.: +44-161-275-1201; Fax: +44-161-275-1183

1. Introduction

Low-density lipoprotein (LDL) is the primary cholesterol-carrying lipoprotein in the
circulation, where it is a significant contributor to atherosclerosis and delivers cholesterol
to the tissues [1]. The role of high-density lipoprotein (HDL) is, however, far from certain.

2. HDL in Lipid Transport

In the human foetus, an apolipoprotein E-rich HDL (apoE-rich HDL) delivers choles-
terol to cells via the LDL receptor (also known as the apoB100/apoE receptor, because it
binds both the apolipoprotein B100 (apoB100) and apoE ligands) [1,2]. HDL is the dominant
lipoprotein in the foetus and in cord blood, but within a few days of birth, both the apoE
content of HDL and its contribution to serum cholesterol diminish as cholesteryl ester
transfer protein (CETP) activity and circulating LDL cholesterol concentrations rise. LDL is
then often regarded as being the dominant lipoprotein species in the blood circulation, sup-
plying cholesterol, particularly to growing and repairing tissues and to those with a high
requirement for steroidogenesis [1]. In the human CNS, however, apoE-rich HDL continues
as the major cholesterol-carrying lipoprotein in the CSF [3]. Nonetheless, as clinicians are
well aware, the serum HDL cholesterol concentration in humans, except in neonates, is
almost invariably less than that of LDL. However, in terms of the serum concentration of
their principal proteins, in healthy adults, the apolipoprotein A1 (apoA1) of HDL typically
exceeds that of apoB100 in LDL. Furthermore, because of its smaller size, HDL crosses
capillary endothelia more readily than LDL and thus, in terms of concentration of protein
and of cholesterol, is the dominant lipoprotein in the tissue fluid. HDL cannot, therefore,
be regarded as some minor lipoprotein with little significance. Alcover and colleagues
summarise much of the current thinking about the formation and metabolism of HDL in
Contribution 1 of this volume.

In many animals, apoE-rich HDL rather than LDL continues to be the major supplier
of cholesterol throughout life [4]. In the rare human disorder abetalipoproteinaemia, where
apoB is not produced and LDL is absent, apoE-rich HDL continues to supply cholesterol to
tissues, albeit not compensating entirely for the absence of LDL, allowing red blood cells to
become acanthocytes (due to lack of cholesterol in their cell membranes) and not fulfilling
the role of apoB48 in the intestinal absorption of dietary fat and fat-soluble vitamins [1].
Clearly, in most human circumstances, however, HDL is no longer apoE-rich and after birth
has no, or very little, role in delivering cholesterol to the tissues. This is strongly supported
by the fact that most of the LDL receptors outside the liver and adrenals are likely to be
saturated once the concentrations of LDL cholesterol levels exceed 2 mmol/L [5], which is
the case in most adult humans, even when receiving a traditional Asian diet. The typical
higher adult levels of LDL cholesterol appear to serve no useful purpose but do predispose
to ASCVD and impose a requirement for the cholesterol transported out of the liver to be
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returned. HDL was for many years considered to be crucial in this futile, and potentially
harmful, vicious cycle. This was thought to explain the inverse relationship between HDL
cholesterol and ASCVD incidence reported in epidemiological studies [6]. However, as we
discuss in Contribution 2, although the apparently protective role of HDL against ASCVD
is indisputable, evidence that this is due to HDL playing some rate-limiting function in
reverse cholesterol transport has not really been forthcoming, and the contention is fraught
with anomalies.

3. HDL as a Protective Molecule

The investigation of HDL proteomics has revealed more than 100 protein compo-
nents [7]. Many of these are present in only trace amounts, but those which stand out
both in concentration and as being involved directly in pathogenesis or in susceptibility
to a variety of diseases are apoA1, apolipoprotein A11 (apoA11), clusterin (also known as
apolipoprotein J (apoJ), serum amyloid A (SAA), and lecithin (cholesterol acyltransferase
(LCAT), myeloperoxidase and paraoxonase 1 (PON1)). Phospholipase A2 is present on
HDL, but is mainly located on LDL. Its apparent activity on HDL is largely due to the
presence of PON1 [8]. ApoA1 is an essential structural component of HDL and acts as a
strong detergent, permitting the transport of lipids otherwise highly insoluble in water. It
is a cofactor of LCAT, also located on HDL, which, particularly in humans, converts gram-
range quantities of free cholesterol to cholesteryl esters, usually transferring to cholesterol
the fatty acyl group in the Sn-2 position of phosphatidyl choline, in which HDL is rich [1].
The product of this reaction is the highly toxic lysophosphatidyl choline, which, if released
into the circulation, would cause widespread damage to cell membranes. However, it re-
mains safely confined to HDL, whence it is cleared by the liver. Although LCAT deficiency,
whether genetic or acquired, for example, in extreme liver failure, is associated with disease
complications associated with cholesteryl ester deficiency, its overexpression is not a cause
of ASCVD [9]. However, its activity does serve to illustrate the capacity of HDL to protect
the body from exposure to harmful substances. PON1 was discovered as a defence against
synthetic organophosphate toxicity. This role also involves defending against exposure
to naturally occurring organophosphates, such as those produced by blue-green algae.
PON1 has proved to have an enormous range of hydrolytic substrates, many potentially
harmful, such as lipid peroxides produced as a consequence of oxygen species reacting with
phospholipids, an essential component of cell membranes and lipoproteins [10,11]. The evo-
lution of aerobic respiration, although it brought many benefits in terms of the rate at which
energy can be generated and exerted, was a hazardous business as reactive oxygen species
leaking from processes, such as respiratory chain phosphorylation or from mechanisms
to transport oxygen, are damaging to other biochemical processes, proteins, and tissues.
Paraoxonases may well have evolved as lactonases before organisms developed aerobic
metabolism. This lactonase activity may well continue to this day to contribute to their
protective function against tissue damage by naturally generated lactones. Jakubowski
and colleagues discuss this in detail in Contribution 3. However, this is not to deny their
contribution to the antioxidative role of HDL in the case of PON1 and the intracellular
antioxidative role of another family member, paraoxonase 2.

In Contribution 4, attention is drawn by Birkowitz-Fiebich and colleagues to the lower
levels of lipid peroxides in HDL when higher HDL levels prevail, particularly in women.

The presence of clusterin (apoJ) on HDL, along with PON1, immediately suggests a
major role for HDL in protecting the outer cell membranes and potentially their contents
against damage that might otherwise result in disease or worsening of disease. Clusterin is
a glycoprotein that protects against the toxicity of effete and damaged proteins [12]. We
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observed the increasing localisation of apoA1, PON1, and clusterin within atheromatous
plaques as they progressed [13].

4. HDL in Disease Prevention

The notion that HDL has a protective role is further strengthened when one considers
the wide range of diseases associated with low PON1 activity. In conditions predisposing
to ASCVD and its partner in crime, aortic stenosis due to atheromatous narrowing of a
congenitally bicuspid valve, discussed by Kwatiatkowska and colleagues in Contribution
5, HDL has a clearly emerging role. The same may be said in metabolic syndrome, hepatic
steatosis, and diabetes [14]. Acute and chronic infections are also associated with decreased
antioxidative capacity of HDL, as signalled by lower activity of PON1 [14,15], discussed
by Reichert et al. in Contribution 6 in the case of HIV infection. The same may be true of
several psychiatric and neurological conditions [14,16], such as depression, bipolar disor-
der, schizophrenia, and neuropsychiatric symptoms due to industrial organophosphate
exposure [17], cerebral infarction, Alzheimer’s disease, Parkinson’s disease [14], and multi-
ple sclerosis. The latter is reviewed in Contribution 7 by Damiza-Detmer and co-workers.
Neoplastic disease is also associated with decreased HDL levels and low PON1 activity [14],
as it now seems may also be the case for mast cell tumours of dogs reported by Ginoudis
et al. in Contribution 8. Inflammatory arthritides and other acute and chronic inflammatory
disorders are also associated with lower PON1 [18].

In many diseases associated with decreased serum PON1 activity, the circulating
HDL particle size is decreased in comparison to HDL in health. There is decreased PON1
activity. This may be substrate-specific, but it also applies when a substrate like phenyl
acetate, to which genetic isoforms of PON1 display equal activity, is used in the PON1
assay. Nonetheless, individuals may also display varying rates of hepatic synthesis and
secretion, contributing to lower levels. However, a major cause of diminished PON1 activity
appears to be the result of compositional change in HDL in diseases associated with low
PON1 activity. Thus, in HDL, apparently predisposing to disease, myeloperoxidase is
frequently elevated [10,19]. So also are apoA11 and SAA, both of which displace PON1
from HDL [10]. On the other hand, apoA1, essential for PON1 to be active against more
hydrophobic substrates, is diminished. This gives rise to the concept of pro-inflammatory,
pro-atherogenic HDL in disease states and anti-inflammatory, anti-atherogenic HDL in
health. PON1 is an easily measured indicator of the type of HDL likely to be present
(see later). The anti-inflammatory, anti-atherogenic type of HDL is also more effective in
promoting the uptake of cholesterol from macrophage cells in tissue culture [20]. This
cholesterol efflux capacity is related to ASCVD risk [21]. However, this is not to gainsay
the earlier comments in this introduction about HDL and how little it is responsible for
reverse cholesterol transport, because most of the cholesterol secreted by the liver in VLDL
is cleared from the circulation with LDL via hepatic LDL receptors and thus short-circuits
the tissues in which, in any case, LDL receptors are down-regulated. For cholesterol to
cross the arterial endothelium (as opposed to capillary endothelia) and be incorporated
into atheromatous lesions, LDL must first be modified, say by oxidation and/or glycation,
so that it binds to scavenger receptors (see Contribution 2). Whilst this process is clearly
related to the height of habitual circulating LDL cholesterol levels, not even in the most
hypercholesterolaemic individuals can it be said to be a major fate for the enormous
quantities of LDL cholesterol produced each day in humans [5].

5. Antioxidant Role of HDL

That high-density lipoprotein (HDL) could prevent the oxidative modification of pro-
teins was discovered as the result of experiments involving the incubation of low-density

https://doi.org/10.3390/antiox15020186
3



Antioxidants 2026, 15, 186

lipoprotein with and without HDL under oxidising conditions. In the absence of HDL,
changes in the physical properties of LDL, such as electrophoretic mobility, occurred, which
were abolished or ameliorated [10]. Later, it was found that co-incubation of HDL with LDL
in the presence of an oxidising agent such as copper ions prevented the accumulation of
lipid peroxidation products [22] and the fragmentation of the apolipoprotein B component
of LDL. This apoB fragmentation could otherwise lead to failure of LDL binding to the phys-
iological LDL receptor of Goldstein and Brown, but rapid uptake of LDL by endothelial and
macrophage cells via their scavenger receptors [11,23]. It was further realised that this cel-
lular uptake could hasten the passage of LDL across the arterial endothelium (transcytosis)
into the subintima, and once there, macrophage foam cell formation (see Contribution 2).
Conjugated diene formation is the first stage in lipid peroxidation when unsaturated fatty
acyl groups are exposed to oxygen-free radicals. The formation of alternating double/single
carbon bonds is the consequence of hydrogen abstraction from unsaturated fatty acids
present in phospholipids. It is easy to detect by ultraviolet spectroscopy and is opposed by
fat-soluble vitamins present on LDL [24]. In contrast to fat-soluble antioxidant vitamins,
which had largely failed to prevent atherosclerosis in clinical trials, the protection of LDL
against oxidative modification by HDL and PON1 was unrelated to conjugated diene
formation but was associated with decreased generation of lipid peroxidation products
occurring downstream [10,11,24]. It is likely that this is due to hydrolytic removal of perox-
idised unsaturated acyl groups at position Sn-2 on phosphatidyl choline and on cholesteryl
esters by PON1 and sequestration by HDL of lysophosphatidyl choline and the ketone and
aldehyde products of the breakdown of the peroxidised fatty acyl groups released. Some
evidence suggests that the latter may be metabolised to harmless fatty acids [11,25], but in
any case, they, together with lysophosphatidyl choline, will be removed during the passage
of HDL through the liver.

6. The Place of HDL in the Clinic

The measurement of HDL cholesterol in clinical practice, usually to enter into an
ASCVD risk algorithm as the term total serum cholesterol to HDL cholesterol concen-
tration ratio or non-HDL to HDL cholesterol concentration ratio, is well established [26].
Monitoring responses to lipid-lowering medication by non-HDL cholesterol is also widely
recommended, although there is an increasing tendency for guidelines to recommend direct
apoB assays for this purpose [26]. There is a loose correlation between PON1 activity and
HDL cholesterol, most evident in the general population [27]. However, there is discordance
between the two, mostly in diabetes, established ASCVD, and dyslipidaemia [19,28,29].
The question thus arises whether anything of clinical value could accrue from measuring
PON1 rather than, or in addition to, HDL cholesterol as a marker of whether the HDL
present is pro-inflammatory and pro-atherogenic and therefore deficient in its antioxidant
capacity. In general, this is controversial. However, in diabetes and established ASCVD,
knowledge of PON1 activity may add to the assessment of the likelihood of future ASCVD
events [28,29]. This might signal the need for more intensive intervention with, for example,
lipid-lowering, antihypertensive, or anti-coagulant treatment. Given the range of diseases
associated with decreased PON1 activity, its possible value in determining therapy in these
conditions should also be explored.

Of course, there is also the issue of whether increasing serum PON1 activity could
have therapeutic value. Few traditional therapeutic approaches to raising PON1 levels
have emerged thus far. Extracts of pomegranate may, however, lead the way forward [30].
There has also been considerable interest in the production of PON1 by recombinant DNA
technology, largely to combat or ameliorate organophosphate toxicity due to military and
industrial exposure or to self-harm [17]. The biopharmaceutical versions of PON1 are
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modified in their manufacture to be water-soluble, which means they have therapeutic
potential against water-soluble PON1 substrates, but not those for which the lipid solubility
of naturally occurring PON1 embedded in HDL is critical for hydrolysis. Unless this
can be overcome, the most profitable step forward is likely to be the development of
a means of boosting the hepatic synthesis of PON1 whilst retaining the physiological
mechanism by which it enters the hydrophobic lipid domains of HDL. An alternative is to
increase cofactors of PON1. Unfortunately, raising apoA1 levels by overexpressing APOA1
has proved disappointing unless several copies are expressed [31]. On the other hand,
decreasing the expression of myeloperoxidase or of proteins that displace PON1 from HDL,
such as SAA or apoA11, may prove therapeutic.

7. Conclusions

The antioxidant role of HDL is well-established. The concept of pro- and anti-
inflammatory and pro- and anti-atherogenic HDL is of considerable interest and appears
to be driven by the capacity of HDL to interfere with the oxidative modification of pro-
teins, which is itself largely due to PON1 and to the hydrophobic, protective environment
provided by HDL.

Conflicts of Interest: The author declares no conflicts of interest.

List of Contributions:

1. Alcover, S.; Ramos-Regalado, L.; Girón, G.; Muñoz-García, N.; Vilahur, G. HDL-Cholesterol and
Triglycerides Dynamics: Essential Players in Metabolic Syndrome. Antioxidants 2025, 14, 434.
https://doi.org/10.3390/antiox14040434.

2. Durrington, P.N.; Bashir, B.; Soran, H. How Does HDL Participate in Atherogenesis? An-
tioxidant Activity Versus Role in Reverse Cholesterol Transport. Antioxidants 2025, 14, 430.
https://doi.org/10.3390/antiox14040430.

3. Jakubowski, H. The Molecular Bases of Anti-Oxidative and Anti-Inflammatory Properties of
Paraoxonase 1. Antioxidants 2024, 13, 1292. https://doi.org/10.3390/antiox13111292.

4. Berkowitz-Fiebich, L.; Flaherty, S.M.; Kitayama, S.; Karasawa, M.; Kawakami, N.; Rigotti, A.;
Coe, C.L. Healthier Lipid Profiles of Japanese Adults, Especially in Women with Elevated
High-Density Lipoprotein Cholesterol (HDL-C), Are Associated with Low HDL-C Peroxide
Content. Antioxidants 2024, 13, 1434. https://doi.org/10.3390/antiox13121434.
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7. Damiza-Detmer, A.; Pawełczyk, M.; Głąbiński, A. Protective Role of High-Density Lipoprotein
in Multiple Sclerosis. Antioxidants 2024, 13, 1276. https://doi.org/10.3390/antiox13111276.

8. Ginoudis, A.; Pardali, D.; Mylonakis, M.E.; Tamvakis, A.; Tvarijonaviciute, A.; Lymperaki, E.;
Ceron, J.J.; Polizopoulou, Z. Oxidative Status and Lipid Metabolism Analytes in Dogs with
Mast Cell Tumors: A Preliminary Study. Antioxidants 2024, 13, 1473. https://doi.org/10.3390/
antiox13121473.

References

1. Durrington, P.N. Hyperlipidaemia: Diagnosis and Management, 3rd ed.; Hodder Arnold: London, UK, 2007; p. 399.
2. Nagasaka, H.; Chiba, H.; Kikuta, H.; Akita, H.; Takahashi, Y.; Yanai, H.; Hui, S.P.; Fuda, H.; Fujiwara, H.; Kobayashi, K. Unique

character and metabolism of high density lipoprotein (HDL) in fetus. Atherosclerosis 2002, 161, 215–223. [CrossRef] [PubMed]
3. Mahley, R.W. Central Nervous System Lipoproteins: ApoE and Regulation of Cholesterol Metabolism. Arterioscler. Thromb. Vasc.

Biol. 2016, 36, 1305–1315. [CrossRef] [PubMed] [PubMed Central]

https://doi.org/10.3390/antiox15020186
5



Antioxidants 2026, 15, 186

4. Goldstein, S.; Chapman, M.J. Comparative immunochemical studies of the serum low-density lipoprotein in several animal
species. Biochem. Genet. 1976, 14, 883–896. [CrossRef] [PubMed]

5. Brown, M.S.; Kovanen, P.T.; Goldstein, J.L. Regulation of plasma cholesterol by lipoprotein receptors. Science 1981, 212, 628–635.
[CrossRef] [PubMed]

6. Miller, G.J.; Miller, N.E. Plasma-high-density-lipoprotein concentration and development of ischaemic heart-disease. Lancet 1975,
1, 16–19. [CrossRef] [PubMed]

7. Gomes, F.A.; Souza Junior, D.R.; Holzer, M.; Ronsein, G.E. Proteomic analysis of HDL isolates reveals method-driven variability:
An interlaboratory approach. J. Lipid Res. 2025, 67, 100957. [CrossRef] [PubMed]

8. Rodrigo, L.; Mackness, B.; Durrington, P.N.; Hernandez, A.; Mackness, M.I. Hydrolysis of platelet-activating factor by human
serum paraoxonase. Biochem. J. 2001, 354, 1–7. [CrossRef]

9. Calabresi, L.; Franceschini, G. Lecithin:cholesterol acyltransferase, high-density lipoproteins, and atheroprotection in humans.
Trends Cardiovasc. Med. 2010, 20, 50–53. [CrossRef] [PubMed]

10. Durrington, P.; Soran, H. Paraoxonase 1: Evolution of the enzyme and of its role in protecting against atherosclerosis. Curr. Opin.
Lipidol. 2024, 35, 171–178. [CrossRef] [PubMed] [PubMed Central]

11. Durrington, P.N.; Bashir, B.; Soran, H. Paraoxonase 1 and atherosclerosis. Front. Cardiovasc. Med. 2023, 10, 1065967. [CrossRef]
[PubMed] [PubMed Central]

12. Du, X.; Chen, Z.; Shui, W. Clusterin: Structure, function and roles in disease. Int. J. Med. Sci. 2025, 22, 887–896. [CrossRef]
[PubMed] [PubMed Central]

13. Mackness, B.; Hunt, R.; Durrington, P.N.; Mackness, M.I. Increased immunolocalization of paraoxonase, clusterin, and apolipopro-
tein A-I in the human artery wall with the progression of atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 1997, 17, 1233–1238.
[CrossRef] [PubMed]

14. Steenackers, E.; Van Hul, W. The Paraoxonase (PON) Gene Family in Health, Metabolic Dysfunction-Associated Steatotic Liver
Disease (MASLD) and Other Diseases. Int. J. Mol. Sci. 2025, 26, 11054. [CrossRef] [PubMed]

15. Draganov, D.; Teiber, J.; Watson, C.; Bisgaier, C.; Nemzek, J.; Remick, D.; Standiford, T.; La Du, B. PON1 and oxidative stress in
human sepsis and an animal model of sepsis. Adv. Exp. Med. Biol. 2010, 660, 89–97. [CrossRef] [PubMed]

16. Morris, G.; Puri, B.K.; Bortolasci, C.C.; Carvalho, A.; Berk, M.; Walder, K.; Moreira, E.G.; Maes, M. The role of high-density
lipoprotein cholesterol, apolipoprotein A and paraoxonase-1 in the pathophysiology of neuroprogressive disorders. Neurosci.
Biobehav. Rev. 2021, 125, 244–263. [CrossRef] [PubMed]

17. Cherry, N.; Mackness, M.; Durrington, P.; Povey, A.; Dippnall, M.; Smith, T.; Mackness, B. Paraoxonase (PON1) polymorphisms
in farmers attributing ill health to sheep dip. Lancet 2002, 359, 763–764. [CrossRef] [PubMed]

18. Razmjou, A.A.; Kremer, J.M.; Pappas, D.A.; Curtis, J.R.; Wang, J.; Shahbazian, A.; Elashoff, D.A.; Guo, R.; Meriwether, D.;
Sulaiman, D.; et al. Disease response in rheumatoid arthritis across four biologic therapies associates with improvement in
paraoxonase-1 activity and oxylipins. RMD Open 2024, 10, e004829. [CrossRef] [PubMed] [PubMed Central]

19. Variji, A.; Shokri, Y.; Fallahpour, S.; Zargari, M.; Bagheri, B.; Abediankenari, S.; Alizadeh, A.; Mahrooz, A. The combined utility
of myeloperoxidase (MPO) and paraoxonase 1 (PON1) as two important HDL-associated enzymes in coronary artery disease:
Which has a stronger predictive role? Atherosclerosis 2019, 280, 7–13. [CrossRef] [PubMed]

20. Rosenblat, M.; Volkova, N.; Aviram, M. HDL3 stimulates paraoxonase 1 antiatherogenic catalytic and biological activities in a
macrophage model system: In vivo and in vitro studies. Biofactors 2014, 40, 536–545. [CrossRef] [PubMed]

21. Ogura, M. How can cholesterol efflux capacity be used as a risk factor for atherosclerotic cardiovascular disease? Expert Rev.
Cardiovasc. Ther. 2025, 23, 647–653. [CrossRef]

22. Mackness, M.I.; Arrol, S.; Durrington, P.N. Paraoxonase prevents accumulation of lipoperoxides in low-density lipoprotein.
FEBS Lett. 1991, 286, 152–154. Erratum in FEBS Lett. 1991, 292, 307. [CrossRef] [PubMed]

23. Boullier, A.; Bird, D.A.; Chang, M.K.; Dennis, E.A.; Friedman, P.; Gillotre-Taylor, K.; Hörkkö, S.; Palinski, W.; Quehenberger,
O.; Shaw, P.; et al. Scavenger receptors, oxidized LDL, and atherosclerosis. Ann. N. Y. Acad. Sci. 2001, 947, 214–222, discussion
222–223. [CrossRef] [PubMed]

24. Mackness, M.I.; Abbott, C.; Arrol, S.; Durrington, P.N. The role of high-density lipoprotein and lipid-soluble antioxidant vitamins
in inhibiting low-density lipoprotein oxidation. Biochem. J. 1993, 294, 829–834. [CrossRef] [PubMed] [PubMed Central]

25. Ahmed, Z.; Ravandi, A.; Maguire, G.F.; Emili, A.; Draganov, D.; La Du, B.N.; Kuksis, A.; Connelly, P.W. Multiple substrates for
paraoxonase-1 during oxidation of phosphatidylcholine by peroxynitrite. Biochem. Biophys. Res. Commun. 2002, 290, 391–396.
[CrossRef] [PubMed]

26. Soffer, D.E.; Marston, N.A.; Maki, K.C.; Jacobson, T.A.; Bittner, V.A.; Peña, J.M.; Thanassoulis, G.; Martin, S.S.; Kirkpatrick,
C.F.; Virani, S.S.; et al. Role of apolipoprotein B in the clinical management of cardiovascular risk in adults: An Expert Clinical
Consensus from the National Lipid Association. J. Clin. Lipidol. 2024, 18, e647–e663. [CrossRef] [PubMed] [PubMed Central]

https://doi.org/10.3390/antiox15020186
6



Antioxidants 2026, 15, 186

27. Kunutsor, S.K.; Bakker, S.J.; James, R.W.; Dullaart, R.P. Serum paraoxonase-1 activity and risk of incident cardiovascular disease:
The PREVEND study and meta-analysis of prospective population studies. Atherosclerosis 2016, 245, 143–154. [CrossRef]
[PubMed]

28. Mahrooz, A.; Khosravi-Asrami, O.F.; Alizadeh, A.; Mohmmadi, N.; Bagheri, A.; Kashi, Z.; Bahar, A.; Nosrati, M.; Mackness, M.
Can HDL cholesterol be replaced by paraoxonase 1 activity in the prediction of severe coronary artery disease in patients with
type 2 diabetes? Nutr. Metab. Cardiovasc. Dis. 2023, 33, 1599–1607. [CrossRef] [PubMed]

29. Leocádio, P.C.L.; Goulart, A.C.; Santos, I.S.; Lotufo, P.A.; Bensenor, I.M.; Alvarez-Leite, J.I. Lower paraoxonase 1 paraoxonase
activity is associated with a worse prognosis in patients with non-ST-segment elevation myocardial infarction in long-term
follow-up. Coron. Artery Dis. 2022, 33, 515–522. [CrossRef] [PubMed]

30. Zamanian, M.Y.; Sadeghi Ivraghi, M.; Khachatryan, L.G.; Vadiyan, D.E.; Bali, H.Y.; Golmohammadi, M. A review of experimental
and clinical studies on the therapeutic effects of pomegranate (Punica granatum) on non-alcoholic fatty liver disease: Focus on
oxidative stress and inflammation. Food Sci. Nutr. 2023, 11, 7485–7503. [CrossRef] [PubMed] [PubMed Central]

31. Mackness, M.; Boullier, A.; Hennuyer, N.; Mackness, B.; Hall, M.; Tailleux, A.; Duriez, P.; Delfly, B.; Durrington, P.; Fruchart, J.C.;
et al. Paraoxonase activity is reduced by a pro-atherosclerotic diet in rabbits. Biochem. Biophys. Res. Commun. 2000, 269, 232–236.
Erratum in Biochem. Biophys. Res. Commun. 2000, 270, 676. [CrossRef] [PubMed]

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/antiox15020186
7



Review

HDL-Cholesterol and Triglycerides Dynamics: Essential Players
in Metabolic Syndrome

Sebastià Alcover 1,2, Lisaidy Ramos-Regalado 1,2, Gabriela Girón 1,3, Natàlia Muñoz-García 1,2

and Gemma Vilahur 1,4,*

1 Research Institute Sant Pau (IR SANT PAU), 08041 Barcelona, Spain; salcover@santpau.cat (S.A.);
lramosr@santpau.cat (L.R.-R.); ggiron@santpau.cat (G.G.); nmunoz@santpau.cat (N.M.-G.)

2 Facultat de Biologia, Universitat de Barcelona, 08028 Barcelona, Spain
3 Facultat de Biociències, Universitat Autònoma de Barcelona, 08193 Barcelona, Spain
4 Centro de Investigación Biomédica en Red Enfermedades Cardiovasculares, Instituto de Salud Carlos III,

28029 Madrid, Spain
* Correspondence: gvilahur@santpau.cat; Tel.: +34-935537100

Abstract: Metabolic syndrome (MetS) is a complex cluster of interrelated metabolic disor-
ders that significantly elevate the risk of cardiovascular disease, making it a pressing public
health concern worldwide. Among the key features of MetS, dyslipidemia—characterized
by altered levels of high-density lipoprotein cholesterol (HDL-C) and triglycerides
(TG)—plays a crucial role in the disorder’s progression. This review aims to elucidate
the intricate interplay between HDL-C and TG within the context of lipid metabolism
and cardiovascular health, while also addressing the detrimental impact of various car-
diovascular risk factors and associated comorbidities. The dynamics of HDL-C and TG
are explored, highlighting their reciprocal relationship and respective contributions to the
pathophysiology of MetS. Elevated levels of TGs are consistently associated with reduced
concentrations of HDL-C, resulting in a lipid profile that promotes the development of
vascular disease. Specifically, as TG levels rise, the protective cardiovascular effects of
HDL-C are diminished, leading to the increased accumulation of pro-atherogenic TG-rich
lipoproteins and low-density lipoprotein particles within the vascular wall, contributing
to the progression of atheromas, which can ultimately result in significant ischemic car-
diovascular events. Ultimately, this paper underscores the significance of HDL and TG
as essential targets for therapeutic intervention, emphasizing their potential in effectively
managing MetS and reducing cardiovascular risk.

Keywords: triglycerides; HDL; metabolic syndrome; lipid metabolism; reverse cholesterol
transport; antioxidant activity; insulin resistance; atherosclerosis; cardiovascular disease

1. The Metabolic Syndrome: Epidemiology and Introduction

The earliest associations between comorbidities, including visceral obesity, hyperten-
sion, and atherosclerosis, among others, date back to the eighteenth century [1]. However, it
was not until the twentieth century that the term metabolic syndrome (MetS) was coined [2]
and was defined as the cluster of at least three out of the following five criteria: a high
level of abdominal obesity along with visceral fat accumulation (measured by waist cir-
cumference), elevated triglyceride (TG) levels, low high-density lipoprotein cholesterol
(HDL-C) levels, elevated blood pressure, and increased hyperglycemia and/or hyperinsu-
linemia [2]. MetS is primarily driven by increased consumption of high-calorie/low-fiber
food and a decline in physical activity caused by mechanized transportation and sedentary
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lifestyles. Monitoring the prevalence of MetS across diverse populations is crucial due
to its strong association with an increased risk of developing type 2 diabetes mellitus [2],
cardiovascular disease (CVD) [3], and chronic kidney disease [4]. It is estimated that ap-
proximately 1.5 billion people (20% of the global population) have MetS [5], in line with
the observations of a recent meta-analysis (ranging between 12.5 and 31.4%) [6]. From a
financial perspective, the economic burden of MetS, encompassing healthcare expenses and
the loss of potential economic productivity, amounts to trillions of dollars [7]. Interestingly,
contrary to expectations, there is no significant association between the increase in MetS
prevalence and a country’s economic status. This trend is observable in African nations
where rapid urbanization and the high cost of healthy foods promote unhealthy lifestyle
choices, and the prevalence of MetS is increasing [5].

In the following review, we comprehensively examine the role of two key components
of MetS, HDL and TG. We first overview the biogenesis of HDL and TG, discuss their role
in the cardiovascular system, and explore the detrimental impact of cardiovascular risk
factors. We also examine the dynamic connection between HDL and TG particles and their
contribution to MetS progression to finally examine potential therapeutic strategies.

2. TG and HDL Biogenesis

Lipid metabolism is a complex and intricately regulated process that encompasses the
synthesis, breakdown, and transport of lipids, which are essential for energy homeostasis,
cellular signaling, and maintenance of membrane structure. These lipids can originate from
dietary sources, referred to as the exogenous pathway, or can be synthesized by cells via
the endogenous pathway [8].

The exogenous pathway begins in the small intestine where dietary lipids are absorbed
and metabolized (Figure 1). During digestion, lipases hydrolyze the ester bonds in TG, lead-
ing to the production of free fatty acids (FFAA) and 2-monoacylglycerol. These digestive
products are then emulsified by bile acids and phospholipids (PL) in the intestinal lumen, to
form micelles [9]. Upon absorption into the enterocyte, FFAA and 2-monoacylglycerol are
used by intestinal cells to synthesize TG, while cholesterol is converted into cholesterol es-
ters (CE). These molecules, along with PLs and apolipoprotein (apo) B48, are subsequently
assembled into nascent chylomicrons [10,11]. Nascent chylomicrons circulate through the
bloodstream, acquiring apoC-II and apoE from HDL. As they travel to various tissues, they
pass through capillaries, where apoC-II activates lipoprotein lipase (LPL), an enzyme also
stimulated by insulin. LPL hydrolyzes the TG content of chylomicrons, producing glycerol
and FFAA. The FFAA are then taken up by cells for either oxidation or re-esterification
into TGs [12,13]. As TGs are depleted from chylomicrons, smaller chylomicron remnant
particles are formed. ApoC-II is transferred back to HDL, while apoE is recognized by
remnant receptors on hepatocytes. This interaction facilitates the uptake of chylomicron
remnants by the liver, where they are further degraded [14].

The endogenous lipid transport pathway is activated during fasting, triggering de
novo cholesterol and TG synthesis in the liver [15]. As such, lipids are packaged and
secreted as nascent very low-density lipoproteins (VLDL) characterized by the presence of
surface apoB-100. Like chylomicrons, VLDL particles acquire apoC-II and apoE from HDL.
Upon reaching the vasculature, LPL activation in capillary beds leads to the hydrolysis of
TG from VLDL and the subsequent release of FFAA and glycerol [16]. A portion of the TG,
PLs, and apoC-II is transferred to HDL, which converts VLDL into denser intermediate-
density lipoproteins (IDL). Low-density lipoproteins (LDL), chylomicron remnants, and
some IDL can be taken up by the liver via LDL receptors (LDLR) that recognize apoB100
and apoE on the lipoprotein surface. Moreover, TGs contained in the remaining IDL
fraction are hydrolyzed by hepatic lipase, generating LDLs, which are predominantly

9



Antioxidants 2025, 14, 434

composed of CE. LDL binds to LDLRs, which are present in the cell membranes of most
tissues and are internalized through receptor-mediated endocytosis. Once inside the
cell, lysosomal enzymes hydrolyze LDL, releasing free cholesterol. In hepatocytes, LDL
internalization promotes the inhibition of HMG-CoA reductase, resulting in a decrease in
hepatic cholesterol synthesis (Figure 1). This process helps maintain overall cholesterol
homeostasis in the body [17,18].

 

Figure 1. Overview of lipid metabolism pathways. The exogenous pathway starts in the small
intestine, where dietary lipids are hydrolyzed, absorbed, and reassembled into nascent chylomicrons.
These lipoproteins interact with HDL and acquire apoE and apoC-II. Mature chylomicrons transport
TG and cholesterol to peripheral tissues, where LPL hydrolyses TG, releasing FFAA for energy
or storage. The chylomicron remnants can interact with HDL and are taken up by the liver. The
endogenous pathway is triggered during fasting, with the liver synthesizing VLDL to distribute
TG and cholesterol. Nascent VLDL particles receive apoE and apoC-II from HDL’s interactions.
Mature VLDL is progressively metabolized into IDL and LDL, which return directly to the liver
for degradation or deliver cholesterol to tissues by LDLR binding and endocytosis. HDL particles
mediate reverse cholesterol transport, shuttling cholesterol from peripheral tissues to the liver for
its excretion. ApoA-I is synthesized in the liver and acquires free cholesterol and PL as a result
of LPL activity or via ABCA1 transporter from peripheral cells. LCAT esterifies free cholesterol
on the HDL surface. As HDL matures, it engages with ABCG1 transporters from peripheral cells
to acquire free cholesterol and interacts with CETP to transfer TG in exchange for CE with apoB-
containing lipoproteins. Then, HDL can either deliver cholesterol directly to the liver via the SR-BI
receptor or indirectly by via CETP apoB-containing lipoproteins, which are then cleared by the
liver. Apo: apolipoprotein; TG: triglycerides; LPL: lipoprotein lipase; FFAA: free fatty acid; VLDL:
very-low-density lipoproteins; IDL: intermediate-density lipoproteins; LDL: low-density lipoproteins;
HDL: high-density lipoproteins; LDLR: LDL receptor; PL: phospholipids; LPL: lipoprotein lipase;
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ABCA1: ATP-binding cassette protein A1; LCAT: lecithin–cholesterol acyltransferase; ABCG1: ATP-
binding cassette protein G1; CETP: cholesteryl ester transfer protein; CE: cholesterol esters; SR-BI:
scavenger receptor class B type I; Green arrow: increase. Created in BioRender.com.

HDL metabolism begins with the production of nascent HDL in the liver and intestine
(Figure 1). These particles mature as they incorporate CE derived from cholesterol released
by peripheral tissues, allowing HDL to play a central role in reverse cholesterol transport
(RCT), shuttling cholesterol back to the liver [8]. The process starts with the synthesis of
its main structural apolipoprotein, apoA-I, which acquires free cholesterol and PLs from
chylomicrons and VLDL as a result of LPL activity, or via the ATP-binding cassette protein
A1 (ABCA1) transporter, from peripheral tissues. ApoA-I acts as a cofactor for the enzyme
lecithin–cholesterol acyltransferase (LCAT), which esterifies free cholesterol on the HDL
surface, converting it into CE that is incorporated into the HDL core. As HDL matures,
it engages with ATP-binding cassette protein G1 (ABCG1) transporters from peripheral
cells to acquire free cholesterol and interacts with cholesteryl ester transfer protein (CETP),
which facilitates the transfer of TG to HDL from apoB-containing lipoproteins [19]. Through
this process, HDL can either deliver cholesterol directly to the liver via the scavenger
receptor class B type I (SR-BI) or indirectly transfer CE to apoB-containing lipoproteins
via CETP, which are then cleared by the liver [20]. HDL can perform a specific, rapid, and
unidirectional cholesterol efflux via ABCA1 and ABCG1 receptors, whereas SR-B1 carries
out a slower, passive, and bidirectional cholesterol efflux [21].

3. Understanding HDL: Insights into Functional and Dysfunctional Particles

The Framingham Heart study was the first large epidemiological trial to evidence an
inverse association between HDL-C levels and ischemic heart disease [22]. As such, for
every 1 mg/dL decrease in HDL-C, the risk of coronary heart disease increased by 2% in
men and 3% in women. Several experimental and in vitro approaches have attributed HDL
protective effects to its capacity to promote RCT (preventing atheroma plaque formation),
exert antioxidant effects, enhance endothelial function, exert cardioprotection and prevent
thrombus formation [23–25]. Recent epidemiological studies have also revealed a U-shaped
association between HDL-C levels and all-cause mortality, with very high HDL-C levels
potentially increasing coronary heart diseases risk [26–28]. Yet, more research is required
to elucidate the mechanisms behind this phenomenon and to understand why extremely
high HDL-C levels may be detrimental. Likewise, it has become increasingly apparent that
the presence of cardiovascular risk factors or comorbid conditions remodel HDL particles
into a dysfunctional state, causing them to lose their beneficial properties and potentially
become harmful [29]. In the following sections, we explore the advantages of functional
HDL particles and examine the potential risks associated with altered HDLs.

3.1. HDL Particles: Structure and Composition

HDL structure is characterized by a neutral lipid core composed mainly of CE and
some TG, surrounded by a monolayer consisting of PLs and unesterified cholesterol that
anchors various apolipoproteins [30,31]. HDLs have also been found to transport miRNAs
that influence various cholesterol-related processes (Figure 2) [32,33] and other cardiopro-
tective functions, such as inflammation regulation [34,35]. Of note, data also suggest that,
beyond HDL particles, VLDL particles also carry miRNAs [36]. Over 200 different lipid
species have been identified, which, together with protein variations, contribute to the high
heterogeneity among HDL [30,31].

HDLs can be classified based on various characteristics; based on their shape and
surface charge, they are categorized as pre-β particles or α-migrating; regarding their
apolipoprotein content, particles containing only apoA-I are referred to as LpA-I, while
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those containing both apoA-I and apoA-II are classified as LpA-I:II; considering their
size, subtypes range from the largest (HDL2a) to progressively smaller ones, including
HDL2b, HDL3a, HDL3b, and HDL3c [20]; and by density, they are differentiated into
dense HDL3, and less-dense HDL2 particles. Differences in composition exist within
these latter HDL subfractions. As such, HDL3 particles contain lower sphingomyelin
and free cholesterol levels, which enhance their fluidity and facilitate the incorporation
of oxidized lipids [37], have a greater concentration of sphingosine-1-phosphate (S1P),
and contain a higher proportion of proteins associated with cardiovascular protective
functions (apoJ, PON1, PLTP, and PAF-AH) [38–40]. On the other hand, HDL2 particles
are enriched with apoE and apoCs, suggesting a significant role in RCT due to their
higher affinity for interacting with SR-BI and ABCG1 receptors [39]. HDL2 particles also
exhibit a more pronounced vasodilatory effect, inducing greater secretion of prostacyclin
(vasodilator) by endothelial cells and inhibiting the secretion of thromboxane A2 (a potent
vasoconstrictor) [38]. However, excessively large HDL2 particles, with a very large diameter
and high TG content, have been associated with an increased risk of coronary artery disease
(CAD) [41].

Figure 2. HDL structure and composition: ApoA-I constitutes 70% of the total protein content in HDL,
activates LCAT, facilitates interactions with cell receptors, and has a major structural and functional
role. ApoA-II represents 15–20% of the total protein and has structural and binding functions like
apoA-IV. ApoC-I acts as modulator of CETP activity and as an LCAT activator. ApoC-II serves as an
activator of LPL, while apoC-III inhibits its activity. ApoC-IV performs as a TG metabolism regulator.
ApoD has been associated with the binding of small hydrophobic molecules. ApoE works as a ligand
between TG-rich lipoproteins, ABCA1, LRPRc, and LDLR. Other apolipoproteins include apoF as a
CETP inhibitor; apoH as a binder of negatively charged molecules; apoL-I as a trypanolytic factor of
human serum; apoJ and apoM have been linked with the binding of small hydrophobic molecules.
The function of apoO has yet to be fully elucidated [20]. The HDL lipidome is predominantly
composed of PL (40–60%) and CE (30–40%), with the remainder consisting of TG (5–12%) and free
cholesterol (5–10%). Moreover, HDL carries enzymes involved in lipid metabolism (LCAT and PLTP)
and antioxidant activity (PON1, PAF-AH, and GSPx) [42]. HDLs have also been found to transport
miRNAs that influence various cholesterol-related processes [33]. HDL: high-density lipoproteins;
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Apo: Apolipoprotein; LCAT: lecithin–cholesterol acyltransferase; CETP: cholesteryl ester transfer
protein; LPL: lipoprotein-lipase; TG: triglycerides; ABCA1: ATP-binding cassette protein A1; LRPRc:
LDL receptor-related protein; LDLR: LDL receptor; PL: phospholipids; CE: cholesterol esters; LCAT:
lecithin–cholesterol acyltransferase; PLTP: phospholipid transfer protein; PON1: paraxonase 1; PAF-
AH: platelet-activating factor-acetyl hydrolase; GSPx: glutathione selenoperoxidase; Green arrow:
activation; Red arrow: inhibition. Created in BioRender.com.

3.2. Functional HDL Particles
3.2.1. Antioxidant Properties

HDL displays antioxidant properties through apoA-I, PON1, and LCAT [43,44], which
are involved in the reduction or hydrolyzation of oxidized lipids [43]. These antioxidative
functions require SR-BI and ABCG1 activation [44]. HDL can remove oxidized lipids from
lipoproteins and cellular membranes, avoiding endothelial cell apoptosis [45]. Additionally,
HDL can prevent LDL oxidation by removing lipid hydroperoxides [43] and can inhibit
LDL aggregation through interactions with hydrophobic domains, thus preventing their
clustering [46].

PON1 has historically been described as an enzymatic protein capable of hydrolyzing
lipid peroxides, thereby reducing the risk of atherosclerosis [47]. Conversely, other studies
have shown that PON1 does not exhibit the capacity for phospholipid hydrolysis, thereby
limiting its antioxidant capacity to an indirect role [48].

A direct function for apoA-I in reducing oxidative stress has also been demonstrated,
along with its fundamental role in the activation of PON1 and LCAT [49]. Two methionine
residues in apoA-I (Met112, Met148) are oxidized to sulfoxides during the reduction of lipid
peroxides to redox-inactive hydroxides [50,51]. Additionally, CETP has been reported to
facilitate the transfer of lipid peroxides from apoB-containing lipoproteins toward HDL [52],
while apoM has been suggested to contribute to oxidized phospholipid binding [53].

3.2.2. Vasodilatory and Antithrombotic Properties

HDLs exert multiple beneficial effects on the cardiovascular system [54]. HDLs pro-
mote vasodilation by increasing nitric oxide (NO) [55] and prostacyclin [56] production.
This process begins with HDL binding to SR-B1 receptors on endothelial cells, which
triggers the activation of AMPK, subsequently activating eNOS via the Akt signaling path-
way [57]. Additionally, ABCG1-mediated cholesterol efflux lowers the concentration of
oxidized cholesterol molecules, facilitating the activation of eNOS dimers and increasing
NO production [58]. Of note, through lipid removal, HDLs also exhibit antiapoptotic
and anti-inflammatory effects in the endothelium and macrophages [25,59–61]. A third
pathway for eNOS activation involves the HDL/apoM/S1P complex, which also leads to
Akt signaling activation. This pathway primarily maintains vascular integrity and further
promotes cell survival and endothelial cell migration [62]. Higher NO production, in turn,
leads to the reduced transcriptional activation of NF-kB in endothelial cells, resulting in
a decreased expression of adhesion molecules (VCAM-1, ICAM-1, and P-selectin), pro-
inflammatory receptors (TLR-2), and cytokines (MCP-1 and IL-8). In addition, HDLs may
exert antithrombotic effects [63] by interacting with endothelial SR-B1 and subsequent NO
release (inhibits platelet activation) [64,65] or by inhibiting thrombin-induced tissue factor
expression [66]. In fact, the increase in NO also influences oxidative stress, as it acts as an
antioxidant by terminating radical chain reactions and inhibiting oxidases. Additionally,
NO protects against NADPH oxidase-derived reactive oxygen species (ROS) production in
the vascular endothelium [67].
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3.2.3. Glucose Metabolism

HDLs also play a crucial role in glucose uptake and maintaining glucose homeostatic
blood levels. The interaction of ApoA-I with ABCA1, ABCG1, and SR-B1 has been shown
to activate the translocation of GLUT4 in skeletal muscle, endothelial cells, and adipocytes
through the AMPK signaling pathway independently or synergistically with insulin [68].
This interaction induces an intracellular calcium increase and subsequent activation of
CaMKK [68,69]. Several studies involving HDL infusions have reported increased GLUT4
transcript levels and a higher degree of GLUT4 translocation [70–72] regardless of HDL
cholesterol efflux capacity [70,73]. Moreover, apoA-I binding to the β-cells membranes
via ABCA1 has been described to exclude forkhead box protein O1 (FoxO1) from the
nucleus and enhance the expression of Pdx1, a transcription factor that increases insulin
secretion and regulates the expression of various genes associated with β-cell identity,
functionality, and survival [74,75], besides increasing the number of insulin granules at the
β-cell surface [76]. In addition, data suggest that HDLs may reduce glucagon secretion
from α-cells [77].

3.2.4. Others

HDL intravenous infusion has also been shown to reduce infarct size and improve
cardiac function post-myocardial infarction [78,79]. The mechanisms behind this involve a
reduction in apoptosis execution through the activation of RISK and SAFE signaling. The
RISK pathway, which encompasses the PI3K/AKT/eNOS axis, serves to protect endothelial
cells from pro-inflammatory signaling induced by TNFα, whereas the SAFE pathway is
believed to be activated by S1P bound to HDL [80].

In addition to their cardiovascular protective effects, HDLs have been suggested to
inhibit LPS-induced cellular activation [81], to protect against certain parasitic species [82],
to regulate neural tissue formation, and to contribute to β-amyloid clearance [83]. As such,
low levels of apoA-I and HDL-C have been correlated with the early onset of Parkinson’s
disease [84,85] and the development of Alzheimer’s disease [86,87].

3.3. HDL Adverse Remodelling: The Impact of Cardiovascular Risk Factors and Comorbid
Conditions in HDL Functionality

The structure and composition of HDLs are essential for binding to key receptors,
which enables their primary role in RCT as well as their anti-inflammatory, anti-platelet,
antioxidant, anti-apoptotic, and glucose uptake functions. Consequently, any changes to
HDL can disturb their homeostasis, leading to decreased functionality and potentially
transforming HDL into a harmful entity. This is particularly evident in chronic and severe
conditions such as CVD [88], obesity [89], chronic kidney disease [90], liver disease [91],
and diabetes [92]. Consequently, the “HDL quality over quantity hypothesis” has gained
popularity as a possible explanation for missing protective effects in secondary preven-
tion [93].

Various cardiovascular risk factors, including aging, smoking, infections, pollutants,
dietary imbalances, glycation, and oxidative stress, have been shown to negatively impact
HDL functionality [94]. We have reported, in highly translatable animal models by means
of cardiac magnetic resonance imaging, that diet-induced hypercholesterolemia disrupts
HDL function, impairing its cardioprotective [79] and atheroprotective effects [95]. These
functional changes were associated with alterations in their proteomic, lipidomic, and
miRNA profile [96]. Interestingly, we found that adverse remodeling of HDL can be re-
versed by implementing a low-fat diet and reducing LDL-C levels to a normal physiological
state [97].
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Hyperglycemia, one of the main features of diabetes, results in non-enzymatic glyca-
tion of plasma protein and has also been shown to adversely affect HDL composition [92].
Structural alterations in apoA-I due to glycation disrupt critical regions, impairing the
activation of LCAT [98], decreasing macrophage-mediated RCT, reducing the suppression
of adhesion molecule expression, and promoting ROS generation [99]. Glycation also short-
ens the half-life of apoA-I, further compromising HDL functionality [100]. Additionally,
glycated HDL induces mitochondrial dysfunction in endothelial cells, increasing ROS levels
and enhancing apoptosis [101]. Furthermore, glycated HDL exhibits a reduced ability to
counteract the harmful effects of oxLDL on endothelial vasorelaxation [101].

Hypertriglyceridemia increases TG-enriched HDL levels, which have been shown
to enhance net cholesterol efflux from macrophages while reducing the esterification
rate due to low LCAT activity. This leads to a redistribution of cholesterol within the
HDL, due to the increased TG/CE ratio, which enhances core fluidity, altering HDL
lipoprotein composition [102]. These changes alter the conformation of apoA-I domains,
reducing their ability to act as lipid acceptors and decreasing their exposure to the aqueous
phase, thereby impairing their binding function [103] and RCT [104]. On the other hand,
HDL alterations have been detected before the onset of hypertriglyceridemia in patients
with MetS, including a reduction of S1P levels and subsequent impairment of eNOS
activation [105,106].

Moreover, hypertriglyceridemia enhances CETP activity and reduces LPL activ-
ity [107], promoting large cholesterol ester-core-depleted HDL particles, which become
targets for hepatic lipase [108], or for endothelial lipases, which hydrolyze TG as well
as PLs [109]. Consequently, these modifications result in a decreased affinity for apoA-I,
which reduces its plasma residence time [110] and functionality [20].

Excessive ROS levels generated by cellular lipotoxicity or by myeloperoxidase during
atherosclerosis can induce structural modifications in HDL through the oxidation of the
tyrosine 192 residue of apoA-I, leading to the formation of oxidized amino acid species
and impairing HDL’s ability to mediate ABCA1-dependent cholesterol efflux [111,112].
Additionally, myeloperoxidase has been reported to reduce the anti-apoptotic effects of
HDL, increase plaque instability [113], and diminish its antioxidant capacity by lowering
PON1 activity [114]. Moreover, ROS can act on the polyunsaturated fatty acid tails of PLs
or CE, generating a lipid radical that reacts with oxygen to form a lipid peroxyl radical.
This oxidative molecule can propagate the reaction to adjacent PLs or polyunsaturated
fatty acids, ultimately leading to HDL dysfunction [111,115].

On the other hand, genetic mutations affecting enzymes, proteins, and receptors
have been shown to disrupt HDL metabolism, altering their plasma levels, modifying their
composition, and impairing their beneficial properties [116]. As such, the reduction in LCAT
activity, either derived from genetic mutations or exposure to pathological conditions [116],
has been associated with lower HDL particle maturation and decreased HDL-C plasma
levels. Likewise, genetic modifications that reduce CETP activity are associated with a
decreased risk of CVD [117], resulting in increased HDL-C levels and reduced LDL-C
levels. CETP-deficient individuals typically exhibit higher concentrations of HDL2a-C
and enhanced SR-B1/ABCG1-mediated cholesterol efflux [118]. While these HDLs retain
normal anti-inflammatory and antioxidant properties, they display reduced NO production,
potentially due to lower content on S1P [119].

4. The Role of TG and FFAA in Metabolic and Cardiovascular Risk

According to the latest European guidelines, elevated fasting TG levels were de-
fined as ≥150 mg/dL (≥1.7 mmol/L), moderate hypertriglyceridemia as 150–880 mg/dL
(1.7–10 mmol/L), and severe hypertriglyceridemia as >885 mg/dL (>10 mmol/L). More-
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over, levels exceeding 440 mg/dL (5 mmol/L) may require action to prevent acute pancre-
atitis, with a higher risk at levels above 880 mg/dL (10 mmol/L) [120]. A study performed
in 2020 showed hypertriglyceridemia prevalence (sex- and age-adjusted) of 27.0% in the
Spanish global population, 34.6% in men, and 21.4% in women [121]. In the same year, the
prevalence of hypertriglyceridemia was reported in the US as 25.9%; of which, 31.6% were
receiving statin treatment [122]. There are extensive data regarding the causal association
between TG and the increased risk of cardiovascular events, even in patients receiving
effective LDL-lowering therapy [123]. It has been observed that, in a fasting state, each
88 mg/dL increase in TG levels raises the risk of coronary heart disease by 32% in men and
76% in women [124].

Elevated FFAA can adversely affect lipid metabolism, glucose control, and vascular
function, highlighting the importance of maintaining balanced levels of TG levels for
overall cardiovascular health. As described below and in Figure 3, FFAA can stimulate
the liver’s production of VLDL [125]. This process often results in elevated serum TG
levels while concurrently decreasing HDL-C concentrations [126]. In addition, elevated
FFAA can impair cellular metabolism and insulin action in skeletal muscle, adipose tissue,
and the liver [68,127]. This impairment reduces the effectiveness of insulin in facilitating
glucose uptake, which can lead to increased blood glucose concentrations. Lastly, increased
FFAA can stimulate vasoconstriction and enhance sodium reabsorption in the kidneys,
contributing to increased blood pressure [128].

 

Figure 3. Adverse effects of high FFAA levels on lipid metabolism, glucose control, and vascular tone.
(Left): The excessive consumption of foods rich in SFA, TFA, and carbohydrates disrupts hepatic
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metabolic pathways, leading to enhanced VLDL production and decreased LPL activity. This results
in elevated TRL and RLP levels because of the upregulation of CETP activity. Increased CETP activity,
in turn, results in lipid poor HDL and small LDL, enhancing the risk of atherosclerosis progression.
(Center): An excess of FFAA can promote cellular lipotoxicity and generate ROS, impairing the cell’s
glucose metabolism and contributing to an inflammatory state that may induce β-cell apoptosis and
the development of IR. IR leads to increased secretion of FFAA and adipokines from adipocytes, stim-
ulating VLDL and apoC-III synthesis in hepatocytes. This cascade results in further fat accumulation
and exacerbates IR. (Right): In the case of vascular tone, an excessive release of leptin and FFAA
stimulates the SNS, reduces endothelial NO production, and activates RAAS. RAAS further triggers
SNS and Ang II synthesis, leading to an increase in renal sodium and water retention and promoting
inflammatory cell infiltration. Collectively, these processes contribute to vascular remodeling and
renal dysfunction, culminating in systemic vascular resistance and hypertension. FFAA: free fatty
acids; SFA: saturated fatty acids; TFA: trans fatty acids; CHO: carbohydrates; VLDL: very low-density
lipoproteins; LPL: lipoprotein lipase; TG: triglycerides; TRL: TG-rich lipoproteins; CETP: cholesteryl
ester transfer protein; HDL: high-density lipoproteins; LDL: low-density lipoproteins; EL: endothelial
lipase; HL: hepatic lipase; RLP: remnant lipoprotein particles; sLDL: small LDL; CE: cholesterol
ester; GLUT4: glucose transporter type 4; IRS-1: Insulin receptor substrate 1; ROS: reactive oxygen
species; HSL: hormone-sensitive lipase; IR: insulin resistance; ApoC-III: apolipoprotein C-III; SNS:
sympathetic nervous activity; NO: nitric oxide; RAAS: renin–angiotensin–aldosterone system; Ang II:
angiotensin II; Green arrow: increase; Red arrow: decrease. Created in BioRender.com.

4.1. FFAA and Lipid Metabolism: TG-Rich Lipoproteins and Remnant Lipoprotein Particles

A contributor to hypertriglyceridemia is a diet high in saturated fatty acids and refined
sugars, among others [129]. The uptake of circulating FFAA by the liver, skeletal muscle,
and other tissues is essential for lipid storage and mobilization [130]. Saturated fatty acids
have been shown to reduce the expression, protein levels, and activity of hepatic LDLR,
thereby decreasing LDL uptake and increasing blood LDL-C levels [131,132]. On the other
hand, trans fatty acids contribute to an increase in LDL-C by reducing the catabolic rate
of LDL-apoB without affecting its production levels. Trans fatty acids also increase the
metabolic rate of apoA-I from HDL, without impacting its production rate [133,134]. More-
over, trans fatty acids elevate CETP activity, leading to greater TG/CE exchange between
apoB-containing proteins and HDL, lowering HDL-C levels [135]. Furthermore, dietary car-
bohydrates serve as substrates in the liver for de novo FFAA synthesis, particularly during
caloric excess. This process is amplified by glucose-induced insulin secretion, which also
enhances hepatic FFAA production [136]. Excess in carbohydrate intake allows fructose to
bypass the intestinal metabolism, enabling it to reach the liver directly, where it stimulates
hepatic lipogenesis via SREBP1c and ChREBP. Unlike glucose, fructose metabolism does
not have self-regulatory mechanisms, leading to an uncontrolled supply of substrates for
lipogenesis. Additionally, fructose inhibits FFAA oxidation, contributing to higher TG
hepatic levels. On top of this, fructose does not stimulate insulin production, avoiding LPL
activation and reducing the clearance of TG-rich lipoproteins (TRL) [137,138].

The excess of FFAA in the bloodstream from the exogenous or/and endogenous
pathway is absorbed and stored by the liver as TG [130]. This process leads to the overpro-
duction and release of hepatic VLDL (particularly larger and TG-rich VLDL) [125], which
hinders the lipolysis of chylomicrons by competing at the LPL level [139]. Additionally,
hypertriglyceridemia has been shown to reduce the expression of LPL in muscle and
adipose tissues [107], impairing the enzyme’s ability to bind to the lipoprotein surface,
disrupting lipolysis [140] and facilitating the transport of TRL back to the liver [139]. The
rise in TRL heightens CETP activity. This excessive exchange yields TG-rich LDL and HDL
particles, which are hydrolyzed by lipases, producing small, dense, and pro-atherogenic
LDL particles and lipid-poor HDL particles that are rapidly catabolized. This process
explains the observed association between high TG levels and low HDL-C plasma con-
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centrations [136], which contribute to the development of atherosclerosis. Specifically,
increased TG levels facilitate the intimal accumulation of LDL particles, while decreased
HDL-C levels—particularly the loss of HDL’s protective functions—hinder the removal of
vascular cholesterol, as stated above.

On the other hand, there is an increase in the number and the half-life of TRL. The
hydrolysis of TG from TRL within the endothelial lumen by LPL generates remnant
lipoprotein particles (RLP). These particles are smaller than chylomicrons and VLDL,
allowing them to penetrate the endothelium and reach the intimal layer. RLPs are also
CE-rich molecules, as they remain a target for CETP [141]. Notably, they are considered
even more pro-atherogenic than LDL-C, as they can be taken up directly by macrophages
without oxidation, leading to foam cell formation and promoting the initial stages of
atheroma plaque development [142]. Additionally, due to their size, RLPs can carry up to
40 times more cholesterol than LDL [143].

4.2. FFAA and Glucose Control

In healthy conditions, FFAA are taken up via specific membrane receptors, such as FA
transport proteins 1–6 or CD36, depending on the cell type. Once inside the cell, FFAA are
either stored as TG or utilized through β-oxidation as substrates for mitochondrial respira-
tion. The binding of insulin to its membrane receptor in adipocyte cells triggers the inactiva-
tion of hormone-sensitive lipase, the enzyme responsible for hydrolyzing TG into glycerol
and FFAA [144]. Moreover, insulin promotes glucose disposal in skeletal muscle cells by
the translocation of GLUT4 through the activation of the IRβ/IRS-1/PI3K/Akt/AS160
pathway [145]. Under metabolic alterations, an excess of FFAA can disrupt these cellular
pathways, promoting organ lipotoxicity mediated by the accumulation of TG, diacylglyc-
erol, and ceramides [146,147]. Furthermore, it may induce endoplasmic reticulum stress
and mitochondrial dysfunction, triggering the production of ROS. ROS, in turn, damages
proteins involved in glucose uptake while also inducing changes in cellular homeosta-
sis. These changes promote the activation of various intracellular pathways, including
TNF-α, JNK, and PKC, among others, increasing serine over threonine phosphorylation of
IRS-1, thereby impairing insulin signaling [147,148]. Moreover, oxidative stress stimulates
pro-inflammatory cytokines, inflammasome activation, and macrophage tissue infiltration,
resulting in cellular apoptosis. When this damage occurs in β-cells, it favors the onset of
insulin resistance (IR) [127]. However, in a state of IR, hormone-sensitive lipase remains
active, resulting in an increase in glycerol and FFAA and a subsequent increase in hepatic
VLDL-TG secretion [149].

IR has been associated with enhanced apoC-III levels. ApoC-III hinders the binding
of TRL to the cell surface, where LPL is situated. By doing so, apoC-III impairs the
hydrolytic activity of LPL, as it displaces apoC-II, which is a crucial cofactor necessary
for LPL to function on the lipoprotein surface. This displacement reduces the efficiency
of LPL in hydrolyzing TG into FFAA, ultimately affecting lipid metabolism and leading
to elevated levels of TG in the bloodstream [150]. Apoc3 expression is partially regulated
by the FoxO1 pathway, which plays a crucial role in controlling apoC-III production in
the liver. Insulin facilitates the phosphorylation and subsequent inactivation of the FoxO1
pathway, resulting in the inhibition of apoc3 gene expression and a decrease in apoC-III
levels [151]. In contrast, glucose exerts an opposing effect by promoting increased apoC-III
production [152]. Initially, elevated levels of apoC-III are a consequence of IR; however,
as the condition advances, apoC-III itself contributes to impaired insulin signaling. This
creates a feedback loop where sustained increases in circulating FFAA lead to heightened
apoC-III concentrations in lipoproteins, which then remain in circulation for extended
periods, exacerbating IR. On the other hand, fat accumulation in adipose tissue leads to
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an imbalance in TG turnover resulting in several described morpho-functional changes.
These changes include alterations in adipocyte size and extracellular matrix reorganization,
triggering the production of cytokines, known as adipokines (leptin, resistin, and visfatin),
which have been associated with the development of IR [153,154].

4.3. FFAA Levels and the Vascular Tone

Recent studies have suggested that TG may act as an independent risk factor for the
development of hypertension [155]. The accumulation of FFAA in renal tissues increases
ROS production and impairs NO synthesis [156], which contributes to the activation of
the renin–angiotensin–aldosterone system (RAAS) and, further, angiotensin II formation.
Angiotensin II is a potent vasoconstrictor that stimulates the release of aldosterone and
vasopressin, favoring sodium and water retention along the nephron [128,157]. Never-
theless, RAAS activates the hypothalamus, triggering sympathetic outflow towards the
kidneys and promoting the activation of renal dendritic cells, which accumulate isoLG
(isolevuglandins), enhancing the production of IL-6 and IL-1β [158]. This, in turn, facil-
itates inflammatory cell infiltration, exacerbating dysfunction and damage within renal
tissue [159]. Inflammatory cells, along with cytokines and chemokines such as IL-1β,
TNF-α, IFN-γ, and IL-17A, infiltrate the kidney and regulate the expression and activity of
sodium transporters, leading to prolonged sodium and water retention, causing further
renal damage. On top of this tissue damage, vascular remodeling occurs, characterized
by the narrowing of the vascular lumen due to medial thickening and capillary loss (rar-
efaction) [160]. This reduction in cross-sectional area further increases systemic vascular
resistance, perpetuating hypertension [161] and renal dysfunction [162].

5. The TG/HDL-C Ratio

Taking into consideration the key role of HDL and TG on lipid metabolism and car-
diovascular risk, the TG/HDL-C ratio has emerged as a strong predictor of CAD and
MetS [163,164]. The TG/HDL-C ratio has been shown to be an independent and more
potent predictor of CAD than LDL-C and total-C/HDL-C or LDL-C/HDL-C ratios [164].
As such, high values of the TG/HDL-C ratio have been associated with a 2-fold increase in
all-cause mortality and a 1.5- to 3-fold increase in cardiovascular events over a 5–6-year
follow-up period, independent of traditional coronary risk factors and angiographic CAD
severity [165,166]. Additionally, there has been an almost 2-fold increase in non-fatal my-
ocardial infarction in intermediate-low risk patients with the highest TG/HDL-C ratio [167].
Likewise, the TG/HDL-C ratio has been considered to better identify MetS as compared
to total-C/HDL-C and LDL-C/HDL-C ratios [168,169]. However, the TG/HDL-C ratio
should not be used as an absolute value without considering age, ethnicity, genetics, and
lifestyle [170].

6. Therapeutic Management to Target TG and HDL-C Levels

6.1. Lifestyle Changes

Exercise: The body prioritizes glucose or FFAA as the main source of energy produc-
tion depending on the type, duration, and intensity of exercise. This workload is quantified
in terms of VO2max, which is defined as the maximum oxygen consumption a person can
utilize per unit of time. During low-intensity exercise, with a VO2max of around 25%,
energy is predominantly derived from the β-oxidation of plasma FFAA [171]. As exercise
intensity increases to a moderate level, nearing 65% VO2max, energy demand is primar-
ily met by FFAA released through the lipolysis of TG stored in adipose tissue. Beyond
this level, classified as high-intensity exercise, there is a progressive shift toward glucose
metabolism at the expense of FFAA utilization [172]. Some studies have observed that
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engaging in physical activity at 65–80% VO2max is necessary to achieve a reduction in TG
and an increase in HDL-C levels [173]. Interestingly, several studies with a large number
of participants have demonstrated that prolonged intense exercise improves HDL-related
cholesterol efflux [174,175]. Additionally, both acute [176] and chronic [177] exercise has
been shown to enhance the antioxidant properties of HDL [174], and several studies involv-
ing patients with MetS have observed enhanced anti-inflammatory capacity associated with
a decrease in TG and free cholesterol levels, alongside an increase in esterified cholesterol
in HDL3b [178]. These changes correlated with greater protection against endothelial cell
injury, evidenced by the reduced expression of V-CAM and decreased monocyte endothelial
adhesion [179,180].

During exercise, muscle contraction leads to the release of peptides and cytokines
(known as myokines) [181], including IL-6, IL-15, myostatin, irisin, and FNDCs. These
myokines affect adipose tissue, particularly white adipose tissue, which serves as the
primary energy storage site in the form of TG, predominantly located in intra-abdominal
visceral depots [182]. Moreover, myokines activate a process known as browning, which
involves the conversion of white adipose tissue into brown adipose tissue, a subtype of
adipose tissue primarily responsible for energy expenditure and heat generation due to its
high mitochondrial content and UCP-1 expression [182,183]. Effects on other organs have
also been described, such as the pancreas, where several myokines protect β-cells from
pro-inflammatory processes [184]. Furthermore, it has been reported that increased glucose
uptake by the muscle is accompanied by an increase in hepatic glucose production [185],
a reduction in appetite [185], the regulation of bone growth [186], and improvements in
endothelial function and revascularization [187].

Diet: There is strong evidence from epidemiological studies indicating that increasing
compliance with the Mediterranean diet is associated with reduced fatal and non-fatal
CVD [188,189]. As such, experimental studies have proven that the intake of Mediter-
ranean diet components preserves endothelial function [190,191], lessens platelet reac-
tivity [192,193], reduces LDL oxidation [194], increases HDL-C levels [194], and protects
against myocardial infarction damage [195–197]. The landmark PREDIMED trial reported
a lower incidence of cardiovascular events in participants consuming a Mediterranean
diet supplemented with extra virgin olive oil (EVOO) or nuts as compared to those who
followed a low-fat diet [198]. Of note, participants recruited in the study presented diabetes
or ≥3 risk factors (smoking, overweight or obesity, hypertension, dyslipidemia, and family
history of early-onset CVD). Following these seminal findings, sub-studies were conducted
to examine the effect of the Mediterranean diet on HDL functionality. An increase in
cholesterol efflux was observed in those following the EVOO/nut supplementation, which
was associated with an upregulation of HDL-related genes, changes in HDL-associated
lipids, and improved antioxidant capacity [199]. No changes were noted in the levels of
the major apolipoproteins [199]. Additionally, in the EVOO-supplemented group, an in-
crease in LCAT activity and a decline in CETP activity were observed compared to pre-diet
levels [199]. HDL also displayed enhanced antioxidant activity, which was found to be
associated with an increase in PON1 content and a reduction in LDL oxidation, likely to
protect LCAT from oxidative modifications [199,200]. On the other hand, HDL structural
changes were also reported in the Mediterranean diet groups (particularly in the EVOO
arm), showing a reduction in TG concentration and an increase in PL levels on the HDL
surface. Overall, the benefits attributed to EVOO (omega-9 fatty acids) intake on HDL
particles were associated with polyphenol content [201,202]. Positive effects for omega-3
fatty acids found in fish have also been described, including a reduction in TG levels [203]
and an improvement in HDL beneficial effects [204].
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Lycopene, a powerful antioxidant found in tomatoes, has also been associated with
higher HDL-related PON1 and LCAT activity, as well as reduced serum amyloid A content
and CETP activity [205]. Positive effects have also been observed with the consumption
of walnuts and avocados, foods rich in polyphenols and MUFA. Walnut consumption has
shown to improve HDL cholesterol removal and endothelial function [206], while avocado
consumption has led to reductions in LDL-C and non-HDL-C levels, as well as a decrease
in small and dense LDL particles [207]. Additionally, moderate alcohol intake (40 g of
alcohol/day) has been associated with an increase in HDL-C levels, higher PON1, and
reduced CETP activity [194,208–211]. Finally, beneficial effects have been observed from
consuming whole grains, legumes, some vegetables, fruits, and seeds (all low-glycemic
index carbohydrate) in overall CV health [212–215].

6.2. Drug Therapy
6.2.1. Effort to Improve Primary Cardiovascular Endpoints by Increasing HDL-C Levels or
HDL-Mimetics

The efficacy of CETP inhibitors has been tested in multiple phase III clinical trials in
combination with statin therapy, aiming to achieve a dual positive effect on atherosclerosis
by limiting its progression with statins and favoring its regression via HDL. However, most
of the trials failed to meet these expectations, as we recently reviewed in Schoch et al. [23].

On the other hand, although significant improvements have been achieved in the field
of HDL mimetics at an experimental level, they have consistently failed to demonstrate
benefits in the clinical setting [24]. As such, a recent clinical trial administering CSL112, a
human apolipoprotein A-I derived from plasma, did not show a reduction in the risk of
major adverse cardiovascular events over a 90-day period [216].

6.2.2. Others Therapeutic Strategies

Drug therapies for the management of TG and HDL-C levels are detailed in Table 1.
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7. Future Perspectives and Directions

The HDL field still has several important areas that require further investigation. It
is becoming increasingly accepted that HDL structure and function are better indicators
of HDL’s protective function than measuring the amount of cholesterol transported by
the HDL particles. Yet, it remains to be determined which specific HDL features are
most strongly associated with protection against CVD to tackle them from a therapeutic
perspective. In addition, while some Mendelian randomization studies have shown a causal
relationship between certain HDL traits and decreased CVD risk [41,231,232], more research
is needed to fully understand the genetic components influencing HDL functionality and
their impact on cardiovascular health, as well as the U-shaped HDL-related behavior.

Within the TG field, determining whether TGs themselves or other components of
TRLs are the primary culprit in increasing cardiovascular risk is crucial. In addition, the
efficacy and safety of the new TG-lowering therapies (i.e. inhibitors of angiopoietin-like 3
protein and apolipoprotein C-III) in reducing cardiovascular events remain to be assessed in
robust clinical trials. In fact, whether targeting TG production, lipolysis, hepatic clearance,
or a combination of these mechanisms yields the best outcomes deserves attention. Finally,
a deeper understanding of the complex interactions between HDL particles and TG within
the context of MetS is essential. Investigating the molecular mechanisms that govern their
biogenesis and reciprocal relationship will provide crucial insights into how alterations in
these lipid particles contribute to the metabolic disease beyond providing new therapeutic
targets to effectively manage MetS patients.
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The following abbreviations are used in this manuscript:

ABCA1 ATP-binding cassette protein A1
ABCG1 ATP-binding cassette protein G1
Apo apolipoprotein
CAD coronary artery disease
CE cholesterol esters
CETP cholesteryl ester transfer protein
CVD cardiovascular disease
EVOO extra virgin olive oil
FFAA free fatty acids
FoxO1 forkhead box protein O1
HDL high-density lipoproteins
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IDL intermediate-density lipoproteins
IR insulin resistance
LCAT lecithin–cholesterol acyltransferase
LDL low-density lipoproteins
LDLR LDL receptor
MetS metabolic syndrome
MUFA mono-saturated fatty acids
NO nitric oxide
PL phospholipids
RAAS renin–angiotensin–aldosterone system
RCT reverse cholesterol transport
RISK reperfusion injury signaling kinase
RLP remnant lipoprotein particles
ROS reactive oxygen species
SAFE survivor activating factor enhancement
S1P sphingosine-1-phosphate
SR-BI scavenger receptor class B type I
TG triglycerides
TRL TG-rich lipoprotein
VCAM-1 vascular cell adhesion molecule-1
VLDL very low-density lipoproteins
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Abstract: Low-density lipoprotein (LDL) chemically modified by reactive oxygen species
(ROS), for example, leaking from red blood cells in the vascular compartment, more readily
crosses the vascular endothelium than does nonoxidatively modified LDL to enter tissue
fluid. Oxidatively modified LDL (oxLDL) may also be created in the tissue fluid by ROS
leaking from cells by design, for example, by inflammatory white cells, or simply leaking
from other cells as a consequence of oxygen metabolism. As well as oxLDL, glycatively
modified LDL (glycLDL) is formed in the circulation. High-density lipoprotein (HDL)
appears capable of decreasing the burden of lipid peroxides formed on LDL exposed to
ROS or to glucose and its metabolites. The mechanism for this that has received the most
attention is the antioxidant activity of HDL, which is due in large part to the presence
of paraoxonase 1 (PON1). PON1 is intimately associated with its apolipoprotein A1
component and with HDL’s lipid domains into which lipid peroxides from LDL or cell
membranes can be transferred. It is frequently overlooked that for PON1 to hydrolyze
lipid substrates, it is essential that it remain by virtue of its hydrophobic amino acid
sequences within a lipid micellar environment, for example, during its isolation from
serum or genetically modified cells in tissue culture. Otherwise, it may retain its capacity
to hydrolyze water-soluble substrates, such as phenyl acetate, whilst failing to hydrolyze
more lipid-soluble molecules. OxLDL and probably glycLDL, once they have crossed the
arterial endothelium by receptor-mediated transcytosis, are rapidly taken up by monocytes
in a process that also involves scavenger receptors, leading to subendothelial foam cell
formation. These are the precursors of atheroma, inducing more monocytes to cross the
endothelium into the lesion and the proliferation and migration of myocytes present in
the arterial wall into the developing lesion, where they transform into foam cells and
fibroblasts. The atheroma progresses to have a central extracellular lake of cholesteryl
ester following necrosis and apoptosis of foam cells with an overlying fibrous cap whilst
continuing to grow concentrically around the arterial wall by a process involving oxLDL
and glycLDL. Within the arterial wall, additional oxLDL is generated by ROS secreted
by inflammatory cells and leakage from cells generally when couplet oxygen is reduced.
PON1 is important for the mechanism by which HDL opposes atherogenesis, which may
provide a better avenue of inquiry in the identification of vulnerable individuals and the
provision of new therapies than have emerged from the emphasis placed on its role in RCT.

Keywords: antioxidant; LDL; paroxonase1; cardiovascular disease; high density lipopro-
tein; lipid peroxidation; atherosclerosis
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1. Introduction

Fundamental questions about the role of lipoproteins in the pathogenesis of atheroma-
tous diseases remain topics of active discussion. In this review, we shall focus particularly
on our knowledge, or lack of it, concerning the mechanisms by which high-density lipopro-
tein (HDL) components by opposing oxidative modification and glycation can impede
atherogenesis, firstly by preventing the passage of atherogenic lipoproteins from the circu-
lating blood across the arterial endothelium into the subintima and secondly by decreasing
the likelihood that, once there, they will cause the formation of foam cells and thence the
growth of atheromatous plaques and their subsequent rupture. Because of the ubiquitous
presence of HDL in tissue fluids, the antioxidative activities of HDL may also prevent
the modification of other proteins, such as those of outer cell membranes, involved in the
pathogenesis of many diseases other than atherosclerosis, which are the subject of other
reviews and reports in this collection.

2. The Oxidant Theory of Atherosclerosis

The oxidant theory of atherosclerosis has recently been the subject of an excellent
review from the group at La Jolla, University of California San Diego [1], where much of
the concept underwent development under the leadership of the late Daniel Steinberg [2].
However, randomized clinical trials of antioxidant vitamins have yielded at best marginal
benefit in the prevention of ASCVD incidents [3–5]. This has been widely interpreted as
denying the hypothesis that oxidatively modified low-density lipoprotein (oxLDL) is a
potent cause of atherogenesis. Nevertheless, whilst antioxidant vitamins can be shown
to decrease the initial phase of lipid peroxidation (conjugated diene formation) on low-
density lipoprotein (LDL), they may not be the best approach to prevent the later stages
of LDL lipid peroxidative damage [6]. They, themselves, undergo oxidation, after which
they are pro-oxidant, and they may increase potentially proatherogenic pathways, such as
cholesteryl ester transfer [7].

The conversion of native LDL to oxLDL involves several stages. Antioxidants, such as
vitamin E or ascorbate, prevent oxidation by themselves undergoing oxidation in prefer-
ence to other substances. It was hoped that by intervening with pharmacological quantities
of antioxidants of this type to prevent the earliest stage of LDL oxidation (the oxygen-
free radical attack on its long-chain unsaturated fatty acyl groups of phospholipids and
cholesteryl esters leading to conjugated diene formation), it would prevent atherosclerotic
cardiovascular disease (ASCVD). However, they may not be the most effective or even
physiological approach to prevent the subsequent generation of oxLDL. On the other
hand, the hydrolysis of the breakdown products of oxygen-free radical attack, such as
9-hydroperoxy-10,12-octodecadienoic acid (9HPODE), to harmless carboxylic acids rather
than allowing their breakdown into aldehydes (e.g., propanediol, hexanal, nonanal), un-
saturated aldehydes (e.g., hexenal, nonenal), and their various hydroperoxy derivatives,
which are damaging to the apolipoprotein B (apoB) of LDL, might be a better option. By
just such a process, HDL may protect LDL from the accumulation of these breakdown
products, which might otherwise adduct to the side chains of proline and arginine residues
of apoB, leading to its fragmentation, following which it becomes a ligand for endothelial,
macrophage, and transformed smooth muscle cell scavenger receptors [1,6]. This review
will summarize some of the evidence for this supposition.

3. How HDL Protects Against Atherosclerosis

3.1. Participation in Reverse Cholesterol Transport

For many years, the inverse relationship between HDL cholesterol and ASCVD inci-
dence has been considered to be because HDL metabolism protects against atherogenesis
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by being somehow rate-limiting for reverse cholesterol transport (RCT). RCT must occur
because, for no known reason, the human liver secretes more cholesterol into the blood
circulation than is required to fulfill the requirements of the tissues [8,9]. Therefore, if it is
not to accumulate peripherally, the excess must be returned to the liver by a process that is
termed RCT. It was proposed that HDL is the route by which RCT is accomplished [10].
Despite the zeal with which this idea has been pursued, evidence for a critical role for HDL
in RCT has been hard to find, at least until the relatively recent finding that HDL can act as
an acceptor for cholesterol exiting cells by the ATP-binding cassette transporter A1 (ABCA1
(also known as the cholesterol efflux regulatory protein)) [11,12]. Just how rate-limiting is
this property of HDL in the process of RCT? Probably, the most convincing evidence that
it is comes from epidemiological studies reporting that the capacity of serum to acquire
cholesterol from laboratory-grown cells after removal of apoB-containing lipoproteins
correlates inversely with ASCVD risk [12]. This is termed cholesterol efflux capacity (CEC).
Almost certainly in the human, however, the greater part of the cholesterol acquired by
HDL in this manner is rapidly esterified by lecithin: cholesterol acyltransferase (LCAT) lo-
cated on HDL and then transferred to LDL by cholesteryl ester transfer protein (CETP) [13].
From LDL, any cholesteryl ester not redelivered to the peripheral tissues is returned to the
liver by the LDL receptor (LDLR) and LDL-like receptor protein (LRP) [13]. Thus, LDL as
well as HDL contributes substantially to RCT [14]. The balance between LDL production
and catabolism, not HDL, are the major forces governing the concentration of circulating
cholesterol in humans [15,16]. Evidence that the involvement of HDL in RCT is not the only
nor even a major explanation for its apparent protection against ASCVD is provided by
inborn errors in its metabolism [17–25]. In loss-of-function mutations of ABCA1 (Tangier
disease), cholesteryl ester laden foam cells (macrophages) are present in many tissues,
including the tonsils, spleen, and liver, accompanied by profoundly diminished HDL.
A defect in HDL metabolism, so severe as to wipe out circulating HDL almost entirely,
might be expected to cause remarkably premature atherosclerosis if defective RCT was
critical to the process. However, atheroma is not nearly as aggressive as in heterozygous
familial hypercholesterolaemia or familial dysbetalipoproteinaemia [8,9,18–20]. Tissues
other than the arteries accumulate cholesterol earlier than the arteries. Similarly, in LCAT
deficiency, despite deposition of cholesterol in the kidney often severe enough to require re-
nal transplantation and low circulating HDL, atherosclerosis is not a prominent feature [21].
Mutations affecting specifically the apoA1 gene, whilst associated with atherosclerosis,
may be because they also affect chylomicron metabolism [22,23]. Genetic CETP deficiency
produces high HDL cholesterol concentrations, but any protection it affords against ASCVD
is disputed [24]. The small decrease in ASCVD incidence provided by pharmacological
inhibition of CETP derives more from its modest LDL-lowering action rather than from its
effect in raising HDL cholesterol concentration [25]. In summary, extreme disorders of HDL
metabolism, which profoundly influence its involvement in RCT, are not associated with
atherosclerosis of the severity expected. It is thus reasonable to consider other mechanisms
by which HDL might protect against ASCVD.

3.2. Impeding the Structural Modification of LDL by Oxidation and Glycation
3.2.1. Source of Reactive Oxygen Species (ROS) in the Circulation

Aerobic respiration became possible as the atmosphere accumulated oxygen following
the evolution of photosynthetic plants. This in turn permitted the advent of organisms
with much faster metabolic rates than had hitherto been possible with simple anaerobic
respiration. Oxidative metabolism, however, is not without its hazards. Until it participates
in chemical reactions (oxidation), atmospheric oxygen (and thus most dissolved oxygen)
exists as a couplet in which two oxygen molecules, each having six electrons in their outer-
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most shell, share with each other two of these electrons to completely fill their outermost
shells, creating stability. When oxygen (O2) combines by sharing electrons with other
atoms, the first stage must inevitably be the creation of superoxide in which the couplet has
gained a single electron, but has yet to acquire an additional electron to complete its outer
shell. It is thus highly reactive, having at that stage a similar outer shell to fluorine and thus
a similar predilection for combining with carbon at alkene bonds, such as those in linoleate
and arachidonate [18]. A typical human consumes nearly 400 L of oxygen every day, a
substantial proportion of which enters the blood circulation, where it combines reversibly
with hemoglobin in erythrocytes. For this to occur, the iron in hemoglobin must remain
in the Fell state (ferrous). If only a small proportion of Fell is oxidized irreversibly to Felll

(ferric) (methemoglobin), significant quantities of superoxide can be generated (as follows)
with the potential to damage other vital molecules [26,27].

Hb-Fell + O2 → Hb-Felll + O2
•−

Superoxide rapidly combines with hydrogen ions to form hydrogen peroxide.

2 O2
•− + 2H+ → H2O2 + O2

Technically, hydrogen peroxide is not an oxygen-free radical, but it is water soluble
and highly reactive. The term reactive oxygen species (ROS) is used to encompass true
free radicals, such as superoxide, and their often more reactive and ubiquitous derivatives,
such as hydrogen peroxide [28]. To overcome damaging ROS, the red cell contains an
active pentose phosphate pathway (PPP) producing the reducing agent, NADPH, which
maintains glutathione in a reduced state to neutralize superoxide [29]. Nevertheless, some
must inevitably escape glutathione to react with protons to become hydrogen peroxide,
which can readily diffuse from red cells to react, for example, with the alkene groups in
phosphatidyl choline and cholesteryl esters of LDL to generate oxidatively modified LDL
(oxLDL). HDL may provide an alternative pathway for the harmless removal of these lipid
peroxides escaping across the erythrocyte outer cell membrane [30]. The PPP itself, despite
its generally protective role, may also contribute to the chemical modification of proteins,
such as apoB, because it produces metabolites linked to glycation (see later).

3.2.2. Oxidative Modification of LDL in the Circulation

There appears to be no disagreement about the notion that HDL ameliorates the
biological effects of LDL oxidation that was observed in the earliest reports that LDL could
damage cells in tissue culture [1]. Figure 1 shows an experiment where the oxidation of LDL
by CuII ions has been prevented when HDL is also present [31]. OxLDL was detected by
the method of el-Saadani, which makes use of the color reagent of a commercially available
test kit for cholesterol [32]. This method measures the accumulation of the products of
lipid peroxidation. In the presence of HDL, these largely disappear. They are fatty acyl
hydroperoxides typically derived from linoleate and arachidonate, which rapidly break
down to form ketones and aldehydes capable of adducting to the side chains of proline
and arginine residues of apoB, leading to fragmentation of the apoB molecule, which
thereby becomes a ligand for scavenger receptors, such as scavenger receptor class B type
1 (SR-B1 aka SCARB1; lectin-like oxidized LDL receptor1, LOX-1) [1]. The earlier phase
of lipid peroxidation, namely conjugated diene formation detectable by ultraviolet (UV)
absorbance, which is delayed by oral administration of antioxidant vitamins [6,7,33], is
unaffected by HDL, whereas it is by oral administration of antioxidant vitamins [6,7,33].
This effect of antioxidant vitamins on conjugated diene formation is, however, short-lived
compared to that of HDL on the later phases of lipid peroxide breakdown.
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Figure 1. The generation of lipid peroxides over time when LDL is incubated with CuSo4 5 μM alone,
with HDL and in the presence of paraoxonase 1 (PON1). Data from reference [31].

Probably, in the presence of HDL, phospholipid hydroperoxides are hydrolyzed to
carbonic acids, and thus ketones and aldehydes do not accumulate [34–36]. Whatever the
mechanism by which oxidative modification of LDL is impeded when HDL is present, it is
likely to require transfer of phospholipid hydroperoxides from LDL to HDL presumably
by phospholipid transfer protein and/or CETP [37]. This is extremely important, because,
were a peroxidized phospholipid, for example, phosphatidylcholine (lecithin), to remain
on LDL, its hydrolysis by phospholipase A2 (aka platelet activating factor acetylhydrolase)
present on LDL would release the peroxidized fatty acyl group at Sn2 to breakdown
into aldehydes and ketones on LDL and moreover leave behind lysophosphatidylcholine
(lysolecithin) which is itself intensely damaging to LDL and tissues [38]. HDL is, however,
also known to possess phospholipase A2 activity [39]. Thus, what can be the advantage of
transferring phospholipid hydroperoxides to it from LDL? One important answer is that
HDL, with its intensely hydrophobic environment maintained by the strongly detergent
apolipoprotein A1 (apoA1) provides a safe environment for the release of toxic lipids, such
as lysophatidylcholine. This must be the case because cholesterol secreted by the liver,
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mostly in VLDL, is free (unesterified), yet most of that in the circulation is esterified [8].
This is accomplished by LCAT present on HDL in the following reaction:

Cholesterol + Phosphatidylcholine → Cholesteryl ester + Lysophosphatidylcholine.

LCAT on HDL also esterifies free cholesterol effluxing from peripheral cells, which
is initially taken up by small HDL particles (preβ-HDL) where it is esterified so that it
can be packed into the intensely hydrophobic core of these particles to allow more free
cholesterol to join their surface layer [40,41]. Thus, the particles enlarge to become HDL3.
Substantial gram-range quantities of cholesterol are esterified on HDL in this way every
day and thus the stoichemical production of potentially toxic lysophosphatidylcholine is
similarly great [8]. The production of lysophosphatidyl choline on HDL by LCAT, is a
physiological process, which presumably does no damage to tissues. Thus, HDL must
be a safe environment in which to hold lysophosphatidylcholine until it can be released
to hepatocytes during the passage of HDL through the liver. Additionally, there is no
apoB located on HDL to damage. Interestingly, much of the phospholipase A2 activity
on HDL often attributed to the enzyme, phospholipase A2, may be due to paraoxonase
1 (PON1) [39]. Partially purified PON1 maintained in a lipid environment was reported
by us to be highly effective in impeding Cu-induced oxidation of LDL lipids (Figure 1)
(see [6] for discussion). LCAT, apoA1, and a hydrophobic, lipid environment are likely to
be essential for the hydrolytic activity of PON1 towards lipid peroxides.

The composition of HDL varies greatly both within and between individuals. Pro-
teomic investigations have revealed at least a hundred potential HDL components. Its
antioxidant activity reflects the balance between PON1 activity, LCAT, and apoAI on the
one hand and on the other the presence of pro-oxidant myeloperoxidase and of serum
amyloid A (SAA) and apoAII, both of which displace PON1 from HDL [6]. HDL, deficient
in PON1, rich in both SAA and myeloperoxidase with a low ratio of apoAI to AII, has been
called proinflammatory HDL because of its association with acute and chronic inflamma-
tory states, such as infection, rheumatoid arthritis, and autoimmune diseases. This type
of HDL may also have a limited capacity to impede LDL oxidation and glycation or to
promote cholesterol efflux, say from macrophage foam cells (see later).

3.2.3. Oxidative Modification of LDL in the Tissues

Cells in tissue culture oxidatively modify LDL [1,42,43]. In the case of endothelial
and smooth muscle cells in tissue culture, this may simply be due to leakage of ROS from
their cytoplasm. On the assumption that ROS also escape from cells in vivo, this would
account for the generation of oxidatively modified LDL in the tissue fluid. Added to this,
neutrophils and macrophages actively produce ROS to shower on invading pathogens and
probably macromolecules recognized as misplaced or effete as a component of the host
defense mechanism [44].

3.2.4. Lipoprotein (a)

Although there is a positive association between ASCVD incidence and lipoprotein(a)
(Lp(a)), the mechanism remains elusive. Oxidized phospholipids have been reported to
accumulate preferentially on Lp(a) in comparison to other LDL subclasses (apoB-containing
lipoproteins) [1]. The rate at which LDL isolated from different individuals accumulates
lipid peroxides in the presence of CuII differs greatly [33]. One factor that may contribute
to this variation, which has never been explored, is the proportion of Lp(a) present in LDL
used in these experiments. Lp(a), once it has crossed the arterial endothelial barrier, is
retained there longer than more buoyant LDL [45], which may increase the extent to which
it undergoes lipid peroxidation there.
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3.2.5. Small, Dense LDL

In terms of hydrated density, small dense LDL (SD-LDL) is similar to Lp(a). Addition-
ally, in common with Lp(a), SD-LDL is not cleared by the LDL receptor, spending more
time in the blood and lymphatic circulation than more buoyant LDL [46]. SD-LDL is more
susceptible to oxidative modification [47] and to glycation [48–50], which may be two sides
of the same coin (see later). Circulating SD-LDL is increased in parallel with more buoyant
LDL concentration in, for example, familial hypercholesterolemia, and as a proportion
of LDL as a whole is increased in metabolic syndrome and diabetes. It contributes to
serum apoB100 concentration, but not greatly to LDL cholesterol. Unless a method for
measuring SD-LDL is available, its presence in increased concentrations can generally be
expected when triglycerides are increased (perhaps only modestly) and HDL cholesterol is
low [46,51,52].

3.2.6. LDL Glycation

In health approximately 3–4% of plasma LDL is glycated when the concentration is
determined by boron affinity chromatography and apoB immunoassay [53]. The concen-
tration is thus normally approximately 3 mg/dL. The percentage of serum LDL, which
is glycated and its concentration rise as glycated hemoglobin increases; both are thus
raised in diabetes [53]. In untreated familial hypercholesterolemia, whilst the percentage
of LDL that is glycated, is relatively normal, the concentration of glycated LDL (glycLDL)
is frequently as high as in diabetes because of the raised LDL levels [53]. Glycated LDL
can cause foam cell formation and binds to the same receptors as oxidatively modified
LDL (oxLDL) [54]. It may thus have similar atherogenicity. Allowing for methodolog-
ical differences and definitions of how irreversibly glucose is bound to LDL, glycLDL
concentration in serum is similar to or may even exceed that of oxLDL. It is thus likely
to be a major player in atherogenesis and one that has been neglected. Just as SD-LDL
undergoes oxidative modification more readily than more buoyant LDL, SD-LDL is more
susceptible to glycation [48–50]. Moreover, HDL ex vivo has been reported to protect
LDL against glycation [55]. Furthermore, HDL from people in the upper half of the PON1
activity distribution impedes glycation more effectively than HDL from the lower half of
its population distribution [55].

Glycation is itself a process that generates ROS [56,57]. Thus, even when incubation
of LDL with glucose occurs under nitrogen, not only glycLDL, but also oxLDL may be
produced [58,59]. The explanation for this might be mechanistically similar to the effect
of PON1 in decreasing LDL oxidative modification, because during glycation of LDL by
glucose and its metabolites, the same nucleophilic side chains of lysine and arginine in
apoB are attacked as are by aldehydes and ketones generated by lipid peroxidation. Both
the generation of oxLDL and glycLDL may be accelerated when both ROS and glucose and
its metabolites are present [59–68].

Despite employing higher glucose concentrations than are likely to occur in vivo,
glycation of LDL ex vivo in the absence of oxygen is a slow process [48–55]: too slow to
account for the proportion of LDL that is glycated in serum and that must be formed in
the few days between hepatic VLDL secretion, conversion to LDL, and its catabolism [8].
Ex vivo, LDL glycation experiments have generally been performed under nitrogen in the
absence of atmospheric oxygen, and thus ROS may not be present to the same extent as
in vivo. In the presence of CuII, glycation of LDL is accelerated [58]. Glycation may also
proceed more rapidly in vivo because more reactive metabolites of glucose are present.
These can accelerate glycation of LDL. Interestingly, the erythrocyte PPP and glycolytic
pathways are likely to be significant sources of ROS in the circulation. Gluconolactone
has been shown to rapidly glycate proteins [60], and phosphogluconolactone generation is
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the first step in the PPP [61]. In this context, the lactonase activity of PON1 should not be
overlooked in contemplating the mechanism by which HDL protects LDL against glycation.
Methylglyoxal another potent glycating agent, is produced in the glycolysis pathway
by nonenzymatic phosphate removal from two of its intermediates, glyceraldehyde 3-
phosphate and dihydroxyacetone phosphate [62–68]. It is also a product of the PPP. Both
the PPP and glycolysis are located in the erythrocyte cytoplasm, increasing the likelihood of
the escape of their intermediates across the outer cell membrane of red blood cells coming
into contact with LDL in the circulation [69]. They might explain the high proportion of
glycLDL circulating even in nondiabetic people, despite the slow rate of LDL glycation in
experiments with glucose itself. Such experiments, however, suggest that HDL, particularly
PON1—rich HDL, is likely to impede apoB glycation [55].

3.3. Mechanism by Which the Antioxidative Action of HDL Protects Against Atherogenesis
3.3.1. Impeding the Passage of Atherogenic Lipoproteins Across the Arterial Endothelium

The arterial endothelium is not fenestrated, unlike endothelia in the reticuloendothelial
system, which certainly do allow the passage of lipoproteins up to chylomicron dimensions.
When chylomicrons circulate in excess, the smaller ones not only cross the fenestrated
endothelia of liver, spleen, and bone marrow, but can be taken up by macrophages there,
leading to foam cell formation and hepatosplenomegaly due to engorgement with lipid.
Figure 2 shows a macrophage foam cell in the bone marrow in familial lipoprotein lipase
deficiency [70].

 
Figure 2. Foam cell in bone marrow aspirate from a patient with severe hypertriglyceridemia [70].

For many years, lipoproteins and other macromolecules were believed to cross the
vascular endothelium by a simple process of filtration. It was reported that lipoproteins
with a diameter exceeding 12 nm were excluded from crossing intact, healthy vascular
endothelial membranes (Figure 3) [71]. This explained why HDL, with its molecular
diameter of 7–13 nm and components of HDL, such as apoA1, are detectable in tissue fluid
and lymph at concentrations at approximately one-fifth those in plasma [72]. Some other
components, such as PON 1, are decreased proportionately more than apoA1, because of
sequestration by cell membranes [73]. However, LDL, theoretically too large to cross intact
vascular endothelia, is also present in tissue fluid, albeit at only about one tenth of its plasma
concentration [72,74]. Indeed, if LDL is to fulfill its role in supplying cholesterol to tissues,
its presence in tissue fluid is essential. Furthermore, the cholesterol present in atheromatous
plaques is derived from LDL cholesterol [1,2]. Both apoB100 and apoB48 have been
identified in atheromatous lesions, suggesting that not only LDL, but also small remnants of
gut-derived lipoproteins can participate in atherogenesis [75–77]. Chylomicrons (Sf > 400)
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have a diameter of 100–105 nm. Chylomicron remnants, which in health are briefly present
in the blood circulation as a small component of VLDL (Sf20–400), vary in diameter from
30–90 nm. To explain the presence of lipoproteins larger than HDL in tissue fluid, it
was postulated that damage to the endothelial junctions or loss of endothelial cells was
required to permit LDL and even larger lipoproteins to cross [78,79]. Such a situation
might occur in established (mature) lesions, but is unsatisfactory to account for LDL as the
cause of the precursor fatty streak and earlier atheromatous lesions occurring when the
endothelium is intact. The theory that the passage of LDL across the arterial endothelium,
leading to atherogenesis, is the result of mechanical or chemical damage to the endothelial
junctions or loss of endothelial cells, particularly occurring at sites in the arterial tree where
atherosclerosis frequently occurs, whilst undoubtedly true in established atheroma [78–80],
is unlikely to explain initial lesion formation when the endothelium is intact. Another theory
proposes that inflammation is the initiating event, increasing endothelial permeability to
permit the passage of monocytes and lipoproteins across the arterial endothelium [81–83].
Many authors have written about endothelial dysfunction defined as a deficiency of nitric
oxide (NO) [84,85]. NO bioavailability is decreased when superoxide or hydrogen peroxide
reacts with it to form peroxynitrous acid (ONOOH), toxic to cellular structures.

O2• + NO → ONOO−

2 H2O2 + NO → ONOO− + H2O

Decreased NO bioavailability will undoubtedly affect the inflammatory responses of
the arterial wall, particularly at sites prone to the development of atherosclerosis [84,85].
The essential question, however, is at what stage in the disease process? There is a vast liter-
ature on the inflammatory cytokine responses that occur during the development of athero-
matous lesions [83]. Leucocyte chemoattractant chemokines followed by interleukin-1β (IL-
1β) produced by monocytes recruited from the blood circulation and tissue macrophages
within the lesion are heavily implicated [83]. The simple fact remains, however, that entry
of LDL into tissues physiologically cannot depend on inflammation. LDL can cross the
arterial endothelium without the need for inflammation; indeed, it has to do so if it is to
perform its physiological function of delivering cholesterol to the tissues. Furthermore,
there is no animal model of atherosclerosis in which the inflammatory response or indi-
vidual inflammatory cytokines can be tested as a cause that does not involve an animal
that has been rendered hypercholesterolemic [86]. As Anitschkov wrote, ‘there can be no
atheroma without cholesterol’ [87].

Certainly, in the early stages of atherogenesis, there must be another explanation for
how LDL crosses the arterial endothelium besides increased porosity due to damage or as
a response to inflammation. The earliest lesion in atherosclerosis is the fatty streak, and
by this stage, LDL has already crossed the arterial endothelium in quantities sufficient to
produce cholesterol deposits. The location of these subendothelial deposits at junctions,
at sites where arteries are tethered and not cushioned, and the very fact that the streaks
are parallel with the direction of blood flow suggests that hemodynamics plays some part
in their pathogenesis [88–90]. However, fatty streaks are uncommon in young people in
populations in which cholesterol levels are low and where later atherosclerotic complica-
tions are few [91,92]. This makes it highly likely that LDL, (in particular, oxLDL—see later)
initiates fatty streaks by penetrating or at least interacting with the arterial intima before
it expresses adhesion molecules and secretes chemokines, leading to the recruitment of
circulating leukocytes [93]. When monocytes-macrophages subsequently, of course, do
infiltrate atherosclerotic plaques, they take up oxLDL and form “foam cells” that in turn
release inflammatory mediators (tumor necrosis factor, interleukin-6, soluble intercellular
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adhesion molecule 1 and circulating vascular cell adhesion molecule 1), reinforcing the
process. Nonetheless, the importance of oxLDL penetrating intact arterial endothelium is
that it is likely to initiate the whole process. Furthermore, the importance of oxLDL from
the circulation crossing the arterial endothelium is not confined to fatty streak generation
in the initial stage of atherogenesis. It may also be essential for the mature atheroma to
grow concentrically along the arterial wall. Inflammatory (monocyte recruitment and
subsequent foam cell formation), maladaptive wound-healing responses (smooth muscle
cell recruitment and subsequent fibrosis), and antibodies to oxLDL [1,81,83] are clearly
essential, but the growth of the lesion occurs at its edges (shoulders on 2-dimensional
microscopy) by a similar mechanism to the initiation of fatty streaks; the passage of oxLDL
across relatively normally functioning arterial endothelium.

 

Figure 3. The molecular dimensions of lipoproteins, albumin, and sodium. The pore size of arterial
endothelium was considered to be <12 nm, but the existence of anatomical pores in healthy, intact,
noninflamed arterial (as opposed to capillary) endothelium now seems unlikely. HDL and LDL
(particularly oxLDL and glycLDL) cross by receptor-mediated transcytosis. See text for references.

Thus, key to the initiation and expansion of atheroma is the subintimal influx and
accumulation of LDL leading to the recruitment of blood monocytes. Both are encouraged
in the presence of hyperlipidemia when the quantity of intimal LDL and the oxidative
potential of the intima exceed the capacity of macrophages to remove it.
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As undoubtedly HDL and LDL constitute a system for delivery and removal of
cholesterol to and from tissues, they must be capable of transport across vascular endothelia
into tissue fluid, and clearly this can no longer be considered to rely on simple filtration
across the vascular endothelium. Furthermore, much of what has been written about
the filtration of macromolecules relates to their passage across capillary endothelia, but
there is greater resistance to the passive transfer of macromolecules across the arterial
endothelium where atherogenesis occurs. Transfer is therefore now believed to occur
by transcytosis and pinocytosis [94–108]. In transcytosis, molecules bind to receptors
on, the apical surface of endothelial cells and are transported in endosomes through the
cytoplasm to be released at their basal surface. Receptors proposed for transcytosis include
the LDL receptor [94,95]. Because this receptor binds both apoB100 and apoE [9], both
LDL (via apoB100) and chylomicron remnants (via apoE) could cross by this mechanism.
However, the importance of this route for atherogenesis is questionable, firstly because it is
saturable and thus only likely to operate when LDL cholesterol levels are lower than in
adults. At typical adult concentrations of serum LDL cholesterol, the LDL receptor will be
downregulated. Furthermore, in familial hypercholesterolemia, LDL receptor expression is
impaired, whilst atherogenesis is rife [9].

Another receptor-mediated route proposed for endothelial transcytosis, proposed
soon after the LDL receptor fell out of favor to serve this purpose, is the scavenger receptor
class B1 (SR-B1 aka SCARB1) (Figure 4) [94–102]. This potentially allows the passage of
both LDL and HDL into the arterial subintima. Mice overexpressing endothelial SRB1
(as opposed to hepatic or macrophage SR-B1) were protected against atherosclerosis. The
SR-B1 is not saturable, and thus it permits LDL and HDL to cross the arterial endothelium
to an increasingly greater extent as their serum levels increase. Passage of LDL across the
arterial endothelium can also be mediated by direct pinocytosis via caveolae [102], by the
actin receptor-like kinase 1 (ALK1), and by LOX-1 [102–105]. Of all these mechanisms,
LOX-1 has recently been proposed to be responsible for the largest proportion of the LDL
that crosses the arterial endothelium [102–105]. OxLDL is the preferred ligand for both
SR-B1 and LOX-1, and its passage through the arterial endothelium by these routes is
critical to the initiation of atheroma. GlycLDL also crosses from the arterial lumen by
transcytosis [106,107], thus contributing to atherogenesis. HDL is transcytosed across the
arterial endothelium not only by the SR-B1 receptor, but also by the ATP-binding cassette
transporters A1 and G1 (ABCA1 and ABCG1) [94,98].

All these receptors can permit the passage of LDL and HDL across the arterial en-
dothelium in either direction and could thus mediate the return of LDL or HDL cholesterol
to the circulation. Whether transcytosis of LDL adequately explains why atheroma devel-
ops under intact, uninjured endothelium has been questioned [108]. It is argued that the
source of the LDL cholesterol may be from the blood vessels (vasa vasorum) in the artery
wall rather than the arterial lumen. Atherogenesis may thus occur when this cholesterol
accumulates because its clearance rate by transcytosis into the arterial lumen lags behind
its rate of arrival from vasa vasorum.

Does transcytosis explain why there is more HDL than LDL in tissue fluid? Size must
play some part. Presumably, the smaller HDL particles undergo pinocytosis and receptor-
mediated endocytosis more readily than the larger LDL. Whether lipoproteins larger than
LDL can cross the intact arterial endothelium is unresolved, but is probably unlikely, except
perhaps in the case of smaller VLDL and chylomicron remnant particles. More certain is
that the relation between triglyceride-rich lipoproteins and atherosclerosis is due to the
generation of cholesterol-depleted SD-LDL, which goes unobserved in epidemiological
studies linking triglyceride levels to ASCVD incidence. SD-LDL is generated by CETP and
the action of lipases during the circulation of triglyceride-rich lipoproteins [46,51]. Critical
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for atherogenesis is likely to be that the receptors involved in endothelial transcytosis, apart
from the LDL receptor, which is generally down-regulated (see back), favor ox LDL and
glyc LDL over native LDL [94–108].

 

Figure 4. Events leading to the passage of LDL across the arterial endothelium. ROS are released
into the circulation, for example, from red blood cells. There they react with the unsaturated acyl
groups of lipoprotein phospholipids and cholesteryl esters on LDL to form lipid peroxides. The
apolipoprotein B of LDL adducts to the ketones and aldehydes produced by the breakdown of lipid
peroxides and then undergoes fragmentation. The resultant oxidatively modified LDL (oxLDL)
undergoes endothelial transcytosis as the result of binding to scavenger receptors (SR-B1 and LOX-1).
HDL can protect LDL against oxLDL formation.

Several studies have reported that transcytosis of LDL mediated by mechanisms other
than the LDL receptor is impeded by HDL. This was first observed in fibroblasts [109], but
applies also to arterial endothelial cells [110]. The mechanism is highly likely to involve
the prevention of LDL oxidation by HDL, reducing the likelihood of LDL binding to SR-B1
and other receptors, showing a preference for binding to oxLDL over native LDL [94–108].
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It represents a potential mechanism preventing atherogenesis. Just as the role of HDL in
encouraging the efflux of cholesterol from cells is enhanced by HDL with higher PON1
content (see next section), so also may be the flux of ox LDL and glyc LDL across the
arterial endothelium into the subintima. The inhibition by HDL and purified PON1 of the
ox LDL-induced transmigration of monocytes across aortic endothelial cell monolayers
was first demonstrated in cocultures by workers from Los Angeles [36].

3.3.2. Impeding Foam Cell Formation in the Arterial Wall

Foam cells are present throughout the atheromatous process from its origin in
fatty streaks to the mature lesion with its fibrous cap overlying a lake of choles-
terol [78,79,111,112]. Foam cells appear to orchestrate through the elaboration of cytokines
and chemokines much of the growth of the plaque, attracting into it the monocytes and
undifferentiated smooth muscle cells, both of which transform themselves into foam cells,
swelling their numbers in the developing lesion. Foam cells are phagocytic macrophage-
type cells that have within their cytoplasm abundant droplets of cholesteryl ester. As their
numbers increase, they undergo apoptosis and necrosis to form the extracellular deposits
of cholesteryl ester within the atheroma. Growth of the lesion is believed to take place at its
edges where foam cell formation is most active, allowing the plaque to extend itself around
the circumference of the artery very much as the original fatty streak had progressed.
Smooth muscle cells entering the lesion not only swell the ranks of the foam cells, but
also themselves transform into fibroblasts. Fibrosis, which may represent an aberrant
wound-healing response, leads to the development of the fibrous cap overlying the lesion.
However, the coup de grace, the rupture of the fibrous cap, leading to thrombosis and acute
clinical events, is frequently in its shoulder region, where foam cells are abundant and may
be mediated by metalloproteinases secreted by these foam cells, weakening fibrous tissue
in that region.

Our understanding of how foam cells form has undergone a similar evolution to that
of how receptors were recognized to be necessary for the transcytosis of LDL by arterial
endothelial cells. In the case of monocyte-macrophages, it was found that the uptake of
LDL by the LDL receptor was too slow to cause foam cell formation. Chemically modified
LDL was, however, rapidly taken up, leading to foam cell generation (Figure 5). Naturally
occurring chemical modifications of LDL that cause foam cell formation are oxLDL, gly-
cLDL, and malondialdehyde-modified LDL. These are ligands for cluster differentiation 36
(CD36 aka scavenger receptor class B Type 3 (SCARB3)), SRA-1 and LOX-1 [111,112].

Because rapid uptake of LDL by monocyte-macrophages depends on the chemical
modification of LDL, it might be expected that limiting the chemical modification of LDL
would reduce the likelihood of its uptake, and both HDL and PON1 have been reported
to diminish LDL-induced foam cell formation [2,36]. PON1-rich HDL can decrease the
generation of both oxLDL and glycLDL [34,36,55].

The formation of foam cells, whether from monocyte-macrophages or smooth muscle
cells, represents the balance between LDL uptake and the egress of cholesterol from the
cells [113]. As discussed earlier, this cholesterol efflux may be through ABCA1 to small
HDL and even smaller prebeta HDL particles, where it is packed into a central core after
undergoing esterification by LCAT. It can also be accomplished by macrophage secretion
of apolipoprotein E (apoE) [114]. HDL and paraoxonase have been reported to increase
the efflux of cholesterol from macrophages [115]. The authors of the report concluded
that the generation of lysophosphatidyl choline by paraoxonase, together with its effect in
protecting against peroxidation of HDL and cellular membranes, increased the probability
of HDL binding to and receiving cholesterol effluxing from macrophages. PON1 is known
to redistribute from HDL to cell membranes [116]. As with arterial endothelial uptake of
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oxLDL, physical forces may contribute to the likelihood of foam cell formation within the
arterial wall. Evidence suggests that macrophage cell types cultured under pressure take
up oxLDL more readily to become foam cells [117].

 

Figure 5. OxLDL arriving beneath the arterial wall attracts monocytes to enter from the blood
circulation. These transform into monocyte-macrophages. More oxLDL is created by the generation
of ROS by these monocyte-macrophages, which take up oxLDL via scavenger receptors (CD36 and
SR-A1) to become foam cells. These permit the growth of the atheromatous lesion at its edges, whilst
centrally the chemokines and cytokines they secrete attract increasing numbers of monocytes and
other inflammatory cells into the lesion, stimulate smooth muscle proliferation, and transform into
either fibroblasts secreting collagen or more foam cells. Foam cells eventually undergo necrosis or
apoptosis, leaving behind the central lake of cholesteryl ester with its overlying fibrous cap.

3.4. Antioxidant Components of HDL

From the foregoing, HDL, by virtue of its capacity to hydrolyze lipid peroxides
to harmless carboxylic acids before their breakdown into aldehydes and ketones, can
decrease the formation of oxLDL both in the circulation and within the arterial wall.
Foremost amongst the components of HDL likely to be important for the protection of
LDL against oxidative modification appears to be PON1 [6,118]. Essential for its activity
against hydrophobic substrates is the hydrophobic environment provided by the powerful
detergent activity of apoA1 and by the enzyme LCAT, which creates the hydrophobic core
of HDL.

PON1 was discovered in serum in 1953 and originally classified as ‘A’ esterase to
distinguish it from esterases that were blocked by organophosphates, such as paraoxon
(then used extensively in agriculture as a pesticide as its precursor, parathion) [119]. There
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followed extensive studies of its role in toxicology, which revealed the wide range of or-
ganic substrates it could hydrolyze and its location on HDL [6,120–124]. PON1 was found
to be increasingly present in atheromatous lesions as they progressed [125]. PON1 activ-
ity is decreased in coronary heart disease [126–129], familial hypercholesterolemia [130],
type1 and 2 diabetes mellitus [131,132], familial dysbetalipoproteinemia [133] (Figure 6),
metabolic syndrome [134–140], polycystic ovary syndrome [141], and chronic renal dis-
ease [142]. PON1 is one of a family of paraoxonases, the other members of which are
PON2, an intracellular enzyme, and PON3, a minor component of HDL. In 1991, PON1
partially purified from HDL was reported to prevent the accumulation of lipid peroxides
on LDL under oxidizing conditions [34]. It was subsequently found that PON1 prevented
minimally oxidized LDL-induced migration of human blood monocytes through a layer of
cultured endothelial cells and decreased oxidation products of phosphatidyl choline [36].

 

Figure 6. Median serum PON1 activity measured in our laboratory expressed as a percentage of
control in Type 1 and Type 2 diabetes, coronary heart disease, familial hypercholesterolemia (FH), and
familial dysbetalipoproteinemia (FDB). The number of individuals studied is shown. The controls
were men recruited from the general population who did not experience acute myocardial infarction
during follow-up. In 555 controls who were considered healthy at the time of venipuncture, median
serum PON1 activity was higher at 184.4 U/L. Data from references [50,127–133].
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PON1 has several polymorphisms, of which one has been frequently shown to be
associated with ASCVD. This occurs as the result of whether glycine(Q) or arginine (R) is
present in position 192 of its amino acid sequence. This polymorphism is also designated
rs662. The 192R isoenzyme of PON1 is less active in protecting LDL against oxidative
modification [6,143] and is more closely associated with ASCVD [6,144,145]. However, the
192Q enzyme confers protection too. It is thus the combined serum concentration of both
isoenzymes, which in epidemiological studies is at least as predictive of ASCVD incidence
as HDL cholesterol, particularly in diabetes and established ASCVD [6,146]. Activity assays
that employ substrates to which PON1 does not display substrate specificity have high
activity, and are nontoxic, such as phenyl acetate, have the most clinical utility [6,147].
One extreme example of nondiscordance between HDL cholesterol and PON1 activity is
Tangier disease (see back), where serum HDL cholesterol is almost entirely absent, but
PON1 activity is present within the normal range [148].

PON1 not only displays esterase activity, but has even greater lactonase activity and
may have its evolutionary origin as a lactonase [149]. Its antiatherosclerotic role could thus
be as an antioxidative enzyme, as a lactonase or both [118].

4. PON1 and ASCVD Causality

Epidemiological studies report that ASCVD cases have lower PON1 activity measured
with paraoxon or phenyl acetate as a substrate compared to controls [6]. Activity of PON1
has generally been found to be a better discriminator than concentration. Most important
amongst these are the prospective studies revealing that the association between lower
PON1 activity and ASCVD is not the consequence of the ASCVD event or its treatment or
due to lower levels being associated with survival, but that it predates the clinical event [6,
128,129,146,150,151]. Furthermore, low PON1 activity may explain cases of ASCVD when
HDL cholesterol is high, which were previously thought anomalous [152]. However,
epidemiology cannot prove causation. In theory, Mendelian randomization studies come
closer to revealing causation, and the Q192R gene variant presents an opportunity for
this type of investigation. There have been more than 100 reports, which have, with
considerable consistency, demonstrated an association between the 192R (which is less
effective than 192Q in decreasing LDL oxidation) and the likelihood of ASCVD [144,145].
However, 192R (even though less active than Q in hydrolyzing lipid peroxides) does still
protects against oxidative modification of LDL, albeit less effectively than 192Q. Thus,
higher concentrations can overcome its potentially adverse genotype effect [128]. Thus,
the effect is smaller than might be expected from in vitro experiments in which similar
concentrations were compared. Many other factors, including dyslipidemias and diabetes,
are involved in determining PON1 activity, and these may be more influential than any
gene so far discovered that modifies PON1 activity or concentration [153,154].

Animal experiments provide the strongest evidence that the epidemiologically ob-
served inverse relationship between serum PON1 concentration and ASCVD is causal.

1. Serum PON1 activity varies greatly throughout the animal kingdom. Birds lack serum
paraoxonase activity, whereas humans have substantial amounts, and rabbits, for
example, even more. Human HDL protects LDL against oxidative modification, avian
HDL fails to do so [155].

2. PON1 knockout mice are prone to atherosclerosis both induced by diet and apoE
deficiency [156,157].

3. Over-expression of PON1 in mouse, rat, and rabbit models protects against atheroscle-
rosis [135,158–161].
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5. Objections to PON1 Being Essential for the Antioxidative,
Antiglycative Role of HDL

There have, however, been reports critical of the proposal that a substantial compo-
nent of the protection that HDL affords LDL against oxidative modification is due to its
component PON1. These are as follows:

1. There are those that focus on the role of HDL in RCT in which so much research
has been invested. They tend to dismiss the effect of HDL in decreasing LDL ox-
idation as due to the hydrolytic activity of PAFAH present on HDL [14,162–164].
Undoubtedly, HDL has PAFAH activity, and proteomic studies show PAFAH itself to
be present in HDL. However, the majority of the PAFAH activity of HDL (not so LDL)
is due to PON1. Furthermore, the effect of both whole HDL and partially purified
PON1 in protecting LDL against oxidative modification is unaffected by inhibitors of
PAFAH [39].

2. PON1 when highly purified loses its capacity to protect LDL against oxidation, there-
fore the effect of less highly purified PON1 is due to contamination by another enzyme
truly responsible [165]. PON1 has hydrophobic domains and requires a lipid environ-
ment for its activity towards lipophilic substrates. It is difficult to maintain this lipid
environment whilst achieving the final stage of purification, whether of PON1 from
serum or of rPON1 from the culture media of genetically engineered cells [166–170].

3. There are numerous commercially available rPON1 preparations. Most, if not all, do
not protect LDL against oxidation. Methods used to isolate the rPON1 have been
optimized to maximize the yield with the aim of organophosphate hydrolysis. Initial
screening is usually by phenyl acetate hydrolysis and then by testing potency as
potential antidotes to organophosphate toxicity. The rPON1 thus produced may be
lacking its hydrophobic environment depending on its method of isolation and may
have structural modifications and tagging to enhance ease of isolation and potency
as an organophosphate detoxicating enzyme. The antioxidant, antiatherogenic prop-
erties of PON1 were, however, reported to persist in rPON1 [171] prepared by one
published method [172].

4. HDL can still protect LDL against oxidation in the absence of Ca2+ when paraoxon
hydrolysis has thus been abolished [173]. However, soon after this report, it was
revealed that Ca2+ is much less critical for phospholipid peroxide hydrolysis than for
its aryl esterase and paraoxonase hydrolytic activities [174].

5. Mendelian randomization epidemiology based on the 192 polymorphism shows
that the PON1 isoform is more active in promoting paraoxon hydrolysis. However,
although this polymorphism is associated with ASCVD, in one report the association
was not so strong as to rule out publication bias [175]. As has been earlier discussed,
the impact of the R isoform on serum PON1 activity is not as strong as the authors of
this report supposed. More recent meta-analyses have largely discounted publication
bias as the explanation.

6. PON1 is the most active as a lactonase [149]. Although PON1 may have evolved as
a lactonase, this does not mean that it is not involved in preventing a disease, such
as atheroma, the clinical manifestations of which have only become apparent as a
major epidemic in the last century [176]. If we allow that the protective effect of
PON1 against ASCVD is not by protecting LDL against oxidative modification, then
we must entertain that the discovery of its antiatherogenic role was serendipitous.
Certainly, the possibility that its lactonase activity might be important, for example,
against homocysteine thiolactone [177], should not be discounted, and further research
should be directed in that area. However, the current evidence for an antioxidative
role is compelling.
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6. Conclusions

There is no doubt that HDL can protect LDL against oxidative modification. The extent
to which HDL displays its antioxidative capacity is dependent on the balance between its
pro- and antioxidant components, which varies between individuals, and on the propensity
to develop certain diseases, such as ASCVD. Although primarily a lactonase, PON1 is
the component of HDL that contributes most to its antioxidant activity. Epidemiology
has revealed an inverse relationship between serum PON1 activity and ASCVD incidence.
Experiments with genetically modified animals show convincingly that PON1 can prevent
the development of atheroma. Furthermore, evidence suggests that in the circulation PON1
may protect LDL against oxidative modification, occurring, for example, as a consequence
of hem metabolism, and against glycation due to glucose and its metabolites generated in
the PPP and glycolysis pathway. OxLDL (and probably glycLDL) preferentially cross the
arterial endothelium by receptor-mediated transcytosis, where their attempted removal
by monocyte-macrophages creates foam cells. Within the arterial wall, additional oxLDL
is generated by ROS secreted by inflammatory cells and leakage from cells generally
when couplet oxygen is reduced. PON1 is important for the antioxidative mechanism by
which HDL opposes atherogenesis, which may provide a better avenue of inquiry in the
prevention and treatment of ASCVD [118] than has emerged from the emphasis on its role
in RCT.
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Abstract: The anti-oxidative and anti-inflammatory properties of high-density lipoprotein (HDL) are
thought to be mediated by paraoxonase 1 (PON1), a calcium-dependent hydrolytic enzyme carried on
a subfraction of HDL that also carries other anti-oxidative and anti-inflammatory proteins. In humans
and mice, low PON1 activity is associated with elevated oxidized lipids and homocysteine (Hcy)-
thiolactone, as well as proteins that are modified by these metabolites, which can cause oxidative stress
and inflammation. PON1-dependent metabolic changes can lead to atherothrombotic cardiovascular
disease, Alzheimer’s disease, and cancer. The molecular bases underlying these associations are not
fully understood. Biochemical, proteomic, and metabolic studies have significantly expanded our
understanding of the mechanisms by which low PON1 leads to disease and high PON1 is protective.
The studies discussed in this review highlight the changes in gene expression affecting proteostasis
as a cause of the pro-oxidative and pro-inflammatory phenotypes associated with attenuated PON1
activity. Accumulating evidence supports the conclusion that PON1 regulates the expression of
anti-oxidative and anti-inflammatory proteins, and that the disruption of these processes leads
to disease.

Keywords: PON1 physiological substrates; homocysteine thiolactone; 5-(3′,4′-dihydroxyphenyl)-γ-
valerolactone; PON1 proteomics; anti-oxidant proteins; anti-inflammatory proteins; cardiovascular
disease; Alzheimer’s disease; cancer

1. Introduction

Atherosclerosis is the main cause of morbidity and mortality in the Western world.
It is a multifactorial chronic inflammatory disease that involves a complex interaction of
circulating cells and blood factors with the blood vessels. The disease starts with endothe-
lial dysfunction, which leads to accumulation of oxidized lipids in the artery wall [1,2].
Lipid oxidation plays a central role in atherogenesis [3] by inducing a pro-inflammatory
phenotype in the arterial wall that underlies the development and progression of atheroscle-
rosis [4].

High-density lipoprotein (HDL) is an established protective factor against atheroscle-
rosis due to its ability to mediate reverse cholesterol transport as well as anti-oxidative,
anti-inflammatory, and endothelial protective functions [4–6]. HDL can inhibit endothelial
cell adhesion molecules, such as the vascular cell adhesion molecule 1 (VCAM-1), the
intercellular adhesion molecule-1 (ICAM-1), and E-selectin, that enable monocytes to bind
at the sites of developing atherosclerosis [7]. HDL can remove peroxidized lipids from LDL
and, subsequently, reduce them in a reaction with methionine residues of apolipoprotein
A1 (APOA1) [8]. Lipid-free APOA1 can also remove lipid peroxide molecules from low
density lipoprotein (LDL) [9]. Reconstituted HDL containing only APOA1 and phospho-
lipids inhibits LDL oxidation like the native HDL3b and HDL3c particles do [8]. Other
HDL-associated lipoproteins and enzymes, including paraoxonase 1 (PON1), have also
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been implicated in HDL’s anti-oxidative, anti-inflammatory, and endothelial protective
functions [10,11].

PON1, a hydrolytic enzyme that requires calcium for activity, is expressed in the liver,
kidney, colon [12], and brain [13–15], and circulates attached to HDL in the blood. It is a
minor HDL protein with potential clinical significance. Proteomic studies revealed that
HDL particles carrying PON1 are enriched in several other important proteins such as
A2M, ALB, CLU, IGHG1, IGLC2, PROS1, and TF [16].

Studies over the last decade have significantly expanded our knowledge regarding
the natural substrates of PON1 and their role in human disease. Other studies have shown
that the protective function of PON1 in human health is due to the ability of PON1 to
affect the expression of genes involved in anti-oxidative and anti-inflammatory processes.
These studies are discussed in the present review, highlighting the involvement of reduced
PON1 expression/activity in the pro-oxidative, pro-atherogenic, pro-amyloidogenic, and
pro-cancerogenic phenotypes.

2. Hydrolytic Activities of the PON1 Enzyme

The PON1 gene is located on the long arm of chromosome 3 in the PON cluster
together with PON2 and PON3 genes. Its polymorphic variants include PON1-Q192R [17],
which involves the glutamine (Q) to arginine (R) change at position 192 of the amino
acid sequence of the PON1 protein and affects its hydrolytic activity. Historically, the
hydrolytic activity of PON1 has been assayed with non-natural substrates such as the
organophosphate paraoxon (for which the PON1 enzyme has been named) and phenyl
acetate [18] (Figure 1).

Studies of homocysteine (Hcy) metabolism have led to the discovery that PON1 is
responsible for the enzymatic hydrolysis of Hcy-thiolactone to Hcy (Figure 1) in human
serum, thus identifying the first natural substrate of PON1 [19]. Hcy-thiolactone, a cyclic
chemically reactive thioester, is a product of Hcy editing by methionyl-tRNA synthetase
during protein biosynthesis [20–22].

PON1 is the only Hcy-thiolactone hydrolyzing enzyme in the human blood [19,23].
The Hcy-thiolactonase activity of the PON1 enzyme shows an interindividual variability of
over 10-fold [24,25], similar to the interindividual variability in the paraoxonase activity [17].
This variability is mostly due to polymorphisms in the human PON1 gene [17]. For
example, the PON1-192RR variant exhibits high activity while PON1-192QQ variant has
low activity towards Hcy-thiolactone [23] and paraoxon [17]. In contrast, the PON1-Q192R
polymorphism has an opposite effect on the arylesterase activity: The PON1-192RR variant
exhibits low arylesterase activity while the PON1-192QQ variant has high arylesterase
activity [16,26–29]. Individuals who have the low-activity PON1-192QQ polymorphic
variant produce significantly more Hcy-thiolactone than those who have the high-activity
PON1-192RR polymorphic variant [26].

Low PON1 expression/activity is accompanied by increased oxidative stress and
predicts adverse outcomes in cardiovascular disease (CVD) [28,30], diabetes [31,32], neuro-
logical disease [33], and cancer [34]. This has been suggested to be due to the mediation by
PON1 of anti-oxidative and anti-inflammatory effects of HDL [35,36]. Many other HDL
components have also been shown to mediate the anti-oxidative activity of HDL [10,11,37],
including APOA1, which accounts for 70% of the HDL protein mass [37] and anti-apoptotic
activity [38] and most of the HDL anti-oxidative activity [8]. Accumulating evidence sug-
gests that influence of PON1 on oxidative stress and inflammation is indirect rather than
direct [39].

Hcy-thiolactone is harmful because it reacts with the ε-amino group of protein ly-
sine residues, forming N-homocysteinylated-proteins, which impairs protein’s structure
and function [22]. Hydrolytic detoxification of Hcy-thiolactone by PON1 is beneficial
because it prevents protein damage by N-homocysteinylation [19,24,40]. For example,
serum from donors with the PON1-LL55/RR192 genotype hydrolyzed Hcy-thiolactone
(Figure 2A) to Hcy (Figure 2B) faster and afforded better protection from protein N-
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homocysteinylation than serum from donors with the PON1-MM55/QQ192 genotype
(Figure 2C). Notably, PON1 in rabbit serum hydrolyzed Hcy-thiolactone (Figure 2A) even
faster and afforded much better protection from protein N-homocysteinylation than any
human serum (Figure 2C).

Figure 1. Hydrolytic activities of the PON1 enzyme. Hcy-thiolactone [19,23–25] and 5-(3′,4′-
dihydroxyphenyl)-γ-valerolactone [41] are biological substrates of PON1; paraoxon and pheny-
lacetate are nonbiological substrates of PON1 [17,18].

Figure 2. Turnover of Hcy-thiolactone and accumulation of N-Hcy-protein in serum at 37 ◦C. Changes
in Hcy thiolactone (3.5 μM at time zero) (A), Hcy (B), and N-Hcy-protein (C) levels in human serum
from individuals with PON1-LL55/RR192 genotype (�, t1/2 = 0.5 h), PON1-MM55/QQ192 genotype (�,
t1/2 = 1 h), human serum with the PON1 enzyme inactivated by 5 mM EDTA/2 mM D-penicillamine
(•, 1.5 h), and rabbit serum (�, 0.25 h). Reproduced with permission from ref. [24]. Copyright 2001
by John Wiley and Sons.

In a large randomized clinical trial, urinary Hcy-thiolactone was associated with my-
ocardial infarction in coronary artery disease patients [42]. In a mouse and cellular models
of Alzheimer’s disease (AD), Hcy-thiolactone promoted the accumulation of amyloid beta
(Aβ) by inhibiting autophagy [15]. Hcy-thiolactone can promote the progression to AD by
upregulating amyloid precursor protein (APP), which results in increased generation of
Aβ [15].

The involvement of Hcy-thiolactone in disease can also be explained by its ability to im-
pair protein structure/function via the N-homocystinylation of protein lysine residues [22].
For example, the N-homocysteinylation of fibrinogen by Hcy-thiolactone, which impairs
the lysis of fibrin clots in vitro [43], explains the association of Hcy-thiolactone with the
impaired lysis of fibrin clots in vivo in humans (manifested by a longer time of fibrinolysis),
as we have recently shown in a large randomized controlled trial [44].
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Enzymological studies in vitro led to a contention that the lactonase activity is a native
physiological activity of PON1, but no physiological evidence was provided [45,46]. Other
studies repeated this contention by stating that the lactonase activity is “the established na-
tive physiological activity of PONs” [47] even though no physiological evidence supporting
such statement has been reported either. A study that attempted to identify endogenous
lipophilic lactones as possible in vivo substrates for PON1 in human serum, found none [48].
The possible involvement of PON1 in metabolism of endogenous lipophilic lactones in vivo
as proposed in refs. [45,46] remains to be proven.

Nevertheless, recent findings showed that some phenyl-γ-valerolactones (PVLs),
phase 2 metabolites derived from dietary flavan-3-ols, are substrates for PON1 and PON3
in vivo [41]. Flavan-3-ols constitute the main class of polyphenolic bioactive compounds
present in the food and beverages such as tea, pome fruits, cocoa products, and berries.
Large-scale randomized clinical trials show that flavan-3-ol intake was associated with bene-
ficial cardiovascular effects [49] but had no effect on cognition [50]. After intake, flavan-3-ols
are catabolized by gut microbiota to PVLs and phenyl-γ-valeric acids (PVAs), which enter
the circulation and are distributed throughout the human body [51]. After the intraperi-
toneal administration of 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone (γVL), the sulfated
form of γVL was detected in the brain, while γVL aglycon was not detected [52]. In TNF-α
stimulated human brain primary microvascular endothelial cells, 5-(4′-hydroxyphenyl)-γ-
valerolactone-3′-sulfate and 5-(4′-hydroxyphenyl)-γ-valerolactone-3′-O-glucuronide were
biologically active at low nanomolar concentrations and influenced the expression of genes
involved in biological pathways such as cell adhesion, cytoskeleton organization, focal
adhesion, signaling pathways, pathways regulating endothelial permeability, and interac-
tion with immune cells [53]. However, it is not known whether corresponding PVAs (i.e.,
products of PVLs hydrolysis by PON1) can also influence gene expression.

In human serum, γVL was rapidly hydrolyzed to the corresponding γ-substituted
valeric acid (γVA) by PON1 and PON3 (t1/2 = 9.8 min) (Figure 3B) [41]. The hydrolysis
was prevented by treatments with EGTA (calcium chelator and an inhibitor of PON1)
or with heat (Figure 3A). Km was 269 μM (Figure 3C), way above sub-micromolar γVL
concentrations in humans [50]. Some, but not all, phase 2 metabolites (sulfated or glu-
curonidated γVL) were also hydrolyzed by PON1/PON3 in serum. In general, conjugated
γVLs were worse substrates of PON than unconjugated γVL. Additional conjugations
of γVL significantly reduced or prevented the hydrolysis of γVL metabolites by PON.
Another polyphenol-derived lactone, enterolactone, was not a substrate [41].

Figure 3. Turnover of 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone (γVL) and accumulation of 5-(3′,4′-
dihydroxyphenyl)-γ-valeric acid (γVA) in human serum at 37 ◦C. (A) Accumulation of γVA in
control serum supplemented with 1 μM γVL after 1 h, serum + 5 mM EGTA, and heat-inactivated
serum (57 ◦C, 30 min; HI). Data represent mean ± standard deviation (n = 6). (B) Kinetics of γVL
disappearance and γVA generation in serum. (C) Serum γVL-hydrolyzing activity as a function of
γVL concentration. Data represent mean ± standard deviation (n = 4 per time point or concentration).
Reproduced from ref. [41].
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In contrast to the established influence of the PON1 genotype on the hydrolysis of
Hcy-thiolactone [23,39], the EPIC-Norfolk sub-cohort study found that the sum of urinary
conjugated γVLs was not influenced by the PON1 genotype (Q192R, rs662 in the coding
region; −162A/G rs705381 in the promoter region) in males but there was a small effect in
females [47]. These findings suggest that the PON1 genotype has a minor sex-dependent
effect on the hydrolysis of conjugated γVLs; this, however, remains to be examined in
future studies.

3. Association of PON1 with Human Disease

PON1 has been studied in the fields of toxicology, CVD, renal disease, liver disease,
Alzheimer’s disease, and cancer. Initial studies have shown that Pon1−/− mice are highly
susceptible to the toxicity of organophosphate insecticides [54] and to atherosclerosis
induced by the metabolic stress of a high-fat diet [55], or by ApoE depletion [56]. The
molecular basis of PON1’s protective role in organophosphate poisoning is well under-
stood [54]. In contrast, the nature of PON1 targets in atherosclerosis and other human
diseases is not fully understood. Elevated oxidative stress and inflammation, associated
with CVD [5], are also observed in Pon1-deficient mice [55,56] and humans with attenuated
PON1 activity [28].

Reduced PON1 activity accompanied by increased oxidative stress and inflammation
is a common finding in patients with CVD [28,30,57,58], diseases of the kidney [31,32]
and liver [59], Alzheimer’s disease [33,60,61], and cancer [34,62] (Table 1). This has been
suggested to be due to the mediation by PON1 of anti-oxidative and anti-inflammatory
effects of HDL [35,36]. Many other HDL components have also been shown to mediate
the anti-oxidative and anti-inflammatory activity of HDL [10,11,37], including APOA1,
which accounts for 70% of HDL protein mass [37] and anti-apoptotic activity [38], and for
most of the HDL anti-oxidative activity [8]. Although how attenuated PON1 expression or
activity can induce oxidative stress and inflammation is not clear, accumulating evidence,
discussed below, suggests that the influence of PON1 on oxidative stress and inflammation
is indirect rather than direct [39].

Table 1. Association of PON1 with oxidative stress, inflammation, and human disease *.

Disease
PON1

Activity
PON1

Genotype
Oxidative

Stress
Inflammation References

Cardiovascular
disease ↓ PON1-

192QQ ↑ ↑ [28,30,57,58]

Kidney disease ↓ ND ND ↑ [31,32]

Fatty liver disease ↓ ND ↑ ↑ [59]

Alzheimer’s disease ↓ PON1-107TT ↑ ND [33,60,61,63]

Hepatocellular
carcinoma ↓ ND ↑ ↑ [34,62]

* ND, not determined. Up and down arrows indicate the direction of change.

3.1. PON1, Oxidative Stress, Inflammation, and CVD

In Pon1−/− mice fed with a high-fat diet, the enhancement of atherosclerosis is ac-
companied by the upregulation of oxidative stress, which is manifested by elevated levels
of lipid peroxides in purified HDL [55]. In Pon1−/−ApoE−/− mice, elevated oxidized
phospholipid epitopes in plasma, bioactive oxidized phospholipids in purified endogenous
intermediate density lipoprotein/LDL, and the upregulated expression of oxidative stress-
responsive genes such as heme oxygenase-1 (HO1), peroxisome proliferator-activated
receptor gamma (PPARγ), and oxLDL receptor (oxLDL-R) in the liver were observed [56].
Although no lipid hydroperoxides were found in fresh purified LDL from any Pon1 geno-
type, the LDL from Pon1−/− mice nevertheless stimulated lipid hydroperoxide generation
and monocyte transmigration better than did the LDL from Pon1+/+ mice in a coculture
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model. These results suggested that the LDL from Pon1−/− mice was changed somehow
to become prone to oxidation. Lipid hydroperoxide formation in LDL was inhibited by the
pretreatment with purified human PON1 [55].

The overexpression in mice of human PON1 using bacterial artificial chromosome
genomic clones increased plasma PON1 levels 2- to 4-fold and significantly reduced aortic
lesions in dietary as well as ApoE−/− models [64]. The overexpression of human PON1 in a
LDL−/− mouse model of metabolic syndrome via adenovirus-mediated PON1 gene transfer
increased the paraoxonase activity of PON1 4.4-fold and significantly reduced the plaque-
associated oxLDL, titer of auto-antibodies against LDL modified by malondialdehyde
(MDA) (a proxy for oxLDL), and plaque volume by 80% [65]. Unfortunately, how Pon1
overexpression influences the expression of genes involved in inflammation and oxidative
stress has not been studied in these two mouse models.

The overexpression of the human PON gene cluster (PC Tg) in ApoE−/− mice using
bacterial artificial chromosome increased the enzymatic activity towards the paraoxon
substrate in isolated HDL by 60%, stabilized atherosclerotic lesions, and significantly
attenuated (by 20–30%) plaque area [66]. PC Tg HDL significantly inhibited oxLDL pro-
duction (by 40–67%) compared to wild-type HDL. The inflammation markers ICAM-1 and
MCP-1 were significantly downregulated (by 31–51%) in PC Tg/ApoE−/− mice compared
to ApoE−/− mice. The inflammatory response of isolated PC Tg macrophages (due to
human PON2 overexpression) was significantly attenuated compared to macrophages
isolated from ApoE−/− mice, as shown by the quantification of TNF-α and IL-6. Human
PON2 inhibited also macrophage MMP-9 expression and foam cell formation from PC Tg
macrophages compared to macrophages from ApoE−/− mice [66]. These findings show that
PON gene cluster overexpression protects from atherosclerosis by ameliorating oxidative
stress and downregulating the expression of genes involved in inflammation.

The first large-scale prospective study that evaluated the relationship between oxida-
tive stress and the PON1 genotype, and their activity and prognostic value as predictors of
future CVD, involved 1339 patients (65 years old, 72% male) and 283 controls without CVD
(57 years old, 48% male) who underwent coronary angiography [28]. The study found, at
baseline, that the low paraoxonase or arylesterase activity of PON1 as well as the PON1-
192QQ polymorphic variant were associated with elevated various oxidized fatty acids (5-,
8-, 9-, 11-, 12-, 15-hydroxyeicosatetraenoic acids (HETEs), 9-, 13-hydroxyoctadecadienoic
acids (HODEs), 8-isoprostane prostaglandin F2α (8-isoPGF2α)) in patients (n = 150) (Table 1).
Participants carrying PON1-192QQ alleles had a significantly increased risk of adverse
CVD outcomes such as death, myocardial infarction (MI), and stroke, compared with
PON1-192RR and PON1-192QR carriers over a 3-year-followup (18.0% vs. 13.6%, adjusted
hazard ratio 1.48, p = 0.01) and all-cause mortality (11.1% vs. 6.75%, adjusted hazard ratio
2.05, p = 0.001). Although the PON1-192QQ genotype was not associated with nonfatal
stroke or MI, the low activity of PON1predicated an increased frequency of stroke and MI,
all-cause mortality, and the sum of adverse CVD outcomes. Specifically, participants with
the lowest paraoxonase or arylesterase activity of PON1 (1st quartile) showed an increased
frequency of adverse CVD outcomes (paraoxonase: 25.1%; arylesterase 23.5%) compared to
participants with the highest activities of PON1 (4th quartile) (7.3% or 7.7%, respectively).
The adjusted hazard ratios for nonfatal MI and stroke, all-cause mortality, and the sum of
in the lowest vs. highest PON1 activity quartiles were 4.4, 2.4, and 3.4, respectively, for
paraoxonase and 4.5, 2.2, and 2.9 for arylesterase, respectively, they were independent in
multivariate analysis in models (separate for paraoxonase and arylesterase) adjusted for
all traditional cardiac risk factors and medications). These findings demonstrate that the
PON1 genotype/activity affects oxidative stress and predicts future CVD risk.

However, it should be noted that the PON1-Q192R polymorphism, associated with
indices of oxidative stress in vivo [28], has opposite effects on the paraoxonase and
arylesterase activities of PON1: The 192Q allele associates with low paraoxonase and
high arylesterase activity, while the 192R allele associates with high paraoxonase and low
arylesterase activities [23,26,29,67]. In this context, it is not clear why the low paraoxonase
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and arylesterase activities of PON1 were associated with nonfatal stroke and MI, but the
PON1-192QQ genotype was not [28].

A population-based cross-sectional study of 1,895 participants (32-year-old, 46% male)
examined a relationship between rs669 SNP (PON1-Q192R), PON1 activity, and conjugated
dienes in lipoprotein lipids [68] as a measure of oxLDL lipids [69] that is known to correlate
with lipid hydroperoxides and MDA [70]. In multiple regression models, the paraoxonase
activity of PON1was inversely correlated with oxLDL lipids (p = 0.0001) but not with
oxHDL lipids, and tended to be associated with oxLDL protein (p = 0.08). A stronger
association between PON1 activity and oxLDL lipids was seen in the PON1-192RR carriers
than in the PON1-192QQ carriers. Although PON1 rs662 SNP was strongly associated with
paraoxonase activity of PON1, it was not associated with oxHDL lipids or protein.

A case-control study found that CAD patients confirmed by angiography (n = 105)
had significantly increased plasma 8-isoprostane F2 (8-iso-PGF2α, produced by the non-
enzymatic peroxidation of arachidonic acid in membrane phospholipids) and reduced
paraoxonase and arylesterase activities of PON1 compared to healthy controls (n = 45) [58].
Paraoxonase and arylesterase activities of PON1 were significantly negatively associated
with the severity of CAD (Gensini score) in univariate analyses, while 8-iso-PGF2α was as-
sociated positively. Such associations were also seen in multiple regression models adjusted
for traditional risk factors. These findings suggest that PON1 may protect phospholipids
from oxidation [58]. However, the mechanism underlying these findings remains to be
elucidated.

One study examined how PON1 SNPs and PON1 arylesterase activity are related to
the oxidation susceptibility of LDL isolated from male CAD patients and healthy control
participants [71]. The susceptibility of LDL to oxidation was measured using an assay, in
which LDL is oxidized by copper and the resulting conjugated dienes are monitored by
absorbance at 234 nm. During LDL preparation from each participant, HDL/PON1 was re-
moved. The study involved CAD patients (n = 205, 70-year-old, >80% stenosis) and control
participants (n = 232, 66 years old, <15% stenosis). It was found that the susceptibility of
LDL to oxidation was not correlated with arylesterase activity of PON1, although it was
correlated with CAD. In contrast, PON1 promoter SNP, PON1 -108C/T, which affects PON1
expression, and other PON1 SNPs, were associated with the susceptibility of LDL to copper
induced. The absence of congruency in the relationships between the susceptibility of LDL
to oxidation and CAD, PON1 arylesterase activity, and PON1 -108C/T SNP raises doubts
regarding validity of the experimental approach used in this study.

3.2. PON1, Lipid Oxidation, Hcy-Thiolactone, and Alzheimer’s Disease

OxLDL lipids increase β-amyloid production by SH-SY5Y cells [72]. Importantly,
amyloid beta binds to oxLDL and accelerates the formation of macrophage foam cells [73],
suggesting that oxLDL can directly participate in the development of AD.

PON1 plays an important role in the detoxification of neurotoxins including organophos-
phate pesticides, potent inhibitors of acetylcholinesterase; people with low PON1 activity
show increased sensitivity to neurotoxins while those with high PON1 activity are less
susceptible [55]. Notably, exposure to organophosphates increases the risk of developing
AD [74,75]. Treatments with doses of chlorpyrifos oxone that do not affect wild-type
Pon1+/+ mice are known to induce seizures and death in Pon1 knockout mice [55]. Impor-
tantly, Pon1 is also known to detoxify Hcy-thiolactone in mice. For example, treatments
with Hcy-thiolactone induce seizures significantly faster (Figure 4A) and with increased in-
cidence (Figure 4B) in Pon1−/− mice compared to wild type Pon1+/+ mice. Death incidence
was also higher in Pon1−/− mice (Figure 4C) [40].
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Figure 4. Latency (A), incidence of seizures (B), and death (C) in L-Hcy-thiolactone-injected (in-
traperitoneally, 3.7 μmol/g body weight) Pon1−/− mice (n = 19) and their Pon1+/+ siblings (WT, n
= 13) monitored for 90 min after injection. The figure was drawn based on data from Borowczyk
et al. [40].

3.2.1. Mice

Proteomic analyzes of Pon1−/− and Pon1+/+ mice have shown that Pon1 plays an
important role in maintaining cellular proteostasis [60], in addition to controlling Hcy-
thiolactone and N-Hcy-protein levels [40]. Pon1 gene deletion affects the expression of
cellular proteins in an organ-specific way, with the patterns of expression modulated
by hyperhomocysteinemia (HHcy). In the brains of Pon1−/− mice, proteins involved in
anti-oxidant defenses (Sod1, DJ-1), brain-specific function (Nrgn), and the assembly of
cytoskeleton (Tbcb) were significantly downregulated, while the CapZa2 protein involved
in the assembly of cytoskeleton was significantly upregulated compared to wild-type
Pon1+/+ mouse brain [60].

In the brains of HHcy Pon1−/− mice that were fed with high methionine diet, Prdx2
and DJ-1proteins participating in anti-oxidant defense; Ncald, Nrgn, and Stmn1 proteins
involved in brain-specific function; energy metabolism protein Ak1; cell cycle GDI1 and
Ran proteins; cytoskeleton assembly Tbcb protein; and Hdhd2 protein of unknown function
were all upregulated (Table 2). Notably, Pon1 gene deletion affected the expression of DJ-1
(Park7), Sod1, and Prdx2 proteins involved in the oxidative stress response that are also
known to be associated with AD [60].

Table 2. Brain proteins affected by Pon1 depletion and/or HHcy in mice are also affected in AD and
other neuropathies.

Protein Name

Change in
Pon1−/− vs. Pon1+/+ Brain *

Change in Human AD Brain
(Another Neuropathy or Animal

Model) **Std. Diet 1%-Met Diet

Brain-specific

Ncald – ↑ ↓, (↓ Gls−/− mouse)

Nrgn ↓ ↑ ↓

Stmn1 – ↑
↓, (↑ MS, TLE, SMA,

schizophrenia),
(↑ HD4 mouse model)

Anti-oxidant defense

Sod1 ↓ – (↑ ALS)

Prdx2 – ↑ ↑
DJ-1 (Park7) ↓ ↑ ↑
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Table 2. Cont.

Protein Name

Change in
Pon1−/− vs. Pon1+/+ Brain *

Change in Human AD Brain
(Another Neuropathy or Animal

Model) **Std. Diet 1%-Met Diet

Energy metabolism

Ak1 – ↑ ↑
Cell cycle

GDI1 – ↑ (↑ rat ischemic brain)

Ran – ↑ ↑
Cytoskeleton assembly

Tbcb ↓ ↑ (↑ GAN)

CapZa2 ↑ – ↑ CapZb2 #

Other proteins

Hdhd2 – ↑
* The up ‘↑’ and down ‘↓’ arrows indicate up-regulated and down-regulated proteins, respectively. No significant
change is indicated by dash ‘–‘. ** AD, Alzheimer’s disease; MS, multiple sclerosis; HD, Huntington disease;
GAN, giant axon neuropathy; TLE, temporal lobe epilepsy; SMA, spinal muscular atrophy. # The b2 subunit of
the CapZ heterodimer. Adapted from ref. [60].

Clusterin (CLU or APOJ), involved in the transport of amyloid beta (Aβ) from plasma
to the brain in humans (reviewed in [76]), is carried on a minor HDL subspecies that
contains two other proteins: APOA1 and PON1 [77]. Importantly, Clu (ApoJ) levels are
significantly elevated in the plasma of Pon1−/− mice compared to wild-type Pon1+/+

animals [23].
PON1 involvement in AD was examined using Pon1−/−5xFAD mice and in Aβ-

overexpressing mouse neuroblastoma N2a-APPswe cells [15]. 5xFAD mice overexpress
the K670N/M671L (Swedish), I716V (Florida), and V717I (London) mutations in human
APP (695) and the M146L and L286V mutations in human PS1 and start to accumulate
high levels of Aβ42 at about 2 months old [78]. The dysregulation of mTOR signaling and
autophagy are linked to Aβ accumulation in AD patients [79,80], while histone H4K20me1
demethylation by the histone demethylase PHF8 maintains the homeostasis of mTOR
signaling [81].

The study revealed that Pon1 plays an important role in protecting from the amyloido-
genic processing of APP to Aβ in brains of mice and identified mechanism of this new
function of Pon1 in the central nervous system (Figure 5). Specifically, Pon1 depletion in
Pon1−/−5xFAD mice significantly downregulated Phf8 and upregulated the methylated hi-
stone H4K20me1 mark. This led to the upregulation of mTOR expression and increased its
active form, phospho-mTOR, which impaired autophagy by downregulating Bcln1, Atg5,
and Atg7 proteins in Pon1−/−5xFAD mouse brains compared to Pon1+/+5xFAD brains.
Silencing of the Pon1 gene in N2a-APPswe cells by RNA interference using the siRNA tar-
geting Pon1 gene led to Phf8 downregulation, which increased histone H4K20me1 binding
at the mTOR promoter, thereby upregulating mTOR expression and signaling. Upregulated
mTOR signaling impaired autophagy and significantly elevated APP expression and Aβ

levels. Hcy-thiolactone or N-Hcy-protein (metabolites known to accumulated Pon1−/−
mice), or Phf8 depletion by RNA interference, elevated Aβ levels in N2a-APPswe cells [15].
Notably, Phf8 gene silencing did not influence the expression of APP, indicating that Aβ

levels increased independently of APP [82].
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Figure 5. Proposed mechanism of Aβ generation in Pon1−/−5xFAD mice. Pon1, paraoxonase 1; Hcy,
homocysteine; HTL, Hcy-thiolactone; APP, amyloid β precursor protein; mTOR, mammalian target of
rapamycin; pmTOR, phospho-mTOR; Phf8, plant homeodomain finger protein 8. [H4K20me1-mTOR]
represents H4K20me1 bound at the mTOR promoter. The thick arrows indicate the influence of the
change in one process/protein/metabolite on another. The thin up and down arrows indicate the
direction of change. Reprinted from ref. [83].

Pon1 depletion induced changes in the Phf8->H4K20me1->mTOR->autophagy path-
way (Figure 5) that were similar to the changes induced by HHcy [15], suggesting that
the same Hcy metabolites were involved. This suggestion is supported by our previous
findings showing that a common primary physiological outcome of Pon1 depletion and
of HHcy was essentially the same: Pon1 depletion [40,84] and HHcy [85] each increased
Hcy-thiolactone and N-Hcy-protein levels. Taken together, our findings show that Aβ

generation in the Pon1−/− brain is mediated by the influence of Hcy-related metabolites
on mTOR signaling/autophagy [15]. These findings provide a mechanistic explanation for
the link between attenuated PON1 activity [36] or elevated Hcy [86] and AD.

3.2.2. Humans

A few studies have examined PON1 activity in relation to oxidative stress in AD
patients. In one study, PON1 activities were found to be significantly decreased (Table 1)
while PAF-AH activity and oxLDL levels were significantly increased in 49 AD patients
(74 years old, 59% female, MMSE score = 21 ± 5) compared to 34 age/sex-matched control
individuals [63]. The study found a significant inverse correlation of oxLDL with PON1
activities (but not with activity of PAF-AH) in AD patients and non-AD control individuals.
Further, the activities of PON1 and levels of oxLDL were associated with the severity of
AD (assessed by using the MMSE test, which quantifies global cognition). Patients with
moderate (MMSE score of 11 to 24) and severe (MMSE score < 10) AD had significantly
decreased activities of PON1 and increased oxLDL levels compared to patients with mild
AD (MMSE score > 24). Even though PAF and oxidized phospholipids hydrolysis by
PAF-AH generates free oxidized fatty acids, which have potent biological activity, PAF-AH
activity was not correlated with the oxLDL nor with the severity of AD. Although these
findings suggest that PON1 may participate in oxLDL metabolism in AD, the nature of this
participation is not clear.

Another study evaluated oxLDL in 54 late-onset AD patients (aged 77 years, 81%
female, MMSE score = 18) and 51 healthy elderly individuals (aged 77 years, 73% male,
MMSE score = 29) and a relationship between oxLDL and PON1-107C/T polymorphism and
the APOE genotype [87]. Patients with AD and control individuals with the PON1-107TT
genotype had significantly elevated levels of plasma oxLDL compared to those with the
PON1-107CC/CT genotype. The distribution of lipoprotein cholesterol in patients with AD
was shifted toward a greater prevalence of smaller, denser LDL. In AD patients, the smaller,
denser LDL levels were significantly associated with the levels of oxLDL. Lipoprotein
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distribution was not influenced by APOE genotype. These findings suggest that plasma
oxLDL levels could modulate the association of PON1-107TT polymorphism with AD [87].

A study that examined relationships among PON1, lipid peroxidation, and dementia
with AD patients (n = 63), vascular dementia patients (n = 40), and mixed dementia patients
(n = 33) found that MDA/thiobarbituric acid-reactive substances were elevated to a greater
extent in vascular dementia than in AD [61]. In patients with vascular involvement, the
increase in MDA/TBARS reflected the extent of global cortical atrophy. The arylesterase
activity of PON1 was significantly attenuated in patients with dementia, more so in patients
with severe cognitive deficits. In patients with vascular dementia, the low arylesterase
activity of PON1 was associated with increased brain ischemia and medial temporal lobe
atrophy. These findings show that the reduced activity of PON1 and increased levels of
the MDA/TBARS oxidative stress marker are associated with brain atrophy and vascular
dementia rather than with cognitive decline. However, it is not clear how reduced PON1
activity can lead to oxidative stress and impaired cognition.

3.3. PON1 Depletion, Dysregulation of Signaling Pathways, and Cancer

Hepatocellular carcinoma (HCC) is one of the most common neoplasms, the third lead-
ing cause of cancer death, and a leading cause of death among patients with cirrhosis [88].
Liver cirrhosis is widely prevalent worldwide and can be a consequence of different causes,
such as obesity, non-alcoholic fatty liver disease, high alcohol consumption, hepatitis B or
C infection, autoimmune diseases, cholestatic diseases, and iron or copper overload [59].

Recent studies show that PON1 activity and expression are compromised in HCC
patients. Specifically, serum PON1 activity, measured with 4-nitrophenylacetate as a sub-
strate, was significantly reduced in HCC patients [62]. Transcriptomic analysis showed
that the expression of PON1was significantly downregulated in HCC tissues compared to
normal tissues [34]. However, there was also a significant variation in PON1 expression be-
tween HCC patients. Patients with low PON1 expression manifested significant differences
in pathology severity and tumor size and grade. Female HCC patients with low PON1
expression had a higher degree of tumor malignancy.

Differences in PON1 expression influenced the clinical manifestations, biological
processes, immune infiltration, and expression of immune checkpoints in HCC, suggesting
that PON1 plays an important role in modulating tumor progression and immune cell
infiltration, thus establishing PON1 as a new biomarker important for prognosis, targeted
therapy, and immunotherapy in HCC patients [34].

Bioinformatic analysis of pathway enrichment in the high and low PON1 mRNA
expression groups showed that the PON1 gene inhibits key signaling pathways, such as
the PI3K/Akt/mTOR signaling, the cell cycle G2 checkpoint, the TGF-β signaling, and
the Wnt/β-catenin signaling, which play a crucial role in pathogenesis and progression
of HCC [34]. Interestingly, we found that Pon1 depletion upregulated mTOR signaling
and inhibited autophagy via Pcft/H4K20me1 in mouse brain and neuroblastoma cells [15],
suggesting that effects of Pon1 depletion on gene expression are disease/tissue-specific.

4. PON1 Has No Intrinsic Anti-Oxidant Activity: Don’t Waste Clean Thoughts on
Dirty Enzymes

PON1 has been stated to hydrolyze oxidized lipids and, thus, to promote athero-
protective effects, e.g., refs. [28,89], which incorrectly implies that PON1 has an intrinsic
anti-oxidant function. That PON1 has the ability to hydrolyze oxidized lipids was originally
proposed by a study that reported the ability of purified native human PON1 to inhibit
copper-induced oxidation of LDL in an in vitro assay that quantified lipo-peroxides and
TBARS [90].

The availability of an assay for a biological event in a cell-free system usually facilitates
studies of its molecular mechanism. Indeed, this assay has been used in many in vitro
studies using purified native (e.g., refs. [91–94]) and recombinant [95,96] PON1 prepara-
tions. Unfortunately, these and other studies in the PON1 field did not follow the maxim
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“don’t waste clean thoughts on dirty enzymes” attributed by Arthur Kornberg in his ‘ten
commandments of enzymology’ [97] to Efraim Racker, a pioneer in the enzymology of
oxidative phosphorylation [98].

Some labs did not replicate the finding that purified PON1 protects LDL from oxida-
tion [46,99] while those that did [100–102] went on to correct themselves by showing, in
more rigorous and well-controlled studies, that their earlier findings were due to PAF-AH
contamination in PON1 preparations and that PAF-AH-free PON1 does not protect lipopro-
teins from oxidation nor hydrolyze oxidized lipids [46,103,104]. Rigorously purified PON1,
or plasma from an individual with a mutation in the PAF-AH gene, did not hydrolyze PAF
nor the oxidized phospholipids from oxLDL [99].

One study purported to show that purified PON1 was capable of hydrolyzing PAF. In
that study [105], purified PON1 preparations were tested by Western blotting (20 μg) and
amino acid sequencing (50 μg, or about 1 nmol PON1) and found not to have any detectable
PAF-AH contamination. However, such evidence does not exclude PAF-AH contamination,
considering that as little as 5 to 10 ng of PAF-AH (undetectable by Western blotting and
not sufficient for sequencing) is sufficient to account for all the phospholipase activity in
purified PON1 preparations [99]. In fact, other labs have shown that purified PON1 has no
phospholipase A2-like activity toward PAF or pro-atherogenic oxidized phospholipids and
that PAF-AH is the sole phospholipase A2 of HDL [99,103]. Rigorously purified PON1, or
plasma from an individual with a mutation in the PAF-AH gene, did not hydrolyze PAF
nor the oxidized phospholipids from oxLDL [99].

Although Aviram et al. [95] and Liu et al. [96] reported that PON1, PON2, and
PON3 protect LDL from oxidative modification, Draganov et al. found no protection [46].
Re6combinant human PON1 was expressed from a baculovirus vector in insect cells and
purified. When PON1 hydrolytic activity and a putative anti-oxidant activity were moni-
tored during PON1 purification, the two activities did not co-purify at any stage and in any
of the preparations. The putative anti-oxidant activity was shown to be associated with
a low mass contaminant and the detergent used in PON1 purification [46]. That putative
anti-oxidant activity in PON1 preparations was associated with the detergent present in
these preparations was confirmed by another lab that also showed that anti-oxidant activity
was not associated with hydrolytic PON1 activities such as arylesterase and lactonase, nor
with phospholipase activity [103]. Unfortunately, it appears that many other laboratories
did not seem bothered to control their PON1 preparations for contaminants.

Studies that examined the contribution of individual protein components to the ability
of HDL to inhibit LDL oxidation showed that APOA1 is the major anti-oxidant protein
in HDL [10]. APOA1 is also the major factor responsible for the protection of human
endothelial cells from oxLDL-induced apoptosis, accounting for 70% of HDL antiapoptotic
activity [37]. APOA1 is one of the two phosphatidylcholine peroxide-reducing enzymes
isolated from human plasma (the other is glutathione peroxidase) [106]. APOA1 is essential
for HDL structure and for activation of the HDL-associated enzymes PON1 and LCAT [107].
Two methionine residues in APOA1 (Met112, Met148) are oxidized to sulfoxides during
the reduction of lipid peroxides to redox-inactive hydroxides [108,109]. Reconstituted HDL
containing only purified APOA1 and phospholipids (palmitoyloleoyl phosphatidylcholine
at a molar ratio of 1.0/77.1) has the capacity to inhibit LDL oxidation like that of native
normolipidemic small, dense HDL3b and 3c isolated from normal human plasma. The
oxidation of APOA1 Met residues in HDL3 incubated with oxLDL is accompanied by the
concomitant reduction of lipid peroxides to lipid hydroxides [8].

To assess a role of HDL-associated enzymes, such as PON1, PAF-AH, and LCAT, in
oxLDL inactivation, HDL3 was pretreated with inhibitors such as DFP, which inhibits the
3 enzymes, Pefabloc, which inhibits only PAF-AH, or EDTA, which inhibits only PON1,
and then incubated with oxLDL. As expected, pretreatment significantly reduced the
activities of LCAT (by 50%), PAF-AH (by 90%), and PON1 (by 99%). In contrast, the
capacity of HDL3 to inactivate lipid peroxides in oxLDL or to delay LDL oxidation was not
affected. None of the inhibitors impaired the capacity of HDL3 to delay the accumulation
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of conjugated dienes in LDL [8]. Two earlier studies have also reported that the inactivation
of PON1 activity by EDTA did not affect the anti-oxidant activity of HDL3 [110] or PON1
preparations [93] in the copper-induced LDL oxidation assay. These findings do not support
the contention that paraoxonase activity inhibits the formation of ‘minimally oxidized’ LDL
by hydrolyzing biologically active oxidized phospholipids [9,91].

5. Mechanistic Bases of PON1 Involvement in Human Disease

The findings that PON1 is associated with oxidative stress and inflammation in hu-
mans and in mouse models (discussed in Section 2) but cannot be directly linked to these
processes (discussed in Section 3), suggest that the influence of PON1 on oxidative stress
and inflammation is indirect.

Studies of proteomic and transcriptomic changes in mice and humans in relation to
changes in PON1 expression and activity (listed in Table 3 and discussed below) support
this suggestion and provide insights into the biological function of PON1. Specifically,
these studies suggest that vascular inflammation and oxidative stress that are associated
with PON1 depletion are caused by the dysregulation of genes involved in these processes.
The majority of studies discussed in this section are related to CVD, with two related to
kidney disease and one to brain disease. Studies related to AD and cancer are discussed in
Section 2.

Table 3. PON1 influences oxidative stress- and inflammation-related gene expression.

Model Treatment
Gene Expression Assessment Outcome

References
Methods Tissue In Vivo In Vitro

Pon1−/− vs.
Pon1+/+mice,
high fat diet

Pon1 deletion
in WT mice

Enzymatic activity
assay,
Northern blot,
RT-qPCR, Western
blot

Liver,
plasma

Pon1 protein absent in
Pon1−/− mice, ↑lipid
peroxides in HDL, no lipid
peroxides in LDL,
↑atherosclerosis; no
atherosclerosis in Pon1−/−
mice on a chow diet

↑Lipid peroxides in
hLDL, ↑MCP1,
↑monocyte migration
ameliorated by
Pon1+/+ HDL in a cell
co-culture model of
the arterial wall;
Pon1−/− HDL does
not prevent hLDL
oxidation

Shih D.M.
et al. [55]

Pon1−/−ApoE−/−
vs.
Pon1+/+ApoE−/−
mice, std chow
diet

Pon1 deletion
in ApoE−/−
mice

Enzymatic activity
assay,
Northern blot,
RT-qPCR

Liver,
plasma

↑Lipid peroxides in LDL,
↑oxidized phospholipid
epitopes in plasma; ↑HO1,
PPARγ, ↑oxLDL receptors
(SRA, CD36, macrosialin), but
not HDL receptor SR-BI, in the
liver; no change in anti-oxLDL
and anti-MDA-LDL
autoantibody levels;
↑atherosclerosis

LDL from Pon1−/−
mice elevated lipid
hydroperoxide and
monocyte
transmigration

Shih D.M.
et al. [56]

Human PON
cluster
transgenic mice

PON1, PON2,
PON3 overex-
pression

Enzymatic activity
assay,
RT-qPCR, Western
blot, ELISA

↑PON1 expression,
↓atherosclerosis
↓Icam-1, ↓Mcp-1, ↓TNF-α,
↓IL-6, ↓Mmp-9

PON Tg HDL
ameliorated
Cu-induced LDL
oxidation

She Z.G. et al.
[66]

Pon1−/− vs.
Pon1+/+mice,
std chow diet

Pon1 deletion

2D-SDS-PAGE gel
electrophoresis,
MALDI-TOF mass
spectrometry

Brain ↓Sod1, ↓DJ-1 [111] Brain

Liver ↑Prdx2, ↑Ftl, ↑ApoE [112] Liver

Kidney ↑Prdx2, ↓ApoA1 [113] Kidney

Enzymatic activity
assay,
label-free
nanoLC-MS/MS
mass spectrometry

Plasma ↓Alb, ↓Blvrb, ↑Ambp, ↑(Hpx,
↑ApoD, ↑ApoM, ↑Hp), ↑Ttr

Sikora M.
et al. [23]
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Table 3. Cont.

Model Treatment
Gene Expression Assessment Outcome

References
Methods Tissue In Vivo In Vitro

Pon1−/− vs.
Pon1+/+mice,
high
methionine diet

Pon1 deletion

Enzymatic activity
assay,
label-free
nanoLC-MS/MS
mass spectrometry

Plasma

↓Alb, ↑Hp, ↑Hpx, ↓Alad, ↑Cp,
↓Gclm, ↓Cat, ↑Ctsb, ↓Gsn,
↑Grn, ↓Prdx2 ↓Prdx6, ↓Txn,
↓Igfbp3, ↓Park7, ↓Pebp1,
↓Ppia, ↓Serpina3k

Sikora M.
et al. [114]

PON1-192QQ
vs. PON1-
192RR+QR
humans

none

Enzymatic activity
assay,
label-free
nanoLC-MS/MS
mass spectrometry

Plasma APOA1↓, PON1↓, APOD↑,
APOM↑, HP↓, GPX3↑

Sikora M.
et al. [23]

SR-BI−/− vs
SR-BI−/− mice

SR-BI
deletion,
probucol
treatment

Enzymatic activity
assay,
2D-SDS-PAGE gel
electrophoresis,
LC-MS/MS mass
spectrometry,
Western blot,
RT-qPCR

Plasma,
HDL

↓HDL protein, ↓ApoA1,
↓Pon1 protein and activity,
↑Saa, ↑ApoA4, ↑A1AT, ↑Mpo
Probucol upregulated Pon1,
downregulated Saa, ApoA4,
A1AT, and Mpo thereby
improving HDL function

↑Mcp1, Tnf-α in
oxLDL treated
macrophages;
SR-BI+/+ HDL
reduced Mcp1, Tnf-α
while SR-BI−/− HDL
had no effect

Cao J. et al.
[115]

Pon1+SR-BI−/−
mice

Pon1 overex-
pression
SR-BI−/−
mice using
lentivirus
vector

Enzymatic activity
assay,
RT-qPCR, Western
blot

Kidney

Pon1+SR-BI−/− mice: ↓renal
Pon1 expression and plasma
activity, ↑ expression of redox
(p47phox, Nox1, Nox4) and
inflammation related (Il1b, Il6)
genes, ↓anti-inflammatory
cytokine Il10.
Pon1+SR-BI−/− mice fed with
a high-fat diet: ↑plasma and
renal Pon1 expression and
activity, ↓renal redox
(p47phox, Nox1, Nox4, Sod)
and inflammation related
(Tnfα, Il6) genes,
↑anti-inflammatory cytokine
Il10

Liu Q. et al.
[116]

Liver

Pon1+SR-BI−/− mice:
↑hepatic/plasma Pon1,
↑ApoE, ↑Lcat, ↓plasma ALT
activity, ↓ROS levels and MPO
activity, ↓acute-phase and
pro-inflammatory plasma
proteins (ApoA4, A1AT, Saa),
↑hepatic ApoA1, Ldlr, Lxrα,
Abca, Abcg5, Abcg8, ↓Tnf-α,
↓Il6, ↓ atherosclerosis

Macrophages treated
with Pon1+SR-BI−/−
HDL: ↓mRNA for
inflammatory
cytokines IL-6, TNFα,
NOX1, ↑mRNA for
anti-inflammatory
cytokines IL-4, IL-10;
mRNA for cholesterol
transport ↓Scarb1,
↑Abca1

Zhao X.J. et al.
[117]

HO1, heme oxidase 1; PPARγ, peroxisome proliferator-activated receptor gamma; MCP1, monocyte chemotactic
protein; MPO, myeloperoxidase; Pon1+SR-BI−/− mice, Pon1-overexpressing SR-BI−/− mice; Up and down arrows
indicate the direction of change in gene expression.

5.1. Low PON1 Activity in Dysfunctional HDL Is Associated with Impaired Nitric Oxide
Production in Endothelial Cells

Native HDL possesses anti-inflammatory and anti-oxidative properties [35] and di-
rectly influences the vascular endothelium by the activation of nitric oxide (NO) synthesis
by eNOS [118,119], thus promoting endothelial repair [120]. Such cardio-protective pro-
cesses are, at least in part, mediated by the binding of HDL to endothelial scavenger
receptor B, type I (SR-BI), and by PON1 [6], carried in the circulation in a minor fraction of
HDL [16].

Patients with stable coronary artery disease (CAD) or an acute coronary syndrome
carry dysfunctional HDLCAD, which does not promote the endothelial NO synthesis, anti-
inflammatory effects, and repair that are characteristic of normal HDL isolated from healthy
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individuals [6]. This has been shown to be due to activation by HDLCAD of the endothe-
lial lectin-like oxLDL receptor 1 (LOX-1), which induces endothelial PKCβII activation,
thereby inhibiting eNOS-dependent NO generation. These newly acquired properties were
conferred by elevated MDA, a product of lipid peroxidation, which chemically modified
PON1, thereby reducing its activity and generating dysfunctional HDLCAD, which acti-
vates PKCβII and lacks the anti-oxidative, anti-inflammatory properties of normal HDL.
Moreover, HDL from Pon1−/− mice failed to enhance endothelial NO production, while
the addition of pure PON1 or HDL from healthy individuals partially ameliorated the
stimulating effects of HDL on NO production. Even though PON1 activity in HDLCAD was
decreased, PON1 protein content in HDLCAD was elevated compared to HDL from healthy
controls, suggesting that the enzymatic activity of PON1 was inactivated in HDLCAD. These
findings show that HDL-associated PON1 activity has an important function in maintaining
the ability to stimulate endothelial-atheroprotective effects of HDL, i.e., NO production.
The impairment of this fundamental role of PON1/HDL by oxidative stress can account for
the increased risk of adverse cardiovascular events in CAD patients [28,29]. These findings
also show that PON1 regulates the expression of genes involved in endothelial homeostasis
and that the dysregulation of these processes leads to CAD or acute coronary syndrome.

5.2. Pon1 Depletion Affects Expression of Genes Involved in Inflammation, Oxidative Stress, and
Blood Clotting

Although Pon1 depletion in mice in the absence of hyperlipidemia does not induce
atherosclerosis [55], Pon1−/− mice fed with a standard normolipidemic chow diet show
an altered expression of proteins involved in vascular inflammation, oxidative stress, and
thrombogenicity [121]. Specifically, there was a significant 2-fold increase in leukocyte
adhesion revealed by intravital microscopy, but no significant change in leukocyte rolling
in Pon1−/− mice compared to Pon1+/+ control animals. The increase in adhesion was
correlated with significant increases in aortic P-selectin and Icam mRNA levels (p = 0.016)
and a 1.3-fold increase in Vcam1 mRNA (p =0.096). Aortic Tnf-α mRNA expression was not
affected. The rate of aortic superoxide production was significantly increased in Pon1−/−
vs. Pon1+/+ mice (3-fold, p = 0.04). Pon1−/− mice were also predisposed to thrombosis, as
shown by a significant 57% reduction in time to occlusion in a carotid thrombosis assay
(p < 0.001). Notably, these vascular changes mimic those seen in severely hyperlipidemic
ApoE−/− mice [121]. These findings also show that Pon1 interacts with genes involved in
inflammation, oxidative stress, and blood clotting.

5.3. Pon1 Depletion Increases Expression of Liver Oxidative Stress Genes and Accelerates
Atherosclerosis

In mice fed with a high-fat diet, Pon1 gene deletion led to increased atherosclerosis
and increased lipid peroxides levels in isolated HDL compared to Pon+/+ animals [55].
In ApoE−/− mice, Pon1 gene deletion also increased atherosclerosis and oxidative stress,
manifested by elevated epitopes in plasma-oxidized phospholipid, biologically active
oxidized phospholipids in isolated endogenous intermediate-density lipoprotein/LDL.
RT-qPCR analyses showed that these changes were accompanied by the upregulated
expression of genes involved in oxidative stress-responsive genes in the liver) HO-1, PPARγ,
and oxidized LDL-R) [56] (Table 3). These findings show that Pon1 deficiency promotes
oxidative stress and atherogenesis. These results also suggest that Pon1 interacts with
oxidative stress-responsive genes and that the disruption of these interactions induces
oxidative stress and causes atherosclerosis.

5.4. Pon1 Depletion Increases Expression of Oxidative Stress Genes in Liver, Kidney, and Brain

Proteomic analyses of Pon1−/− mice show that, in addition to controlling Hcy-thiolactone
and N-Hcy-protein levels [40], Pon1 is important in maintaining cellular proteostasis.
Specifically, in the brains of Pon1−/− mice fed with a normal chow diet, the levels of proteins
involved in anti-oxidant defenses (Sod1, DJ-1) were significantly reduced compared to
Pon+/+ animals. In the presence of hyperhomocysteinemia (HHcy) induced by feeding
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with a high-methionine diet, DJ-1 and Prdx2 proteins were significantly upregulated in
HHcy Pon1−/− mice compared to HHcy Pon+/+ animals [60]. In the kidneys [113] and
livers [112] of Pon1−/− mice, the levels of the anti-oxidant protein Prdx2 were significantly
elevated compared to Pon+/+ animals. These findings suggest that Pon1 interacts with
oxidative stress-responsive proteins in an organ-specific way and that HHcy modulates
these interactions.

5.5. Pon1 Depletion in Scarb1−/− Mice Is Associated with Upregulated Expression of Oxidative
Stress Genes

Scavenger receptor BI (SR-BI) plays a central role in reverse cholesterol transport (RCT)
as the major receptor for HDL cholesterol (HDL-C) [122]. Although elevated plasma HDL-
C levels are associated with a lower risk of CVD in humans, a rate mutation in the human
SCARB1 gene encoding SR-BI increases the risk of CVD, suggesting that high concentrations
of HDL-C are not causally protective against CVD and that cholesterol flux and HDL
function are more important than the steady-state levels [123]. The SR-BI knockout mice
(Scarb1−/− mice) have dysfunctional HDL characterized by impaired macrophage reverse
cholesterol transport (RCT) [124], high plasma HDL-C levels, and impaired anti-oxidative
and anti-inflammatory properties, and are susceptible to atherosclerosis [125].

Notably, the dysfunctional HDL is also characterized by reduced PON1 arylesterase
and paraoxonase activities and is associated in a tissue-dependent way with indices of
oxidative stress such as isoprostane F2α-VI (iPF2α-VI) and protein carbonyls in Scarb1−/−
mice. The levels of monocyte chemoattractant protein-1 (MCP1) were similar in Scarb1−/−
and wild-type mice, indicating that SR-BI deletion has no effect on inflammation. A Western
diet did not affect MCP1 levels in Scarb1−/− mice but increased serum PON1 paraoxonase
activity and urinary iPF2α-VI in both Scarb1−/− and wild-type mice [126].

The dysfunctional HDL and reduced PON1 activity in Scarb1−/− mice were associated
with the upregulated expression of genes encoding oxidative stress proteins. Specifically,
mRNAs for glutathione peroxidases GPx1 and GPx4, superoxide dismutase SOD1 and
SOD2, glutathione S-transferases GSTA2 and GSTA4, which reduce lipid peroxidation
products, and HO-1, which removes free prooxidant heme and generates of the anti-
oxidant bilirubin, were upregulated in Scarb1−/− mice compared to wild-type animals.
PAF-AH activity and catalase expression were not affected by Scarb1 depletion and reduced
Pon1 activity [126].

5.6. Pon1 Depletion in Scarb1−/− Mice Affects Expression of Oxidative Stress and
Inflammation-Related Liver Genes

Lipo-proteomics analysis showed that the protein content of dysfunctional HDL from
SR-BI−/− mice was decreased by 25%, compared to wild-type SR-BI+/+ animals [115]. Out
of 78 proteins identified in SR-BI−/− HDL, 26 were upregulated and 10 were downreg-
ulated compared to SR-BI+/+ HDL. Specifically, ApoA1, ApoA2, ApoC1, ApoC2, ApoM,
and PON1 were downregulated, while ApoE, ApoH, Lcat, acute phase proteins ApoA4,
Saa, complement C3, proteinase inhibitors such as A1AT, inter alpha-trypsin inhibitor
(3 of Itih1-4), and α-2-macroglobulin were upregulated in SR-BI−/− HDL compared to
SR-BI+/+ HDL. Interestingly, plasma proteomics showed that these proteins were also
affected in the plasma of Pon1−/− mice compared to wild-type Pon1+/+ animals (Table 3)
and in PON1-Q192R polymorphism in humans [23]. Proteins involved in lipid metabolism
were significantly decreased (37.34% vs. 57.98%), as were anti-oxidant proteins (1.94% vs.
7.09%). In contrast, proteins involved in inflammatory/immune response were significantly
increased (22.14% vs. 9.19%), as were proteinase-inhibiting proteins (15.67% vs. 8.49%).
In in vitro experiments, SR-BI+/+ HDL significantly reduced Mcp1 and Tnf-α levels in
oxLDL-treated macrophages while SR-BI−/− HDL had no effect [115].

Probucol is a cholesterol-lowering and anti-oxidant drug [127] that rescues female
infertility in SR-BI−/− mice [128]. Treatments with probucol lowered plasma total and free
cholesterol mainly in the HDL-C fraction, upregulated Pon1 and ApoA1, and downregu-
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lated ApoA4, Saa, A1AT, and myeloperoxidase (MPO) activity in SR-BI−/−mice. These
findings indicate that the anti-oxidant properties of HDL were improved by the probucol
treatment [115].

5.7. PON1 Regulates the Expression of Hepatic Genes Involved in HDL Metabolism, Oxidative
Stress, and Inflammation

Lentivirus-mediated Pon1 overexpression resulted in a significant elevation of PON1
levels in liver and plasma by 63% in SR-BI−/− mice [117]. Pon 1 overexpression improved
the anti-oxidative and anti-inflammatory properties of dysfunctional HDL and reduced
hepatic steatosis and aortic atherosclerosis through its effects on the expression of genes
involved in these processes. Specifically, cholesterol transporter Scarb1, inflammatory cy-
tokines Il-6, Tnf-α, and Nox1 mRNAs were significantly downregulated, while Abca1 mRNA
and the anti-inflammatory cytokines Il-4 and Il-10 were upregulated in macrophages treated
with plasma from Pon1+SR-BI−/− mice. The levels of plasma MPO activity, an oxidative
enzyme secreted by activated neutrophils, monocytes, and macrophages, were signifi-
cantly reduced in Pon1+SR-BI−/− mice. Lecithin-cholesterol acyltransferase (Lcat) (which
removes cholesterol from the blood and tissues), ApoA1, and ApoE were significantly up-
regulated in Pon1+SR-BI−/− plasma. Histological examinations showed that aortic lesions
and hepatic lipid depositions were significantly reduced in Pon1+SR-BI−/− mice. Hepatic
ApoA1, ApoE, LDLR, LXRα, Abca1, Abcg5/8, and Acat were significantly upregulated,
while inflammatory cytokines Il-6 and Tnf-α were downregulated, in Pon1+SR-BI−/− mice.
These findings indicate that Pon1 can regulate proteins important for HDL function and
ameliorate atherosclerosis and hepatosteatosis [117].

5.8. Pon1 1 Ameliorates Renal Lipotoxicity by Regulating Genes Involved in Activating Lipophagy
and Inhibiting Pyroptosis

Excessive lipid accumulation can lead to lipotoxicity due to the generation of toxic lipid
intermediates. In the kidney, one of the more vulnerable organs, lipotoxicity causes tissue
damage and dysfunction via oxidative stress, inflammation, and autophagy impairment,
which lead to renal disease [129]. Pon1 is expressed in the glomerular clusters and the
epithelial cells of the proximal tubules in the kidney [130]. Pon1−/− mice show increased
oxidative stress in the kidney manifested by elevated expression of renal Prdx2 [111].
Renal disease patients show significantly reduced plasma HDL-C, APOA-I, serum PON1
protein concentration, PON1 arylesterase/ paraoxonase activity, and LCAT activity [131],
indicating the impaired interactions of PON1 with APOAI and LCAT in dysfunctional
HDL in these patients.

Mice deficient in the scavenger receptor class B type I (SR-BI−/−) fed with a normal
diet showed significantly reduced serum PON1 activity and renal PON1 expression, which
was accompanied by renal pathology involving oxidative stress, inflammation, and fi-
brosis [116]. Western blot analysis and qRT-PCR showed that the expression of p47phox
protein, a key regulator of NADPH oxidase, was significantly higher in the kidneys of
SR-BI−/− mice compared with wild type SR-BI+/+ mice. mRNA levels of NADPH oxidase
genes Nox 1 and Nox4 were also significantly increased. Levels of inflammation-related Il1b
and Il6 mRNAs were significantly increased, while anti-inflammatory cytokine Il10 mRNA
tended to decrease. These findings show that the renal oxidative stress and inflammation
were significantly upregulated in SR-BI−/− mice compared to wild-type SR-BI+/+ animals.

Overexpression of PON1 (mRNA, 2.03-fold; protein, 3.36-fold) using a lentivirus vec-
tor significantly attenuated the pathologic changes in the kidneys of SR-BI−/− mice fed
with a high-fat diet. Specifically, PON1-overexpressing (Pon1+) SR-BI−/− mice showed a
significant decrease in the fluorescence intensity of dihydroethidium bromide staining, a sig-
nificant decrease in the immunohistochemical renal staining for lipid peroxidation indicator
4-hydroxynonenal, a significant decrease in the oxidative stress-related indicators such as
renal p47phox protein and Nox1, Nox2, Nox4 mRNAs, and a significant increase in the activ-
ity of the anti-oxidant enzyme SOD in the kidney. In addition, PON1-overexpressing mice
showed reduced levels of Tnf-α and Il6 mRNAs and elevated levels of anti-inflammatory
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cytokine Il10. These findings show that PON1 overexpression has beneficial effects on
the kidney function in SR-BI−/− mice by reducing renal ROS production, improving anti-
oxidant status, and ameliorating renal inflammation. PON1 overexpression also attenuated
renal lipid accumulation by upregulating cholesterol ester hydrolysis-related genes (Nceh1,
Lipa) and cholesterol efflux-related receptors (Abca1, Abcag1). Western blot and qRT-PCR
analyses showed that fibrosis-related proteins (fibronectin, collagen, type I, a1, and actin a2
in smooth muscle and aorta) were significantly downregulated in PON1-overexpressing
mice compared to the control lentivirus-GFP-injected mice; mRNA levels for fibronectin,
Col1a1, Ccn2, and Lcn2, a marker of kidney injury, were also significantly reduced, indi-
cating that PON1 overexpression ameliorated fibrosis. Moreover, Pon1 overexpression
inhibited mTOR signaling and restored autophagy flux in the mouse kidney [116]. That
Pon1 can regulate mTOR signaling and autophagy was also reported in another study
that found upregulated mTOR signaling and downregulated autophagy in Pon1−/− mice
brains and in Pon1-silenced mouse neural cells [15].

5.9. PON1-Q192R Polymorphism Influences Oxidative Stress and Inflammation Proteins in
Human Plasma

To ascertain how changes in PON1 expression/activity affect the expression of other
proteins, plasma proteomes were analyzed in healthy participants recruited from the popu-
lation of Poznań, Poland [23]. PON1-Q192R polymorphism affected serum paraoxonase
activity (7-fold reduction in PON1-192QQ vs. PON1-192RR) and protein (40% reduction
PON1-192QQ vs. PON1-192RR) (Table 4). Label-free nanoLC-MS/MS mass spectrometry
analyses showed that there was an overlap in the principal component analysis (PCA)
profiles between low-activity PON1-192QQ, intermediate-activity PON1-192QR, and high-
activity PON1-192RR genotypes (Figure 6B).

Table 4. PON1 genotype, activity, and protein levels in humans.

Human PON1

Genotype (n) Activity a Protein b

PON1-192RR (19) 100 100

PON1-192QR (30) 20.6 63.0

PON1-192QQ (51) 14.3 60.0
a Relative mean values determined in serum using paraoxon as a substrate. b PON1 protein quantified by
label-free mass spectrometry. Adapted with permission from ref. [23]. Copyright 2020 by the authors.

The PON1-Q192R polymorphism affected the expression of 21 plasma proteins, includ-
ing six oxidative stress-related proteins (APOA1↓, PON1↓, APOD↑, APOM↑, haptoglobin
(HP)↓, and glutathione peroxidase 3 (GPX3)↑), four immune response proteins: CFP↑,
IGHG3↑, ↑PGLYRP2, and ↑V2-6 (IGL), four lipoprotein metabolism proteins (APOA1↓,
APOB↑, APOC1↓, and PON1↓), two acute phase response protein (TTR ↑ and AMBP↑),
and seven blood coagulation protein (F13B↓, PLG↓, SERPINA10↓, VTN↓, ↑C9, ↑V2-17
(IGL), and FETUB↑). Six of those proteins (APOA1, APOB, APOC1, APOD, APOM, and
PON1), representing 29% of total number of proteins affected by the PON1-Q192R poly-
morphism, are components of HDL [10,132]. These findings suggest that PON1 regulates
the expression of other components of HDL as well as HDL proteins involved in oxidative
stress, inflammation, and complement/coagulation in humans. The dysregulation of these
processes may account for the pro-oxidant and pro-atherogenic phenotypes associated with
attenuated PON1 levels in humans [28] and mice [55].
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Figure 6. Principal component analysis of the LFQ intensities for plasma proteins. (A) Pon1−/−

mice (n = 17; blue cross) and Pon1+/+ siblings (n = 8; red square). (B). PON1−/−-192QQ (n = 50; blue
cross) and PON1−/−-192QQ healthy humans (n = 50; red square). Calculations were performed with
Perseus. Adapted from ref. [23].

5.10. Pon1−/− Genotype Influences Oxidative Stress and Inflammation Proteins in Mouse Plasma

Pon1 activity and protein are absent in Pon1−/− mice [55] (Table 5). To determine how
Pon1 depletion affects the expression of other proteins, plasma proteomes were analyzed
in Pon1−/− mice (n = 17) and their Pon1+/+ littermates (n = 8) using label-free nanoLC-
MS/MS mass spectrometry [23]. PCA profiles differed between Pon1−/− vs. Pon1+/+

siblings (Figure 6A). Pon1 depletion in mice affected the expression of 50 plasma proteins,
including seven redox proteins (↓Alb, ↓Blvrb, ↑ Ambp, ↑Hp, ↑Hpx, ↑ApoD, and ↑ApoM),
seven lipoprotein metabolism proteins (↓ApoA1, ↑ApoB, ↓ApoC1, ↑ApoD, ↑ApoM, ↓Pon1,
and ↑Lcat), four acute phase response proteins (↑Ambp, ↑Hp, ↑Hpx, and ↑Ttr), and 11
complement/coagulation proteins (↑Al182371, ↑Cfh, ↑Clu, ↑F2 (prothrombin), ↓Klkb1,
↓Mbl1, ↓Serpinc1, ↑Fetub, ↓F13B, ↑Hrg, and ↓Itih1) (arrows indicate direction of change).
Nine of those proteins (↓Alb, ↓ApoA1, ↓ApoC1, ↑ApoD, ↑ApoM, ↑Clu, ↑Saa1, ↑Saa2, and
↑Lcat), representing 18% of total number of proteins affected by the Pon1−/− genotype, are
components of HDL [10,16]. Clu (ApoJ) is also involved in amyloid beta (Aβ) transport
from plasma to the brain [76].
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Table 5. Pon1 genotype, activity, and protein levels in mice.

Mouse Pon1

Genotype (n) Activity a Protein b

Pon1+/+ (17) 100 100

Pon1−/− (8) 0.0 2.0
a Relative mean values, determined in serum using paraoxon as a substrate. b PON1 protein quantified by
label-free mass spectrometry. Adapted from ref. [23].

Nine proteins that were affected by Pon1 genotype in mice (↓ApoA1↓, ↑ApoD↑,
↑ApoM↑, ↓Pon1↓, ↑haptoglobin (Hp)↓, ↓Ighg3↑, ↑Ttr↓, ↓F13B↓, and ↑Fetub↓), were also
affected by the PON1-Q192R polymorphism in humans (representing 22% and 43% of
the total number of differentiating proteins in mice and humans, respectively) (right and
left arrows refer to the change in humans and mice, respectively). These findings show
that changes in the mouse plasma proteome associated with the Pon1−/− genotype were
like those in the human plasma proteome associated with the PON1-Q192R polymor-
phism. These findings also suggest that Pon1 regulates the expression of other protein
components of HDL in addition to proteins involved in oxidative stress, inflammation, and
complement/coagulation in mice.

Ingenuity pathway analysis identified the “Lipid Metabolism, Molecular Transport,
Small Molecule Biochemistry” network, affected by PON1 activity in mice (Figure 7A) and
humans (Figure 7B). Proteins in the human network are involved in acute phase/immune
response and lipid metabolism and exhibit strong interactions focusing on LDL and HDL,
the cytokine IL6, and the transforming growth factor beta 1 (TGFB1). In mice, this network
contains oxidative stress proteins such as Alb, Hpx, Hp, Blvrd, Ambp, ApoD, and ApoM.

Figure 7. Cont.
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(B) 

Figure 7. Top molecular network ‘Lipid Metabolism, Molecular Transport, Small Molecule Bio-
chemistry’ associated with (A) Pon1−/− genotype in mice and (B) PON1-Q192R polymorphism in
humans. The mouse network (A) includes redox-related proteins (Alb, Ambp, Hp, Hpx, ApoD,
and ApoM) and inflammation-related proteins (Ambp and Ttr). The human network (B) contains
inflammation-related AMBP and TTR proteins. Reprinted with permission from ref. [23]. Copyright
2020 by the authors.

These findings suggest that PON1 interacts with molecular pathways involved in
oxidative stress, inflammatory response, complement/blood coagulation, and lipoprotein
metabolism, processes that are essential for blood homeostasis. The dysregulation of these
processes by attenuated PON1 protein/activity levels can account for PON1’s association
with cardiovascular and neurological diseases and cancer.

5.11. Metabolic Stress Amplifies Pro-Inflammatory, Pro-Oxidative, and Pro-Atherogenic Changes
in Mouse Plasma Proteome Induced by Pon1 Depletion

To determine the effects of Pon1 depletion under the condition of metabolic stress
on gene expression, plasma proteomes were examined in Pon1−/− mice and their wild-
type Pon1+/+ littermates fed with a high-methionine HHcy diet [114]. There was a clear
difference in the PCA profiles of LFQ intensities for Pon1−/− mice compared to wild-type
Pon1+/+ animals, with a partial overlap between them (seven out of 44, 16%; Pon1−/−,
blue squares � vs. Pon1+/+, green triangles Δ) (Figure 8). In mice fed with a standard
chow diet, the overlap was greater (28 out of 48, 58%; Pon1−/−, blue crosses + vs. Pon1+/+,
purple circles �), indicating that the Pon1−/− genotype exerts a stronger influence under
the conditions of the metabolic stress of HHcy (Figure 8).
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Figure 8. Principal component analysis (PCA) of label-free quantification (LFQ) intensities of mouse
plasma proteins: effects of Pon1 genotype and diet. Pon1−/− mice, control diet (n = 17, blue cross);
Pon1−/− mice, HHcy diet (n = 15, blue square); Pon1+/+ siblings, control diet (n = 8, purple circle);
Pon1+/+ siblings, HHcy diet (n = 7, green triangle). Calculations were carried out using Perseus. Ovals
illustrate a smaller overlap between data points for Pon1−/− and Pon1+/+ mice fed with high-met (A)
than for mice fed with control diet (B). Reprinted with permission from ref. [114]. Copyright 2021 by
Elsevier, Inc.

Pon1 depletion in HHcy mice changed the expression of 89 proteins, 1.8-fold more
than in chow diet mice, including 18 redox proteins, 24 immune response proteins, six
acute phase proteins, 15 complement/blood coagulation proteins, nine lipoprotein/lipid
metabolism proteins, protein turnover proteins, and 10 other proteins (Table 6). Eight of
those proteins (↓Alb, ↓ApoA1, ↓ApoA2, ↑ApoB, ↓ApoC1, ↓ApoC2, ↑Clu, and ↓Pon1), rep-
resenting 8% of total number of proteins affected by the Pon1−/− genotype, are components
of HDL [10,132].

The largest changes in the number of Pon1−/− genotype-dependent proteins in HHcy
vs. chow diet mice were observed for oxidative stress-related proteins (18 proteins in
HHcy diet vs. four proteins in chow diet mice), acute phase proteins (seven vs. two), and
protein turnover proteins (six vs. two) (Table 6). Smaller changes between the diets were
observed in the number of proteins involved in immune response (24 vs. 19), comple-
ment/coagulation (eight vs. seven), blood coagulation (six vs. three), lipoprotein/lipid
metabolism (nine vs. eight), and other proteins (10 vs. five) (Table 6). These findings
clearly show that the metabolic stress of HHcy greatly amplifies the effects of the Pon1−/−
genotype on oxidative stress and inflammation.
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Table 6. Plasma proteins affected by Pon1−/− genotype in mice fed with HHcy or control diet *.

Unique to HHcy-Diet Mice (n = 66)
Unique to Control-Diet Mice
(n = 27)

Proteins Affected Both in HHcy and
Control-Diet Mice (n = 23)

Oxidative stress (n = 15):
↓Alad, ↑Cp, ↓Gclm, ↓Cat, ↑Ctsb, ↓Gsn,
↑Grn, ↓Prdx2 #, ↓Prdx6, ↓Txn, ↓Igfbp3,
↓Park7 #, ↓Pebp1 #, ↓Ppia, ↓Serpina3k

Oxidative stress (n = 1):
↓Blvrb

Oxidative stress (n = 3):
↓Alb $, ↑Hp, ↑Hpx

Immune response (n = 15): ↓Il1rap, Igh (n
= 10↑, 1↓), ↑Igk (n = 3),

Immune response (n = 10): ↑Clu $, ↑Igh
(n = 3↑, 1↓), ↑Igk (n = 3), ↑Igl, ↑Igm

Immune response (n = 9): ↑Igh
(n = 4), ↑Igj, ↑Igk (n = 3), ↑Igl

Acute phase response (n = 6): ↑A2m $,
↑Ahsg,
↑Orm1, ↑Orm2, ↑Saa1, ↑Saa2

Acute phase response (n = 1):
↑Ttr

Acute phase response (n = 1):
↑Ambp

Complement/coagulation (n = 5):
↑Apcs, ↓F13a1, ↑C3, ↑Cfb, ↑Cfhr1

Complement/coagulation (n = 4):
↑AI182371, ↑F2, ↓F13b, ↓Mbl1

Complement/coagulation (n = 3): ↑Cfh,
↓Klkb1, ↓Serpinc1

Blood coagulation (n = 6): ↑Serpina10,
↓Gp1ba, ↑Gp5, ↑Itih3, ↑Pros1 $, ↓Proz

Blood coagulation (n = 3): ↓Hgfac, ↑Hrg
‡, ↓Itih1

Lipoprotein/lipid metabolism (n = 5):
↓ApoA2, ↓ApoC2, ↓Azgp1, ↓Pgp, ↑Pltp

Lipoprotein metabolism (n = 4):
↓Afm, ↑ApoD, ↑ApoM, ↑Lcat

Lipoprotein metabolism (n = 4): ↓ApoA1,
↑ApoB, ↓ApoC1, ↓Pon1

Protein turnover (n = 5): ↓Apeh, ↓Mug2,
↓Serpina3m, ↓Uba1, ↓Uba52 Protein turnover (n = 1): ↑Fetub Protein turnover (n = 1): ↓Mug1

Other proteins (n = 8):
↓Atic, ↓Nme1, ↓Pnp (purine metabolism),
↓Tpi, ↓Tkt (glucose metabolism),
↓Ran # (nucleoplasmic transport),
↓Rbp4 (retinol transport),
↓Spp2 (bone remodeling)

Other proteins (n = 3):
↓Aldoa, ↓Ldha (glucose metabolism),
↓Lifr (tissue regeneration)

Other proteins (n = 2):
↓Bpgm (glucose metabolism),
↓Ica (carbonic anhydrase inhibitor)

* Up and down arrows indicate the direction of change in protein levels. # Proteins affected also in mouse
brain [58]. $ Enriched in, or ‡ largely excluded from, PON1-containg HDL subfraction of normal human HDL [16].
Bold font indicates proteins identified as components of HDL. Adapted with permission from ref. [114]. Copyright
2021 by Elsevier, Inc.

Eleven of the proteins (12%) affected by the Pon1−/− genotype in HHcy mice (ApoA1,
ApoA2, ApoC1, ApoC2, Pltp, Saa1, Saa2, Alb, A2m, Pros1, and Pon1) are the components
of HDL [10,130], some of which were found to be enriched in the PON1-containg HDL
subfraction (Alb, Clu, A2m, and Pros1) [16]. Phospholipid transfer protein (Pltp), found to
be upregulated in Pon1−/− HHcy mice (Table 6), regulates the size/composition of HDL
in the circulation and controls plasma HDL levels [133]. These findings show that Pon1
affects the expression of plasma proteins involved in oxidative stress, inflammation, and
other processes linked to CVD. The dysregulation of these processes may account for the
pro-oxidant and pro-atherogenic phenotypes associated with attenuated PON1 levels in
humans [28] and mice [55].

Nineteen oxidative stress-related proteins such as Parkinson disease protein 7 (Park7,
DJ-1), peroxiredoxin-2 (Prdx2), peroxiredoxin-6 (Prdx6), and thioredoxin (Txn) were signifi-
cantly downregulated, while seven inflammatory response proteins were upregulated in
HHcy Pon1-depleted mice (Table 6). The impairment of anti-oxidant and anti-inflammatory
defenses caused by changes in the expression of oxidative stress- and inflammation-related
proteins can account for the increased oxidative stress and inflammation observed in
Pon1−/− mice [55] and in humans with low activity of PON1 [28].

6. Conclusions

Transcriptomic and proteomic analyses provided new insights regarding PON1 func-
tion by identifying the proteins and molecular pathways influenced by PON1 depletion
or PON1 overexpression. Accumulating evidence shows that changes in PON1 expres-
sion/activity influence both extracellular and cellular proteostasis by impairing epigenetic
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regulation, upregulating mTOR signaling, and inhibiting autophagy. Pon1 depletion in-
duces oxidative stress and inflammation by influencing the expression of genes involved in
these processes. The changes in gene expression caused by low PON1 expression/activity
levels are exacerbated by the metabolic stress of hyperlipidemia or hyperhomocysteine-
mia. Although these changes are linked to CVD, Alzheimer’s disease, and cancer, the
molecular mechanisms by which PON1 affects gene expression remain to be elucidated in
future studies.
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Abstract: Japanese adults typically have healthier lipid profiles than American and European adults
and a lower prevalence and later onset of atherosclerotic cardiovascular disease (ASCVD). Many
Japanese also have uniquely elevated levels of high-density lipoprotein cholesterol (HDL-C). The
following analysis examined the relationship between HDL-C level and HDL-C peroxide content, a
bioindicator of unhealthy lipid metabolism in Japanese adults. Blood samples were collected from
463 participants, 31–84 years of age, who lived in Tokyo. A second blood sample was collected
5 years later from 241 of the participants, allowing us to evaluate the temporal stability of the inverse
correlation between HDL-C level and HDL-C peroxide content. Glucoregulation and inflammatory
activity were assessed because both can be associated with dyslipidemia and HDL-C dysfunction.
Obesity and central adiposity were also considered. Overall, women had healthier HDL-C profiles
than men. Elevated HDL-C (>90 mg/dL) was common (16.6%) and found more often in women.
Higher HDL-C peroxide content was associated with older age and central adiposity and incremented
further when HA1c and CRP were higher. When assessed 5 years later, lower HDL-C peroxide content
continued to be evident in adults with higher HDL-C. While similar associations have been described
for other populations, most Japanese adults typically had healthier levels of HDL-C with lower
HDL-C peroxide content than previously reported for American adults.

Keywords: Japan; high-density lipoprotein cholesterol; HDL peroxide content; aging; sex; obesity;
lipid peroxidation

1. Introduction

Ever since the seven countries study was initiated in the 1950s, it has been known
that there is a lower prevalence of atherosclerotic cardiovascular disease (ASCVD) in Japan
than in many other countries, and that most Japanese adults typically have healthier lipid
profiles than found in other populations [1–3]. Some health benefits can be attributed to
the Japanese diet and the relatively low occurrence of obesity [4–6]. In addition, there are
national programs that encourage engagement in physical activity, including walking, and
an effective universal health care delivery system. However, there is also evidence for
a genetic basis for some population-level differences in lipid physiology. Many studies
have documented that lipid profiles are already distinct in young Japanese children [7,8].
Similarly, while cholesterol levels change when Japanese adults reside in other countries
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and eat the local cuisine, their cholesterol values and disease risks continue to differ from
the indigenous populations [9–13]. Historically, elevated levels of low-density lipopro-
tein cholesterol (LDL-C) were considered the primary risk factor for the pathogenesis of
ASCVD [14,15]. However, there is now an increased awareness of the importance of the
atheroprotective benefits of HDL-C and the deleterious consequences of having low levels
of HDL-C [16]. Many Japanese adults have higher levels of HDL-C than typically seen in
other populations [17–19]. The following analysis was designed to further characterize
the lipid profiles of middle-aged and older adult residents of Tokyo with a focus on HDL-
C. This assessment provided an opportunity to examine whether the benefits of higher
HDL-C would increase in a linear and progressive manner or if there would be a bipha-
sic association with health and HDL-C peroxide content when HDL-C levels were very
elevated [20–22]. Studies of European and American adults have indicated that elevated
HDL-C levels may be associated with an increased hazard risk for all-cause mortality,
suggestive of dysfunctional HDL-C, although the specific link to ASCVD is usually more
evident when HDL-C is low [23,24].

The anti-atherogenic benefits of HDL-C are due primarily to its involvement in the ef-
flux of cholesterol from peripheral tissues and the reverse transport of this excess cholesterol
to the liver for excretion by the gut, which limits deposition on the vasculature and reduces
lipid accumulation in activated macrophages. HDL-C also has additional anti-oxidative and
anti-inflammatory functions, moderating the oxidation of LDL-C [25]. HDL-C can become
dysfunctional with the onset of Type 2 diabetes and fatty liver disease, and its beneficial
actions can be undermined by unhealthy lifestyles, such as excessive alcohol consumption,
and by increased inflammatory activity [26–28]. The health-promoting actions of HDL-C
are associated with its particle size and composition, which can be impacted by oxidative
stress, leading to lipid peroxidation and a build-up of reactive oxygen species, hydrogen
peroxides, and superoxides [29–31]. One novel feature of the biomarker panel employed in
our analyses was the inclusion of an assay to index lipid peroxidation by determining the
peroxide content of HDL-C. This cell-free, fluorometric method was developed originally
to evaluate the side effects of anti-viral treatments on cholesterol structures and levels in
HIV-infected patients [32]. It was also shown to sensitively reflect improvements in lipid
metabolism in obese patients after bariatric surgery and weight loss [33]. The protocol was
then adapted for high throughput processing of sera to examine the peroxide content of
HDL-C in a survey of middle-aged and older Americans [34]. That study showed that
HDL-C peroxide content was associated with the adverse effects of obesity, diabetes, and
aging on lipid metabolism.

The primary aim of the following analysis was to evaluate the lipid and health profiles
of adult Japanese residents of Tokyo and to investigate the influence of age and sex. The
effects of adiposity, poor glycemic control and increased inflammatory activity were also
examined as possible mediators of the variation in lipid profiles. In addition, a further
goal was to explore the potentially distinctive aspects of lipid physiology in Japanese
adults who had particularly high HDL-C levels. There have been many prior reports on
Japanese adults with HDL-C elevated above 80–90 mg/dL [35,36], which were linked
to the actions of genes associated with cholesteryl ester transfer protein (CETP). CETP
transfers cholesterol from HDL-C to apolipoprotein-B, containing lipoproteins (i.e., VLDL
and LDL) [36]. Patients with CETP deficiency were first identified in Japan in 1985 when
examining individuals who had extremely high HDL-C [37]. Several studies have indicated
that some CETP polymorphisms convey a risk for poor health, but the findings specifically
on hypertension and ASCVD are inconsistent. Our analyses compared adults with HDL-C
levels above 90 mg/dL to participants with HDL-C in the more typical range, specifically
to assess the possible association with HDL-C peroxide content.
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2. Methods

2.1. Participants

The 463 participants (247 female and 216 male) were a subset of 1684 middle-aged and
older adults in the Midlife in Japan (MIDJA) study. They were recruited with random survey
methods in 2008 and 2013 to represent the age and sex composition of the 23 residential
wards of Tokyo (Table 1). Demographic variables and information about psychological
measures and the use of prescription medications were obtained from all respondents by a
questionnaire [38]. Individuals who consented to participate in the biomarker subproject
provided blood samples at either a medical clinic or a laboratory at the University of Tokyo.
The mean age of adults in this lipid profile analysis was 56.4 years (S.D. = 13.9 years,
range: 31–84 years). Blood samples were also obtained 5 years later from 241 of the adults
recruited in 2008, providing an opportunity to assess the stability of their lipid profiles.
All procedures were approved by the Health Sciences Institutional Review Board at the
University of Wisconsin as well as re-reviewed and approved by the Ethics Committee at
the University of Tokyo (see IRB Statement and Informed Consent Statement for details).

Table 1. Number of female and male participants at the first biomarker assessment and the longitudi-
nal follow-up 5 years later. Number of individuals who reported taking prescription medications or
supplements that could have cholesterol-lowering effects is also shown.

Baseline Follow-Up
Female Male Total Female Male Total

Participant Number 247 216 463 138 103 241
No/Yes Meds * 30/217 18/198 48/415 16/172 8/95 41/217

* Medicine and supplement use was considered as a covariate in the regression modeling.

2.2. Demographic Information and Prescription Medications

Age, sex, marital status, and educational attainment were determined for all partic-
ipants. The average age and sex distribution in the biomarker subproject did not differ
from that of the participants in the general survey. The statistical modeling of biological
predictors of HDL-C peroxide content included a covariate for prescription medication use,
based on the self-reporting of drugs and/or supplements that might have lipid-lowering
actions (e.g., antihyperlipidemic agents, cholesterol absorption inhibitors, HMC-CoA re-
ductase inhibitors, bile acid sequestrants, fibrates, niacin, and omega-3). Forty-eight of the
463 participants reported taking one or more of these medications and supplements.

2.3. Sample Collection

Blood was obtained from 247 women and 216 men for the biomarker assessments.
Because many participants worked, it was not possible to obtain samples in the very early
morning following an overnight fast. However, recent studies have shown that fasting has
only a modest effect on total cholesterol and HDL-C test results, with the consumption
of a recent meal primarily affecting triglyceride levels [39,40]. Over 95% of the samples
were collected between 0900 and 1145, with most of the remainder by 1330. Only 8 samples
were collected in the afternoon, all before 1530. During the visit, height and weight were
measured and used to calculate body mass index (BMI, weight/height, kg/m2). Waist
circumference was determined as an indicator of central adiposity. Systolic and diastolic
blood pressure was also recorded during the visit.

2.4. Lipid Panel and HDL-C Peroxide Content

A traditional lipid panel, including total cholesterol, HDL-C, LDL-C, and triglyceride
levels (mg/dL), was obtained at the clinical laboratory of the Showa University School
of Medicine (Tokyo, Japan). In addition, frozen sera were stored in an ultracold freezer
and shipped using an overnight courier on dry ice for analysis in the United States. One
hundred lipid panels were ordered from a CLIA-certified clinical laboratory (Unity Health-
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Meriter Laboratory, Madison, WI, USA) to confirm that the lipid values determined in
Tokyo were comparable to diagnostic testing in the U.S. (Figures S1 and S2).

The assays to determine HDL-C peroxide content were all conducted at one laboratory
(Biomarker Core, Madison, WI, USA). The methods for generating this measure of lipid
peroxidation have been published previously [32]. Briefly, a fixed volume protocol was
adapted from the fluorescence assay used to assess HDL-C composition in patients, both
lipid dysfunction in HIV-infected individuals on anti-viral medications, as well as the
beneficial changes in obese adolescents after bariatric surgeries and weight loss [32,33].
Adaptations to optimize procedures for high throughput processing included the use
of 96-well, Greiner polypropylene round bottom plates (Sigma-Aldrich, Milwaukee, WI,
USA), and the inclusion of a positive control with purified HDL-C on each plate (Lee
Biosolutions, Maryland Heights, MO, USA). The control HDL-C was maintained at a stock
concentration of 2070 mg/dL and diluted to working concentrations of 300 mg/dL using
0.15 NaCl for each assay. Participant samples were assayed in triplicate on the same plate
(CV < 0.5%). Sera were prepared by depleting apoB-containing particles via precipitation
using dextran sulfate and magnesium chloride at concentrations of 2 μM and 50 mM,
respectively (Millipore Sigma, Burlington, MA, USA). Fluorescence was measured with
a Biotek Synergy H1 fluorimeter (Agilent, Santa Clara, CA, USA) at 530 nm and 590 nm
wavelengths, and fluorescence at 2 h was used in the analysis. Quantification of HDL-C
for the HDL-C positive control and ensuring HDL-C levels in the serum aliquots were
concordant with the clinical laboratory value were performed with a WAKO Cholesterol E
kit (Fujifilm Pure Chemical Corp., Tokyo, Japan), using a MRXe DYNEX microplate reader
(Magellan Biosciences, Chantilly, VA, USA). HDL peroxide content values were generated
with the following calculations:

1. Fluorescence in sample minus fluorescence in blank = peroxidized HDL-C in partici-
pant sera, quantified in fluorescence units (FU).

2. FU/ HDL-C in sample = normalized peroxidized HDL-C per 1 mg/dL HDL-C
(FU/mg HDL-C), the primary unit of quantification.

3. HDL-C peroxide content = normalized, peroxidized HDL-C per 1 mg/dL HDL-C in
sera (FU per mg/dL HDL-C)/ standardized HDL-C peroxide content in a purified
reference control. Steps 2 and 3 were performed with respect to the HDL-C level
in the sera. The same pool of purified HDL-C was included in every assay as a
common reference point for harmonizing values across assays given the large number
of samples.

2.5. Additional Biomarkers

Glycosylated hemoglobin (HA1c) was determined from fresh, whole blood on the
day of collection at the clinical laboratory of the Showa University School of Medicine
(Tokyo, Japan). To ensure comparability with the diagnostic values generated by clinical
laboratories in the U.S., aliquots from 10 blood samples were shipped overnight on cold
refrigerant blocks and tested on arrival at the Unity Health-Meriter Laboratory (Madison,
WI, USA). HA1c was determined by using a turbidimetric immunoinhibition assay. The
test results from the two laboratories were highly correlated (r = 0.85, p < 0.01), but because
the assay calibration scales were different, an algorithm was generated to calibrate the
values to match HA1c testing in U.S. clinical studies (Figure S3). This adjustment did not
change the relative ranking of HA1c values, nor alter the position on the continuum from
low to high. A cutoff of 6.5% was used to identify individuals showing signs of insulin
resistance and poor glycemic control [41].

Serum IL-6 levels were determined by a high-sensitivity enzyme-linked immunosor-
bent assay (Quantikine ELISA, R&D Systems, Minneapolis, MN, USA), with a lower
sensitivity of detection at 0.16 pg/mL. All values were quantified in duplicate; values
over 10 pg/mL were re-run in diluted sera to fall on the standard curve. The intra-assay
coefficient of variance (CV) was 4.1%, and the inter-assay CV was 12.9%. High-sensitivity
CRP was assessed with a particle-enhanced immunonepholometric assay at the Laboratory
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of Clinical Biochemistry Research (University of Vermont, Burlington, VT, USA). Briefly,
polystyrene particles were coated with monoclonal antibodies to CRP, which resulted in
an antigen agglutinate in the presence of CRP and increased light intensity, which was
quantified with a BNII nephelometer (Seimans Healthcare Diagnostics, Deerfield, IL, USA).
The assay range was 0.16–1100 mg/L; the intra-assay CV range was 2.3–4.4%, and the
inter-assay CV ranged from 2.1 to 5.7%.

2.6. Statistical Analysis

Descriptive statistics, including means and variance indices, were generated for all
variables and examined for outliers. Predictors and endpoints evincing skewness were
log-transformed to normalize the distribution. Data from all participants were retained to
include the continuum from healthy to unhealthy and to ensure the findings were repre-
sentative of the adult residents in Tokyo. Sex and age differences in predictor and endpoint
variables were examined initially with two-way analyses of variance (ANOVA: female vs.
male in 3 age categories, <50, 51–64, >65 years, respectively). To interrogate the primary
predictors of HDL-C peroxide content, a series of six hierarchical regression models were
run, sequentially adding in the following predictors: sex (male as reference), age, HA1c,
CRP, waist circumference, and non-HDL-C. The possible influence of lipid-lowering medi-
cations and supplements that could affect HDL-C level and compositions was considered
by including a binary covariate in the modeling (i.e., Yes/No for use of antihyperlipidemic
agents, cholesterol absorption inhibitors, HMC-CoA reductase inhibitors, bile acid seques-
trants, fibrates, niacin, omega-3, etc.). Differences in HDL-C peroxide content between
adults with extremely high HDL-C and those with HDL-C in a more typical range were
then compared by a 3-way ANOVA, including HDL-C level (<89 and >90 mg/dL), gender
(female vs male) and age (3 levels: <50, 51–64, >65 years), as the between factors. For the
participants who provided a second blood sample at follow-up 5 years later, variations in
HDL-C and HDL-C peroxide content over time were evaluated with a repeated measures
ANOVA. The lipid profiles and HDL-C peroxide content at the two time points were com-
pared in the adults with lower and elevated levels of HDL-C. Pairwise comparisons were
conducted with the Pearson’s r test. The alpha value for attaining statistical significance
was set at <0.05.

3. Results

3.1. Descriptive Statistics

As shown in Table 2, the mean age of the participants at the initial recruitment
was 56.4 years, with a range of 31–84 years. The adiposity measurements indicated that
obesity with a BMI over 30, or even 25, was not common, but the assessment of waist
circumference conveyed that central adiposity increased with age and was more evident
in men than women. Mean systolic and diastolic blood pressures were also higher in
males and evinced a similar trend to increase with age. Glycemic control, as reflected by
glycosylated hemoglobin levels (HA1c), was considered as one of the biological predictors
in the statistical modeling of HDL-C peroxide content. Based on HA1c values over 6.5%
(>48 mmol/mol), and participant reports of physician-diagnosed diabetes, the prevalence of
poor glycemic control was 7%. However, only seven female participants met these criteria,
and they were older adults with a mean age of 66.9 years. Forty-eight of the 458 participants
reported using prescription drugs and/or supplements that could have lipid-lowering
effects. For that reason, medication use was included as a covariate in the regression models
that examined predictors of HDL-C peroxide content. Participants taking medications
were more likely to be older. Their mean age was 66.6 years as compared to 55.4 years for
those not taking medications. It is also noteworthy that the HDL-C peroxide content was
higher in the participants who reported taking lipid-lowering and/or hypertensive drugs
(9.27 +/−0.63 vs. 7.83 +/−0.17, p < 0.007). Thus, these medications did not account for
a reduction in the HDL-C peroxide content when HDL-C levels were high. Instead, the
results suggested that higher HDL-C peroxide content was associated with poorer health.
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Table 2. Descriptive summary of demographic and biomarker variables.

p Values
Female (n = 247) Male (216) Sex Age **

Age (yr) 55.1 (0.9) * 58.0 (0.9) 0.025 -
BMI (kg/M2) 21.7 (0.2) 23.8 (0.2) 0.002 0.0001
WC (cm) 70.9 (0.5) 82.0 (0.6) 0.001 0.0001
HA1c 5.7 (0.03) 5.9 (0.01) NS NS
CRP (nmol) *** 5.3 (0.7) 14.1 (2.2) 0.04 NS
IL-6 (pg/mL) 1.5 (0.1) 1.9 (0.2) 0.05 NS

Total Chol (mg/dL) 209.4 (2.3) 202.8 (8.7) NS 0.0003
HDL-C (mg/dL) 79.0 (1.2) 61.7 (1.2) 0.0001 0.0001
LDL-C (mg/dL) 119.7 (2.3) 118.9 (2.5) NS NS
Non-HDL-C (mg/dL) 130.4 (2.3) 143.9 (2.9) NS 0.004
Triglyceride (mg/dL) **** 109.5 (3.5) 164.0 (7.9) 0.0008 0.05
HDL-C peroxide (FU) ***** 7.4 (0.2) 8.7 (0.3) NS 0.0001

Systolic (mmHg) 120.5 (1.2) 130.3 (1.32) 0.0001 0.0001
Diastolic (mmHg) 74.8 (0.7) 80.3 (0.7) 0.0001 0.0001

* Mean (+S.E.) values. ** Significant effects of Age are shown; the extent of some age effects differed by Sex.
*** Mean CRP in metric units was 0.56 (0.07) and 1.48 (0.23) mg/L, respectively). **** TG values may have been
influenced by the collection of non-fasted samples. ***** HDL-C peroxide content was quantified in fluorescence
units (FU) and calibrated with respect to the level of HDL-C in the sera.

The two inflammatory proteins, CRP and IL-6, were typically low, but the circulating
levels of both were significantly higher in men than women (Table 2). Because CRP and IL-6
levels were highly correlated (r = 0.57, p < 0.001), only CRP was included in the prediction
modeling of HDL-C peroxide content. The lipid values of the MIDJA participants were
generally in keeping with previous publications on middle-aged and older Japanese adults.
Total cholesterol levels were high, often above 200 mg/dL, but HDL-C was a relatively large
contributor. High levels of HDL-C moderated the proportion accounted for by non-HDL
cholesterol. Although LDL-C values tended to be above norms reported for some other
countries, they did not differ between women and men, nor did the level of LDL-C increase
significantly with age. In contrast, the triglyceride levels were significantly higher in men
than women and did increase with age.

3.2. Effects of Sex and Age on HDL-C and HDL-C Peroxide Content

As shown in Figure 1, women had significantly higher levels of HDL-C than men,
especially among the female participants younger than 50 years of age. There was also a
significant effect of sex on HDL-C peroxide content, which was more pronounced in the
women younger than 64 years of age. HDL-C levels tended to decline with age whereas
the HDL-C peroxide content increased with age.

3.3. Predictors of HDL-C Peroxide Content

A hierarchical regression analysis was performed to further explore the influence of
age and sex on HDL-C peroxide content, and to probe the additional effects of other factors
on this measure of oxidized HDL-C (Table 3). An initial bivariate analysis affirmed the
significant effect of sex: being female was associated with lower HDL-C peroxide content
(Model 1). When age, which was associated with higher HDL-C peroxide content, was
added, the model fit improved (Model 2). The previously detected beneficial effect of being
female remained significant. HA1c and CRP, two biomarkers associated with dyslipidemia
and HDL-C dysfunction, were then added sequentially to the model. The inclusion of
biomarkers indicative of poor glycemic control and inflammatory activity improved the
R2 value without significantly affecting the p-value of the overall model (Models 3 and
4, respectively). They did not lessen the influence of sex on HDL-C peroxide content but
reduced the amount of variance accounted for by age. Upon adding waist circumference,
which was highly correlated with HDL-C peroxide content, the association between sex and
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HDL-C peroxide content no longer retained significance (Model 5). However, the overall
model’s R2 improved. Moreover, this effect was enhanced further by adding non-HDL
cholesterol to the model (Model 6). The level of non-HDL cholesterol was directly associated
with HDL-C peroxide content, and its inclusion improved the model fit, independent of
the effects of gender on HDL-C peroxide content.

Figure 1. Mean (+/− S.E.) HDL-C and HDL-C peroxide content in female and male adults stratified
by age (n = 247 and 216, respectively). Women had significantly higher levels of HDL-C and lower
HDL-C peroxide content than men ((A,B), respectively). Information on other lipids in the panel
is provided in Table 2. Participant ages are shown in three categories (<50, 51–64, and >65 years)
to illustrate the influence of age, but age was treated as a continuous, parametric variable in the
regression models. Asterisk (*) indicates the significant difference between females and males.

Table 3. Hierarchical regression models assessing 6 predictors of HDL-C peroxide content in middle-
aged and older Japanese adults.

HDL-Cperox
Sex

(Male Ref )
Age HA1c CRP

Waist
Circum.

Non-
HDL-C

Model
p-Value

Adjusted
R2

Model 1
Coeff −0.141

8.9 × 10−5 0.031
P 8.9 × 10−5

Model 2
Coeff −0.133 0.003

5.7 × 10−5 0.037
P 2.1 × 10−4 0.041

Model 3
Coeff −0.127 0.002 0.365

4.0 × 10−5 0.043
P 4 × 10−4 0.201 0.062

Model 4
Coeff −0.108 0.001 0.358 0.027

3.0 × 10−5 0.047
P 3.6 × 10−4 0.330 0.067 0.085

Model 5
Coeff 0.004 0.007 0.202 0.009 0.011

1.2 × 10−8 0.085
P 0.927 0.618 0.301 0.558 1.2 × 10−5

Model 6
Coeff −0.003 0.000 0.106 0.012 0.009 0.002

8.7 × 10−11 0.109
P 0.941 0.852 0.584 0.447 5.3 × 10−4 2.9 × 10−4
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3.4. Prevalence of Elevated HDL-C and Its Effect on HDL-Peroxide Content

Many Japanese adults had particularly high levels of HLD-C. Values over 90 mg/dL
were categorized as elevated, and the potential influence on HDL-C peroxide content was
examined. As shown in Table 4, this categorization yielded two dichotomous subgroups
with significantly different mean levels of HDL-C (64.4 vs. 103.6 mg/dL, p < 0.0001). In
addition, the 77 participants (16.6%) with elevated HDL-C also had significantly lower
levels of HDL-C peroxide content (5.8 vs. 8.4 FU, p < 0.0001). The individuals with
elevated HDL-C did not show overt signs of poor health or hypertension, nor did their
circulating levels of CRP and IL-6 differ (Table 4). They also had smaller BMIs and waist
circumferences, and lower HA1c levels than did the adults with HDL-C levels below 89
mg/dL.

Table 4. Biomarker values in Japanese adults with HDL-C in the typical range (<89 mg/dL) compared
to participants who had elevated HDL-C (>90 mg/dL).

<89 mg/dL >90 mg/dL

(n = 386) (n = 77) p
Total Chol (mg/dL) 203.4 (1.9) * 224.7 (3.9) 0.003
HDL-C (mg/dL) 64.4 (0.8) 103.6 (1.4) 0.0001
LDL-C (mg/dL) 119.3 (1.7) 115.1 (3.6) NS
Non-HDL (mg/dL) 138.9 (2.0) 121.1 (4.2) 0.004
Trig (mg/dL) 141.3 (5.0) 102.2 (5.6) 0.05
HDL-C peroxide (FU) ** 8.4 (0.2) 5.8 (0.2) 0.0001

BMI (kg/M2) 23.1 (0.2) 20.5 (0.2) 0.0001
WC (cm) 78.0 (2.5) 69.2 (0.8) 0.0001
HA1c (%) 5.9 (0.04) 5.7 (0.04) 0.0019
CRP (nmol) 9.9 (1.3) 7.1 (2.2) NS
IL-6 (pg/mL) 1.8 (0.1) 1.4 (0.1) NS
Systolic BP (mmHg) 125.9 (1.0) 120.5 (2.3) NS
Diastolic BP (mmHg) 78.1 (0.6) 73.8 (1.3) NS

* Mean +S.E. values are shown. HDL-C and HDL-C peroxide content highlighted in Bold font. ** HDL-C peroxide
content was quantified in fluorescence units (FU) and calibrated with respect to the level of HDL-C in the serum
sample. HDL-C peroxide content was significantly lower in adults with very high levels of HDL-C.

Differences between the participants with elevated HDL-C, compared to adults with
HDL-C in more typical ranges, are illustrated in Figure 2. The graphs also show the
influence of sex and age on the association between the HDL-C level and HDL-C peroxide
content. Although an influence of being female on HDL-C peroxide content is evident, the
large effect of elevated HDL-C is predominant. There was some synergism with the effect
of sex because participants with elevated HDL-C were more likely to be female (25.1% of
the females versus 6.9% of the males had HDL-C over 90 mg/dL). When the participants
were subdivided into three age categories from youngest to oldest adults, the pervasive
relationship between very high levels of HDL-C and lower HDL-C peroxide content was
still evident in both women and men. Delineating the lipid data by both sex and age
highlighted that low levels of HDL-C peroxide content were most prominent in younger
women. It also revealed that the age-related increases in HDL-C peroxide content were
clearer in women than men, a maturational trend that was evident in both the women with
lower and with elevated HDL-C level.
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Figure 2. Average levels of HDL-C and HDL-C peroxide content in Japanese adults with HDL-C
below 89 mg/dL and with elevated above 90 mg/dL, stratified by age ((A,B), respectively). Means
and S.E. are shown for three age categories. Women had significantly higher levels of HDL-C than
men, and a higher percent of the adults with elevated HDL-C were female. Higher HDL-C levels were
associated with lower HDL-C peroxide content, and middle-aged women had significantly lower
levels of HDL-C peroxide content than men. Asterisk (*) indicates significant difference between
participants with HDL-C levels below 89 mg/dL and above 90 mg/dL.

3.5. Stability of Elevated HDL-C and Lower HDL-C Peroxide Content over Time

The persistence of individual differences in HDL-C levels and HDL-C peroxide content
was assessed further in the 241 adults who participated in the follow-up analysis. Their
mean age at the initial recruitment in 2008 was 55.8 (0.9) years, and they were 60.5 (0.9)
years of age at follow-up. Figure 3 shows that their levels of total cholesterol and HDL-C
remained similar and were consistent at the two assessments (r = 0.59, p < 0.001; r = 0.77,
p < 0.001, respectively). Their HDL-C peroxide content values were also significantly
correlated at the two assessments (r = 0.47, p < 0.001). The 43 participants with follow-up
samples who had elevated HDL-C (>90 mg/dL) at the first collection also continued to
have higher total cholesterol and HDL-C levels and lower HDL-C peroxide content at the
second assessment than did the 198 adults with HDL-C values below 89 mg/dL when the
first blood was collected (p < 0.0001).

Figure 3. Scatterplots showing the stability of total cholesterol (A) and HDL-cholesterol levels (B)
in the 241 participants evaluated during the initial recruitment phase in 2008 and then at follow-up
5 years later. HDL-C levels are conveyed with gray-fill in the circles.
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4. Discussion

Our findings on cholesterol levels in middle-aged and older Tokyo residents align
with many previous studies, which showed that the lipid profiles of Japanese adults are
generally healthier than those of European populations as well as other East and South
Asian countries [42–44]. In particular, the prevalence of high levels of HDL-C in Japan
is distinctive and contributes to a comparatively high total cholesterol level that is often
above 200 mg/dL [45]. Total cholesterol test results in this range are typically considered
unhealthy in other populations due to elevated levels of LDL-C and triglycerides. Given
the occurrence of so many high total cholesterol and HDL-C values, we verified that the
cholesterol values generated by the clinical laboratory in Tokyo were comparable to test
results when the sera were tested again at a CLIA-certified clinical laboratory in the United
States (Figures S1 and S2).

In keeping with expectations, women had healthier lipid profiles than men [45,46].
Sex differences in lipid values were associated with the two measures of adiposity, which
highlighted the low BMIs and smaller waist circumferences of most Japanese women [47].
In addition, there were sex differences in the levels of the two protein measures of inflam-
matory activity, CRP and IL-6, as well as in the levels of HA1c, the bioindicator of glycemic
control, which can adversely impact lipid metabolism [48–52]. However, it should be
reiterated that CRP and IL-6 levels generally tend to be low in both Japanese women and
men, and the prevalence of Type 2 diabetes in the MIDJA participants was only 7% [41].

Higher levels of HDL-C were associated with lower HDL-C peroxide content. But
it should be acknowledged that there have been mixed findings on whether extremely
elevated levels of HDL-C are associated with an increase in ASCVD morbidity and mortal-
ity [20–24]. For example, one study of patients with ASCVD found that elevated HDL-C
was associated with an increased hazard risk for all-cause mortality, but the association
between HDL-C levels and cardiovascular disease was linear, with an increased risk evident
only in patients with low HDL-C [24]. Within our study population, comprised primarily
of healthy adults, we did not detect the clinical conditions evident in some patients with a
hyperalphaliproteinemia diagnosis (HALP) [53]. However, we did not use genotypes to
identify the participants with CETP alleles that underlie the elevated HDL-C levels that
often occur in many HALP patients. It has been estimated that CETP mutations and the
resulting deficiency of CETP may be present in over 30% of Japanese adults who have
HDL-C elevated above 80 mg/dL [54,55]. We did not detect any negative consequences of
maintaining elevated HDL-C over time among the adults who provided a second blood
sample 5 years later. In fact, the adults in the follow-up who had elevated HDL-C above
90 mg/dL had lower blood pressures and HA1c levels. They also had lower BMIs and
smaller waist circumferences and tended to have lower CRP and IL-6 levels.

This follow-up assessment demonstrated the stability of the association between
higher levels of HDL-C and lower HDL-C peroxide content. However, it should be noted
that in the MIDJA participants, very high HDL-C levels occurred more commonly in
women than men. HDL-C levels above 90 mg/dL were found in 25.1% of the women
versus 6.9% of the men, a sex difference found by others [56]. There was also a pronounced
sex difference in the HDL-C peroxide content, which was most evident in the Japanese
women younger than 50 years of age. Given that higher HDL-C levels and low HDL-C
peroxide were prominent in the younger women, it may reflect the health-promoting effects
of estrogen in premenopausal women [48,49]. The healthier lipid profiles of the younger
women contributed to clearer age-related trends in HDL-C and HDL-C peroxide content in
the female participants, although the rise in central adiposity among many older Japanese
men was associated with their higher HDL-C peroxide content.

4.1. Limitations

While our findings on the predictors of HDL-C level and HDL-C peroxide content are
in keeping with the common risk factors for ASCVD, including age, sex, obesity, diabetes,
and inflammatory activity [42–45], we should acknowledge several limitations. First, we
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did not obtain detailed dietary records. It is known that nutrition, as well as exercise, can
have strong effects on lipid metabolism [57–59]. In addition, we had reported previously
that adherence to more traditional diets and lifestyle practices, including drinking green
tea, eating seafood regularly, and partaking in relaxing hot baths, reduced the inflammatory
physiology of participants in the MIDJA [60]. The current analysis also did not consider
the many psychosocial and economic factors that can influence cholesterol levels and risk
for ASCVD [61]. The prevalence of ASCVD and diabetes is also known to vary across cities
and to differ between urban and rural areas of Japan, reflecting the important effects of
socioeconomic factors. Social processes associated with psychological well-being and stress
were a major focus of the MIDJA, so these variables can be integrated into future analyses.
We consider the current findings to be formative and foundational to further investigation.

Importantly, we should also acknowledge another limitation, which is that we did
not include paraoxonase-1 (PON-1) in the biomarker panel. Many constituents of HDL
are responsible for its role in preventing atherosclerosis, but PON-1 is among the most
important of the lipid-modifying features, accounting for its antioxidant activity, anti-
inflammatory, anti-thrombotic, and anti-adhesion properties [62]. Several different PON-1
polymorphisms have been identified in the Japanese population and have been linked to a
differential risk for atherogenic dyslipidemia, diabetes, diabetic microvascular complica-
tions, stroke, and osteoporosis [63–69]. In addition, PON-1 polymorphisms are associated
with a differential sensitivity to salt, which is high in Japanese cuisine, and salt intake
contributes to hypertension and risk for stroke [70]. The vulnerability of older Japanese
adults to cerebral infarction has also been linked to high triglyceride levels [71,72]. While
triglyceride values were determined and were in the typical range for Japanese adults,
we did not incorporate them into the current analysis because the levels may have been
influenced by not being able to collect blood after an overnight fast.

4.2. Conclusions

Notwithstanding these caveats and the need for additional research, to our knowledge,
this study is the first to investigate lipid peroxidation of HDL-C among Japanese adults
in a large-scale and representative manner. The ability to employ the HDL-C peroxide
assay on cryopreserved serum samples made it a useful test for interrogating how HDL-
C may respond to and contribute to metabolic disorders, inflammatory conditions, and
ASCVD. Because the same assay of HDL-C-peroxide content was also used in a survey of
middle-aged and older American adults [34], it provides a unique opportunity to compare
HDL-C levels and HDL-C peroxide content in two countries. As shown in Figure S4,
Japanese adults typically had higher levels of HDL-C and lower HDL-C peroxide content,
suggestive of population-level differences in lipid peroxidation and antioxidant activity. It
is also of interest that women in both countries had lower HDL-C peroxide content, a sex
difference that was particularly evident in both Japanese and African American women.
Furthermore, it was of value to document the cholesterol profiles of adult residents of
Tokyo during the period from 2008 to 2013, proximal to when national health surveys were
conducted [73]. Several investigators have reported that the continuation of dietary changes
in Japan, including the inclusion of more Westernized foods, along with the adiposity that
accompanies the sedentary inactivity of modern life, have led to temporal changes in the
lipid values seen in Japanese adults across the last several decades [74–76]. While our
findings need to be confirmed with tests of in vivo function and an assessment of long-term
clinical outcomes, and the ex vivo determination of HDL-C peroxide content provides only
an indirect measure of HDL-C’s anti-oxidative potential, the findings offer some insight
into how HDL-C will respond and function.

4.3. Clinical Implications

The findings on HDL-C in Japanese adults also affirm the value of considering race
and sex when establishing diagnostic norms and the importance of patient diversity when
conducting clinical trials. Elevated levels of HDL-C were found more often among Japanese
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women, typically without overt clinical symptoms, including hypertension. In addition,
while extreme obesity was uncommon, the results conveyed that a negative influence of
adiposity on lipid metabolism becomes evident in East Asian adults with a lower BMI and
smaller waist circumference than for most European and American adults.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Abstract: The bicuspid aortic valve (BAV) is commonly associated with the early degen-
eration of the aortic valve. Up to 45% of BAV patients over the age of 50 develop aortic
stenosis (AS). Although published data indicate a robust interplay between lipids and
calcific AS in tricuspid aortic valve patients, the studies on the BAV population are lacking.
We aimed to evaluate the association between selected lipid markers and the occurrence
of AS in BAV patients. Methods: The study included 76 adults (21 female) with a BAV
diagnosed by echocardiography, divided by age and AS diagnosis. Biochemical parameters
concentrations in serum were measured: high density lipoprotein cholesterol (HDL-C)
levels by standard enzymatic colorimetric tests, low density lipoprotein cholesterol (LDL-
C) levels by the Friedewald formula, apolipoprotein A-I (Apo AI) and apolipoprotein B
(Apo B) serum concentration by the nephelometric method, and paraoxonase-1 activity
(PON-1 ASE) and arylesterase activity (PON-1 ARE) based on paraoxon and phenyl acetate
hydrolysis. Results: A total of 54 patients (15 female) were more than 45 years old and
22 (6 female) were 45 or less years old. BAV patients with AS aged ≤45 had higher levels
of Apo B, compared to those without AS [110.5 (102–132) vs. 95.6 (77–101) mg/d; p 0.044].
Similarly, Apo B/Apo AI ratio was higher in BAV patients with AS aged ≤45, compared
to those without AS [(0.8 (0.7–1) vs. 0.6 (0.5–0.7); p 0.029]. In the group aged ≤45, Apo
B showed a positive correlation with the aortic valve peak transvalvular velocity (AV
Vmax) measurement (R Spearman 0.6, p 0.004). We found also that, among young BAV
patients, those with AS had a lower level of PON-1 ARE compared to the cohort without AS
[63.4 (52–80) vs. 85.3 (70–102); p 0.012]. We did not find any differences in lipid parameters
in patients aged >45. Conclusions The metabolic link between Apo B level and Apo B/AI
ratio with AS presence in BAV patients under 45 years of age suggests a significant impact
of these parameters on the earlier development of AS in the BAV population. Molecules
associated with high density lipoprotein and its antioxidant function, such as PON1, are
valuable markers for AS development, compared to HDL-C and LDL-C levels.

Keywords: bicuspid aortic valve; aortic stenosis; apolipoprotein B; apolipoprotein A-I;
paraoxonase-1

Antioxidants 2025, 14, 167 https://doi.org/10.3390/antiox14020167
104



Antioxidants 2025, 14, 167

1. Introduction

Bicuspid aortic valve (BAV) is a congenital valvular defect that affects approximately
0.5–2% of the general adult population [1]. The abnormal structure of the leaflets leads
to the development of aortic valve dysfunction, both in the form of regurgitation and
stenosis. Furthermore, an aortic aneurysm often accompanies this condition [2]. As a
consequence, patients with a BAV frequently and at a young age require qualification
for cardiac surgery. In the registry from Olmsted County in Minnesota, observing over
200 individuals with a BAV, the mean age at the time of cardiac surgery was 40 ± 20 years
compared to 67 ± 16 years for patients with a tricuspid aortic valve [3,4]. Overall, up to
50 percent of BAV individuals undergo aortic valve replacement (AVR) [5]. Aortic stenosis
(AS) is a frequent cause of surgery in this group. Calcification of the cusps often occurs
by the age of 40 [4]. The BAV is associated with the occurrence of degenerative AS at a
significantly younger age compared to the population with a tricuspid aortic valve [5,6].

On the other hand, the BAV population remains a heterogenous group, and the
occurrence and course of valve defects in these patients remain unpredictable. While a BAV
may lead to advanced calcification of the aortic valve, we do not observe this process in all
BAV individuals. Therefore, among the BAV population, factors that may be predictors for
the calcified AS have been investigated. Studies evaluating the association between the
morphological type of BAV and the occurrence of valve stenosis have not yielded consistent
results [6,7]. In a meta-analysis involving over 4000 patients, Zhenzhen Mai indicated that a
type of BAV with right-coronary and non-coronary cusps fusion most frequent predisposes
to AS [8]. However, earlier registries did not demonstrate similar results [9]. Uncertainties
in the relationship between aortic valve cusps fusion morphology and the development of
AS highlight the need to focus on modifiable risk factors for valve calcification.

The impact of lipid metabolism disorders on the progression of calcified AS has been
demonstrated in tricuspid aortic valve populations [10,11]. High levels of lipids, especially
low density lipoprotein cholesterol (LDL-C), stimulate a chronic inflammation of the
endothelium resulting in progressive fibrosis and further reduction in the aortic valve area.
It has been shown that apolipoprotein B (Apo B), the main and only essential structural
protein component of low density lipoprotein (LDL), is a more precise marker for assessing
cardiovascular risk than LDL-C levels. Plasma concentration of apo B is a reliable indicator
of the number of atherogenic particles that contribute to the development of atherosclerosis.
Serum Apo B concentrations are also associated with the AS development [12].

The role of high density lipoprotein cholesterol (HDL-C) levels in preventing
atherosclerosis and endothelial dysfunction has been investigated [13]. Recent studies
conducted in patients with tricuspid aortic valve suggest that HDL-C may also play a
significant protective role in the pathogenesis of AS [14]. This connection underscores
broader cardiovascular benefits of high density lipoprotein (HDL) beyond its traditional
anti-atherosclerotic mechanisms. HDL has a multifaceted range of protective functions, in-
cluding neutralizing free radicals and oxidized lipoproteins, facilitating reverse cholesterol
transport, and demonstrating potent anti-inflammatory properties [15]. These mechanisms
not only inhibit vascular damage but also halt the processes of degeneration and calcifica-
tion in the aortic valve [16]. Traditionally, serum HDL-C levels have served as a readily
accessible biomarker for cardiovascular risk assessment. However, elevated HDL-C levels
do not always correlate with its protective function [17]. Moreover, high HDL-C levels may
paradoxically exhibit a pro-inflammatory effect [18]. Increasingly, the evaluation of HDL
antioxidant properties is recognized as a more precise indicator of cardiovascular risk.

A biomarker associated with HDL, paraoxonase-1 (PON-1), an enzyme exhibiting
antioxidant properties and reducing the oxidation of LDL-C, have been studied among
patients with AS. Several different activities of PON-1 were described with research mainly
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focusing on PON-1 paraoxonase (PON-1 ASE) and arylesterase activity (PON-1 ARE), and
their role in the development of cardiovascular disease [19] Z. Wang has demonstrated, on
over hundred patients who underwent AVR, that a lower PON-1 level in aortic valve tissue
may be associated with the progression of calcification in AS [20].

Another marker linked to HDL is apolipoprotein A-I (Apo AI), the main protein
component of HDL. Apo AI plays a key role in cholesterol’s transport, facilitates the
efflux of cholesterol from macrophages in the arterial endothelium, supports antioxidant
processes and regulation of inflammatory reactions, and has been shown an important
indicator of the risk of AS occurrence [21,22].

The Apo B/Apo AI ratio represents the proportion between atherogenic and an-
tiatherogenic lipoproteins in plasma. Thus, it constitutes an accurate marker of cardio-
vascular risk [23]. A correlation between this ratio and the occurrence of AS was also
demonstrated. In a study involving the EPIC-Norfolk cohort, Kang H Zheng’s et al. demon-
strated a correlation between the Apo B/Apo AI ratio and the incidence of AS [24].

Patients with a bicuspid and tricuspid aortic valve may differ in terms of their lipid parame-
ters [25,26]. Moreover, BAV patients may be at higher risk of atherosclerosis and coronary artery
disease occurrence [27]. Finally, BAV patients are not a homogenous group. The studies profiling
the BAV population based on aortic valve function and lipid markers are lacking.

Therefore, we aimed to assess the relationship between the serum concentration of
selected lipid markers and the occurrence of AS among BAV patients in different age groups.

2. Material and Methods

2.1. Group Characteritics

Adult patients with a BAV, diagnosed by echocardiography and admitted to the First
Clinic of Cardiology of Medical University of Gdansk, were enrolled into the study. Exclusion
criteria included active inflammatory process, autoimmune diseases, active oncological dis-
ease, hyperthyroidism, pregnancy, unstable clinical condition (clinical features of circulatory
or respiratory failure), and familial hypercholesterolemia. Patients were divided into two age
groups with an age burden of 45 years. Due to the assessment of the atherogenic markers
impact on the occurrence of AS, this division into age groups was established based on the
age burden defining young coronary artery disease [28,29]. Subsequently, each age group
was divided into two subgroups depending on AS occurrence. Clinical data including age,
anthropometric data (weight and height), chronic diseases (such as hypertension, diabetes
mellitus, coronary artery disease), smoking habit, and statin therapy were collected during
the medical interview. The study protocol was approved by the Local Bioethics Committee
at the Medical University of Gdansk (protocol no. NKBBN/487-517/2019). Written informed
consent was obtained from each patient prior to their inclusion in the study.

2.2. Echocardiographic Examination

Transthoracic examination was performed in each case and included following pa-
rameters: left ventricle ejection fraction (LVEF), aortic valve area (AVA), aortic valve peak
transvalvular velocity (AV Vmax), mean transvalvular pressure gradient (PGmean); aortic
regurgitation evaluation, aortic complex diameters. AS and aortic regurgitation were de-
fined according to European Society of Cardiology Guidelines from 2021 [30]. Aortopathy
was defined by an aortic root or ascending aorta diameter more than 40 mm. Patients with
at least a mild stage of AS were included in the AS subgroups.

2.3. Biochemical Analysis

Peripheral blood samples were drawn from each patient between 7 and 8 a.m. follow-
ing the overnight fast. The serum was separated by centrifugation at 1000× g for 15 min
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and was stored at −80 ◦C pending analysis. Total cholesterol (TC), HDL-C, and triglyc-
erides (TG) were measured in serum using standard enzymatic colorimetric tests (Wiener
Lab, Warsaw, Poland). LDL-C was calculated using the Friedewald formula (there were no
cases of TG elevation above 400 mg/dL) [31,32]. The apolipoprotein (Apo AI and Apo B)
serum concentrations were determined using the nephelometric method with antibodies
obtained from Siemens Healthcare Diagnostics (Eschborn, Germany) on a Behring laser
nephelometer. The PON-1 ASE and PON-1 ARE activities were analyzed in serum based on
paraoxon and phenyl acetate hydrolysis, respectively, according to the procedure described
earlier [33].

2.4. Statistic Analysis

All data were collected and computed in MS Excel and a standard statistical package.
Variables with normal distribution were compared with the Student’s t-test; non-normally
distributed data were compared with the U Mann–Whitney test. Dichotomous variables
were compared with Chi-squared test with Yates’s correction for continuity. Correlation
for data with non-normally distribution was calculated by the Spearman correlation. For
selected biomarkers, the area under the curve (AUC) was calculated using receiver oper-
ating characteristic (ROC) analysis, and the optimal cut-off values corresponding to the
minimal false positive and false negative parameters were determined. The continuous
variables were expressed as medians with 25th and 75th percentiles. p-value less than 0.05
was considered valid for all tests.

3. Results

A total of 76 patients (21 female) were enrolled into the study. Clinical characteristics
of the studied group are presented in Tables 1 and 2. The average age of observed patients
was 53.7 ± 13 years. A total of 54 patients (15 female) were in the age category of more
than 45 years. A total of 22 patients (6 female) were aged 45 or younger. In the group
aged >45, there were 35 patients (65%) with AS, and in the group aged ≤45, there were
9 patients (41%) with AS. The group aged >45 had significantly more frequent arterial
hypertension (67% vs. 14% of patients; p < 0.001), coronary artery disease (35% vs. 5% of
patients; p 0.014), and frequently required statins therapy (50% vs. 18% of patients; p 0.021)
compared to patients aged ≤45 (Table 1).

Table 1. Clinical characteristics of BAV patients age ≤ 45 and age > 45.

Age ≤ 45 Age > 45 p Value

No (female) 22 (6) 54(15) 0.812 *

Age 39.5 (33–42) 60.5 (52–68) <0.001 **

BMI [kg/m2] 26.6 (23–29) 27.8 (25–31) 0.145 **

Smoking 5 (23%) 19 (35%) 0.431 *

Hypertension 3 (14%) 36 (67%) <0.001 *

Diabetes mellitus 1 (5%) 8 (15%) 0.387 *

Coronary artery disease 1 (5%) 19 (35%) 0.014 *

Statin therapy 4 (18%) 27 (50%) 0.021 *
Abbreviations: BMI—body mass index. * Chi-squared test with Yates’s correction, ** Mann–Whitney U test.

In the group aged ≤45, there were no significant differences in terms of sex, age,
body mass index, statin use, and the prevalence of hypertension, smoking, coronary artery
disease, or diabetes mellitus depending on the presence of AS. On the contrary, in the cohort
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aged >45, patients with AS were characterized by their older age and more frequently
requiring statins compared to patients without AS (Table 2).

Table 2. Comparison of clinical characteristics of patients in two age groups based on the AS presence.

Age ≤ 45 Age > 45

No AS AS p Value No AS AS p Value

No (female) 13 (2) 9 (4) 0.309 * 19 (3) 35 (12) 0.258 *

Age 39 (31–41) 40 (34–43) 0.378 *** 55 (49–61) 65 (59–69) 0.002 **

BMI [kg/m2] 27 (24–32) 25 (23–27) 0.190 *** 27 (25–30) 28 (26–31) 0.340 ***

Smoking 3 (23%) 2 (22%) 0.638 * 7 (37%) 12 (34%) 0.912 *

Hypertension 2 (15%) 1 (11%) 0.730 * 13 (68%) 23 (66%) 0.920 *

Diabetes mellitus 1(8%) 0 0.845 * 2 (10%) 6 (17%) 0.801 *

Coronary artery disease 0 1(11%) 0.845 * 6 (32%) 13 (37%) 0.912 *

Statin therapy 3 (2%) 1(11%) 0.878 * 5 (26%) 22 (63%) 0.023 *
Abbreviations: BMI—body mass index. * Chi-squared test with Yates’s correction, ** Mann–Whitney U test,
*** Student’s t-test.

3.1. Echocardiographic Characteristics of Groups

The prevalence of AS and aortopathy was similar in both age groups. Moderate to
severe aortic regurgitation was more frequently observed in patients aged ≤45. Function
of the left ventricle calculated by LVEF was in a similar range for both age groups (Table 3).

Table 3. Echocardiographic assessment of BAV complications and LVEF according to age.

Age ≤ 45 Age > 45 p Value

LVEF [%] 60 (35–65) 60 (55–64) 0.951 **

AS 9 (41%) 35 (65%) 0.097 *

AR 13 (59%) 14 (26%) 0.013 *

Aortopathy 13 (59%) 37 (69%) 0.604 *
Abbreviations: LVEF—left ventricular ejection fraction, AS—aortic stenosis, AR—moderate to severe aortic
regurgitation. * Chi-squared test with Yates’s correction, ** Mann–Whitney U test.

In the group aged >45, patients with AS and without AS differed in the frequency
of aortic regurgitation occurrence. In the group aged ≤45, there was no significant differ-
ence in terms of LVEF, aortic regurgitation, and aortopathy prevalence depending on AS
diagnosis (Table 4).

Table 4. Echocardiographic assessment of BAV complications and LVEF in two age groups based on
the AS presence.

Age ≤ 45 Age > 45

No AS AS p Value No AS AS p Value

LEVF [%] 60 (40–64) 60 (32–70) 1.000 ** 60 (55–64) 60 (51–64) 0.926 **

AR 7 (54%) 6 (67%) 0.873 * 9 (47%) 5 (14%) 0.020 *

Aortopathy 8 (61%) 5 (56%) 0.873 * 17 (89%) 27 (77%) 0.455 *
Abbreviations: LVEF—left ventricular ejection fraction, AS—aortic stenosis, AR—moderate to severe aortic
regurgitation. * Chi-squared test with Yates’s correction, ** Mann–Whitney U test.
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Among patients with AS, older patients aged >45 had lower AVA compared to those
aged ≤45 [AVA 0.9 (0.8–1.2) cm2 vs. 1.3 (0.9–1.4) cm2; p 0.023]. We found no differences in
AV Vmax and PGmean measurements (Table 5).

Table 5. Echocardiographic characteristics of patients with aortic stenosis according to age.

Age ≤ 45 + AS Age > 45 + AS p Value

AVA 1.3 (0.9–1.4) 0.9 (0.8–1.2) 0.023 **

AV Vmax 3.5 (2.8–4.1) 3.9 (3.4–4.4) 0.161 *

AV PGmean 32 (16–46) 40 (25–46) 0.457 *
Abbreviations: AVA—aortic valve area, AV Vmax—aortic valve peak transvalvular velocity, AV PGmean—mean
transvalvular pressure gradient. * Student’s t-test, ** Mann–Whitney U test.

3.2. Biochemical Analysis

Patients aged ≤45 with AS in comparison to those without AS had significantly higher
levels of Apo B [110.5 (102–132) vs. 95.6 (77–101) mg/dL; p 0.044] and Apo B/Apo AI ratio
[(0.8 (0.7–1) vs. 0.6 (0.5–0.7); p 0.029]. We found no differences in the level of TC, HDL-C,
LDL-C, and TG. Moreover, in the group aged ≤45, Apo B level and Apo B/Apo AI ratio
showed a positive correlation with AV Vmax measurement (R Spearman was 0.6 for Apo
B and AV Vmax, and 0.5 for Apo B/Apo AI and AV Vmax, p < 0.05 for both analyses)
(Figures 1 and 2). Furthermore, in the group aged ≤45, patients with AS had significantly
lower activity of PON-1 ARE compared to those without AS [63.4 (52–80) vs. 85.3 (70–102)
U/L; p 0.0124].

Figure 1. Spearman’s rank correlation between AV max measurement and Apo B level. Abbreviations:
AV Vmax—aortic valve peak transvalvular velocity, Apo B—apolipoprotein B.

Among patients aged ≤45, the analysis for Apo B levels, Apo B/Apo AI ratio, and
PON-1 ARE activity was extended to ROC analysis. AUC for Apo B was 0.761 [95%
confidence interval (CI): 0.533 to 0.914; p 0.018], for Apo B/Apo AI ratio 0.782 (95% CI: 0.557
to 0.927; p 0.007), indicating a moderate to good ability to discriminate between patients
with and without AS. PON-1 ARE activity demonstrated the highest AUC of 0.786 (95% CI:
0.561 to 0.930; p 0.004), indicating the best discriminatory power among the biomarkers
tested (Figure 3).
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Figure 2. Spearman’s rank correlation between AV max measurement and Apo B/Apo AI ratio.
Abbreviations: AV Vmax—aortic valve peak transvalvular velocity, Apo B/Apo AI—apolipoprotein
B/apolipoprotein A-I ratio.

Figure 3. ROC curves of Apo B levels (a), Apo B/Apo AI ratio (b), PON-1 ARE (c) activity and the
presence of AS for patients aged ≤45. Abbreviations: AUC—Area Under the Curve; CI—Confidence
Interval; Apo B—apolipoprotein B; Apo AI—apolipoprotein AI; PON-1 ARE—arylesterase activity.

Among patients aged >45, there were no differences in analyzed parameters depend-
ing on AS prevalence.

All results from the biochemical analysis were presented in Table 6.
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Table 6. Lipid parameters in BAV patients according to age and AS diagnosis.

Age ≤45 Age > 45

No AS AS p Value No AS AS p Value

Apo AI
[mg/dL] 150 (126–168) 144 (131–151) 0.371 * 167 (139–184) 156 (146–173) 0.306 *

Apo B
[mg/dL] 95 (77–101) 110 (102–132) 0.044 ** 100 (93–114) 83 (77–106) 0.144 *

Apo B/Apo AI 0.6 (0.5–0.7) 0.8 (0.7–1) 0.029 ** 0.6 (0.5–0.7) 0.6 (0.5–0.7) 0.096 *

TC
[mg/dL] 153 (139–166) 150 (126–164) 0.640 ** 144 (124–167) 128 (113–147) 0.065 **

HDL-C
[mg/dL] 51 (47–54) 48 (45–52) 0.344 * 51 (47–61) 50 (42–58) 0.492 *

LDL-C
[mg/dL] 101 (98–114) 107 (94–111) 0.358 ** 99 (91–120) 86 (80–106) 0.056 **

LDL-C/HDL-C 2.1 (1.7–2.3) 2.2 (1.9–2.3) 0.860 * 1.9 (1.7–2.2) 1.8 (1.5–2.2) 0.322 **

non HDL-C/HDL-C 2.1 (1.6–2.4) 2.0 (1.9–2.4) 0.874 * 1.7 (1.4–2.2) 1.6 (1.4–2) 0.259 *

TG
[mg/dL] 98 (47–113) 63 (52–108) 0.738 ** 105 (69–138) 87 (68–113) 0.269 *

PON-1 ASE
[U/L] 70 (55–151) 127 (39–163) 0.894 ** 89 (53–154) 59 (47–147) 0.484 **

PON-1 ARE
[U/L] 85 (70–102) 63 (52–80) 0.012 * 82 (71–99) 79 (59–88) 0.126 **

Abbreviations: Apo AI—apolipoprotein A-I; Apo B—apolipoprotein B; Apo B/Apo AI—apolipoprotein
B/Apolipoprotein A-I ratio; TC—total cholesterol; HDL-C—high density lipoprotein cholesterol; LDL-C—low
density lipoprotein cholesterol; non HDL-C—non-HDL cholesterol, TG—triglycerides; PON-1 ASE—paraoxonase
activity; PON-1 ARE-arylesterase activity. * Student’s t-test, ** Mann–Whitney U test.

4. Discussion

The findings of our study showed an association between AS and molecules associated
with lipid metabolism, such as Apo B, Apo B/Apo AI ratio, and PON1-ARE in BAV
patients at age ≤45. Moreover, the Apo B level and Apo B/Apo AI ratio correlated with
the echocardiographic parameter of AS severity such as AV Vmax.

Our results suggest that lipid metabolism may play a significant role in the early de-
velopment of calcific AS among patients with a BAV, which is a frequent BAV complication,
affecting up to 45% of patients over the age of 50 [34]. It is also the most common cause
of qualifying for aortic valve replacement in the BAV adult population [35]. Furthermore,
patients with a BAV required surgery due to AS at a significantly younger age than patients
with a tricuspid aortic valve [36]. In the study of a large Australian cohort by Michelle S
Lim’s team, the mean age of BAV patients referred to AVR due to AS was 55 ± 17 years
(22 years earlier than patients with tricuspid aortic valve) [37]. The exact origin of early
calcification and accelerated development of AS in patients with BAV remains unclear. One
possible hypothesis considers mechanical factors, such as endothelial damage of valve
cusps caused by abnormal blood flow dynamics [38]. However, this anatomical aspect does
not fully explain why only a subset of the BAV population experience progression to signif-
icant valve calcification, while some individuals remain without a valvular dysfunction
throughout their life.

Consequently, attention has also been directed towards a risk factor for calcific AS
that overlaps with those for atherosclerosis, including hyperlipidemia, hypertension, and
diabetes mellitus [39]. Studies suggest that patients with a BAV constitute a heterogeneous
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group regarding their lipid profiles. For instance, Elena Sticch et al. showed that an
elevated level of lipoprotein (a) in patients with BAV was associated with the degree of
aortic valve calcification [40]. Additionally, it has been shown that LDL-C and Apo B levels
may significantly affect the progression of BAV in case of aortopathy. [41] These findings
underline the need for further investigation into the role of specific lipid markers in the
early manifestation of BAV complications.

The second observation derived from our results highlights the need for a broader
analysis of lipid markers. To date, the relationship between LDL-C levels and the risk of
both atherosclerosis and AS has been well demonstrated [42,43]. The beneficial effect of high
HDL-C on the occurrence of calcific AS or cardiac events is less clear [44,45]. Nevertheless,
HDL-C and LDL-C levels are the most commonly used markers of cardiovascular risk
assessment, though they do not always adequately reflect lipid balance [18,46].

Apo B is a protein found in all atherogenic lipoproteins. Studies have shown that Apo
B levels may be a more precise marker of cardiovascular risk than LDL-C [47]. It should
be noted that the measurement of Apo B is less dependent on triglyceride (TG) levels and
fasting status, making it a more stable parameter than LDL-C [48]. The assessment of HDL
properties, including its associated molecules, appears to better explain its role in both
the development of atherosclerosis and AS. The main protein component of HDL is Apo
AI [49]. The Apo B/Apo AI ratio enables the assessment of the balance between atherogenic
and protective lipoproteins, making it an important marker for evaluating cardiovascular
risk [50]. Ivert et al. proved an association between elevated Apo B/Apo AI ratio and
increased appearance of AS among patients with tricuspid aortic valve [10]. Our findings
demonstrate a similar observation among young individuals with BAV. Patients aged ≤45
with AS had increased concentrations of Apo B and Apo B/Apo AI ratio. We did not
observe any differences in the levels of LDL-C and HDL-C. In our study, the cut-off value
for Apo B obtained from the ROC analysis was 100.74 mg/dl, a value that corresponds to
an increased cardiovascular risk [51]. The cut-off value for Apo B/Apo AI ratio was 0.56.
For comparison, in the AMORIS and INTERHEART studies, the Apo B/Apo AI ratio below
0.7 for men and 0.6 for women was associated with low cardiovascular risk. Nevertheless,
it should be noted that there are no clearly established cut-off values for Apo B levels and
the Apo B/Apo AI ratio in the context of AS, and further research is needed in this area.

Another marker associated with HDL is PON-1, which demonstrates antioxidant
properties. Although the relationship of its different activities and the occurrence of AS
is less well understood, some studies have shown a correlation between low activity of
PON-1 and the severity of AS [52]. In our study, patients with a BAV and AS at ≤45 years of
age showed significantly lower activity of PON-1 ARE compared to those without AS, with
the cut-off value below 83.5 U/L. The difference was observed despite the fact that the level
of Apo AI did not differ between these groups. This relationship underscores the potential
significance of the marker in various manifestations of BAV complications and emphasizes
the need for further research to determine PON-1 activity values associated with the risk
of AS development. By analyzing the antioxidant components of HDL and its associated
biomarkers, we can gain a deeper understanding of HDL quality and functionality, which
may provide a more accurate assessment of its cardiovascular protective capacity [17,53].

Interestingly, we did not observe similar relationships among patients above 45 years
of age. However, it should be noted that in this group, the etiology of AS may be more
multifactorial, considering the influence of age. Additionally, these patients more frequently
had diagnosed hypertension and chronic coronary syndrome. It should be noted that in
the group aged >45, patients with AS more often required statin treatment, which could
have significantly affected the obtained results.
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The main limitation of the current study is relatively small sample size, drawn from
a single-center population, which may have reduced the statistical power of the analysis.
Additionally, a longer follow-up period is required to assess the impact of Apo B levels,
Apo B/Apo A1 ratio, and PON1 activity on the progression of AS in the BAV population.
The study did not consider dietary habits or the dosage of lipid-lowering medications,
which also may have affected the evaluated markers. However, the cohort aged ≤45 was
homogeneous in terms of age, sex, and the chronic conditions included in the study; the
older group exhibited greater heterogeneity. Patients aged >45 with AS were significantly
older and more frequently used statins compared to those without AS. However, we would
like to highlight that, to the best of our knowledge, this is the first prospective study in
BAV patients which indicated that Apo B levels, Apo B/Apo A1 ratio, and PON-1 activity
are associated with AS appearance. Our results require further prospective studies in
larger cohorts.

5. Conclusions

In summary, the AS occurrence among the BAV population has complex etiology and
is challenging to predict. Our results suggest a potential metabolic link between Apo B level
and Apo B/Apo AI ratio and the occurrence of AS in patients with a BAV. Notably, this
association was observed only in patients up to 45 years of age. Furthermore, our findings
underscore the value of investigating molecules associated with HDL and its antioxidant
function, such as PON1, as a useful marker for AS development, compared to traditionally
measured HDL-C and LDL-C levels.
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(Agnieszka Kuchta); software, M.K. and A.K. (Agnieszka Kuchta); validation, M.F., A.M. and A.K.
(Agnieszka Kuchta); formal analysis, M.K. and A.K. (Aleksandra Krzesińska); investigation, M.K.,
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Abstract: Antiretroviral therapy (ART) has significantly improved the life expectancy of
people living with HIV-1 (PLWH). However, prolonged ART use is linked to metabolic
alterations and oxidative stress. The paraoxonase (PON) enzymes, especially PON-1 and
PON-2, are critical in maintaining antioxidant balance. Their activity can be influenced
by polymorphisms such as Q192R and L55M in PON-1 and A148G and S311C in PON-2.
This study examines the impact of these polymorphisms on paraoxonase activity, lipid
metabolism, and infection markers in PLWH under various ART regimens. This is a case-
control study with 525 participants, 175 healthy controls (HC) and 350 PLWH divided
into subgroups: T0 (ART-naïve, n = 48), T1 (ART with reverse transcriptase inhibitors,
n = 159), and T2 (ART with protease inhibitors, n = 143). Paraoxonase activity was higher
in PLWH (123.0; IQR: 62.0–168.0) compared to HC (91.0; IQR: 48.0–136.0, p < 0.001) but
similar between HC and T0 (p = 0.594). T1 (125.0; IQR: 65.5–166.0) and T2 (123.0; IQR:
61.0–182.0) showed higher activity than HC (p = 0.002 and 0.003). Among 61 complete
genotypes, 13 were unique to PLWH and 6 to HC (p < 0.001). L55L was more frequent
in HC (49.7% vs. 36.9% in PLWH), while M55M was higher in PLWH (p = 0.004). The
S311C genotype was more frequent in HC (39.2%) than PLWH (24.9%) (p = 0.003). The
L55L genotype conferred 59.9% protection against HIV-1 (OR: 0.401; 95% CI: 0.228–0.704),
while the M allele increased susceptibility by ~69% (OR: 1.694; 95% CI: 1.173–2.446). The
M55M genotype and/or M allele may be linked to HIV-1 susceptibility. Prolonged ART
use elevates PON-1 activity in PLWH.

Keywords: ARV; HIV-1; lipids; paraoxonase; PON-1; PON-2

1. Introduction

The mechanisms associated with the oxidative balance in the human body act as a
seesaw between oxidant and antioxidant factors [1]. This balance maintains physiological
homeostasis through the action of antioxidant agents, which can neutralize and/or me-
tabolize reactive species [2,3]. Some of the most effective mechanisms against the increase
in both cellular and tissue oxidative stress (OS) are antioxidant enzymes, among which
the paraoxonase (PON) family is of importance [4–6]. The PON enzymes are composed of
three isoforms, paraoxonase-1 (PON-1, EC 3.1.1.2, 3.1.1.81, 3.1.8.1), paraoxonase-2 (PON-2,
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EC 3.1.1.2, 3.1.1.81), and paraoxonase-3 (PON-3, EC 3.1.1.2, 3.1.1.81, 3.1.8.1), showing 52.4%
sequence identity and 76.3% sequence similarity among the isoforms. The enzymes are
located adjacent to human chromosome 7 (7q21-23) [7,8].

Although the three paraoxonase enzymes share a homologous protein structure, they
are known to differ in their localization, function, and activity [9]. PON-1 is a calcium-
dependent glycoprotein 43 kDa with 355 amino acid residues, synthesized in the liver [9].
In humans, the PON-1 enzyme is mainly associated with high-density lipoprotein 3 (HDL3)
and in lower concentrations in very-low density lipoprotein (VLDL) and chylomicrons [10].
A small fraction of PON-1 can be found free in plasma [10]. PON-1 has esterase activity
(arylesterase and lactonase), through the hydrolysis of aromatic ester compounds and
aromatic and aliphatic lactones, and paraoxonase activity, through the hydrolysis of toxic
oxonium metabolites [11–14].

The paraoxonase activity of the PON-1 enzyme can be regulated by environmental
factors, different pathophysiological conditions, both genetic and epigenetic alterations,
and the presence of single nucleotide polymorphisms (SNPs) in the regulatory region of
the gene [15,16]. PON-1 exists in two isoforms, resulting from amino acid substitutions:
glutamine (Gln) is replaced by arginine (Arg) at position 192, Q192R, and leucine (Leu)
is substituted by methionine (Met) at position 55, L55M. These genetic polymorphisms
have been linked to variations in PON-1 activity, either reduced or elevated, and the risk of
developing certain diseases [17–20].

The PON-2 enzyme has approximately 40–43 kDa and is composed of 355 amino
acids [18]. PON-2 is ubiquitously expressed intracellularly, particularly in the perinuclear
region, endoplasmic reticulum, and mitochondria. The role of the PON-2 enzyme in
the defense system against oxidative stress, and therefore apoptosis, is due to its high
lactonase activity [21–23]. PON-2 has two SNPs that have clinical relevance. The A148G
polymorphism, in which an alanine residue is exchanged for glycine at position 148 of
the protein, and the S311C polymorphism, in which a serine is exchanged for a cysteine
at position 311 [24]. Some studies associate the presence of both polymorphisms with the
development of diseases related to increased oxidative stress, changes in lipid metabolism,
type 2 diabetes, infection, and chronic inflammation with an antioxidative stress activity,
but there is disagreement between the studies [25–28].

Human immunodeficiency virus type 1 (HIV-1) infection has been a subject of study
since its discovery nearly four decades ago. Over the years there have been effective
biotechnological advances in the diagnosis and introduction of antiretroviral therapy
(ART), and people living with HIV (PLWH) have delayed the natural progression of the
disease, wherein no disease symptoms appear and there is a decrease in co-infections and
mortality and an increase in lifespan [29–31].

The World Health Organization (WHO) recommends a combination of different ARTs
such as nucleotide and non-nucleotide reserve transcriptase inhibitors associated with each
other or with protease inhibitors. The ART objective is to combat intense viral replication,
which leads to a decrease in CD4 T lymphocytes (CD4-TLs). Such multi-drug combinations
bring about significant improvements in the immune systems of PLWH. On the other hand,
chronic use of antiretroviral therapy induces a prolonged pro-inflammatory state that is
closely related to the development of chronic degenerative diseases caused, in part, by
metabolic alteration, increased oxidative stress, and genomic instability [32–34].

The prolonged use of ART in PLWH has been associated with an increased incidence
of comorbidities in this population. These alterations may also be associated with ox-
idative stress and genetic alterations resulting from the toxic effects of ART drug use
and/or metabolism [35,36]. The presence of reactive species can negatively impact lipid
metabolism, including lipoprotein dysfunction and lipid peroxidation [37,38]. This can
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exacerbate the dyslipidemia already linked to prolonged ART use, leading to changes
such as increased triglyceride levels, reduced HDL cholesterol (HDL-C), and elevated
low-density lipoprotein cholesterol (LDL-C). These metabolic changes heighten the risk of
early atherosclerosis and cardiovascular diseases and lipodystrophy [39–41]. Given these
characteristics, many studies have focused on improving the metabolic and antioxidant
status of PLWH [42–44]. However, few studies have examined PON function in PLWH.
In a study involving 624 PLWH, PON-1 paraoxonase activity was lower in ART-naïve
individuals compared to those on ART and showed a positive correlation with the absolute
number of CD4+ TL, suggesting a relationship with the immune system in PLWH [45].

The diverse functions of PON-1, including its antioxidant and anti-inflammatory roles,
as well as its involvement in lipid metabolism, make this enzyme particularly attractive
for studies focused on metabolic disorders and conditions related to oxidative stress,
mainly because it is considered a cardioprotective enzyme [4,46–48]. Therefore, studying
paraoxonase enzymes and their polymorphisms in PLWH is necessary. Understanding their
role and activity in this population could provide valuable insights into the mechanisms
underlying metabolic alterations, oxidative stress, and their associated comorbidities,
particularly in the context of prolonged antiretroviral therapy.

Therefore, we designed this case-control study to evaluate whether the frequency
of PON-1 (Q192R and L55M) and PON-2 (A148G and S311C) polymorphisms, as well
as PON-1 paraoxonase activity, is different among PLWH when compared to healthy
individuals. Furthermore, we conducted secondary analyses to verify whether PON-1 and
PON-2 polymorphisms and paraoxonase activity are associated with lipid and infection
markers in PLWH using different antiretroviral therapies.

2. Materials and Methods

2.1. Study Design

This is a case-control and multicentric study comprising 525 participants with
≥18 years of age (Figure 1). The participants were divided into two groups, 350 PLWH
and 175 individuals considered clinically healthy (healthy control; HC). Study participants
were matched by sex at a ratio of 2:1 (male:female).

Figure 1. Flow-chart of this study.

2.2. Study Population Criteria
2.2.1. PLWH Group

The PLWH group was composed of individuals diagnosed with HIV type 1 (HIV-1)
who were being monitored at the HIV-1 outpatient clinic at Casa da AIDS and the Hospital
das Clínicas of the Faculty of Medicine of the University of São Paulo (HCFMUSP). All
PLWH were positive for HIV type 1 (HIV-1) and each diagnosis was carried out in accor-
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dance with institutional standards recommended by the World Health Organization and
Ministry of Health in Brazil [49].

PLWH were divided into three groups, T0, T1, and T2, according to their ART regi-
men. This classification aimed to assess whether different ART regimens influenced the
paraoxonase activity of PON-1. Additionally, it is well established that ART regimens can
impact lipid metabolism. The T0 group comprised 48 ART-naïve PLWH who had never
undergone ART. These individuals were selected at the time of HIV-1 diagnosis. The T1
and T2 groups consisted of individuals who had been using ART for a minimum of six
consecutive months.

The T1 group included 159 PLWH receiving ART based on non-nucleoside reverse
transcriptase inhibitors (NNRTIs) in combination with nucleoside reverse transcriptase
inhibitors (NRTIs). The treatment regimens included efavirenz (EFV) 600 mg once daily
(qd) combined with azidovudine (AZT) 300 mg and lamivudine (3TC) 150 mg twice daily
(bid); EFV 600 mg qd with estavudine (d4T) 40 mg and 3TC 150 mg bid; and EFV 600 mg
(qd) with tenofovir (TDF) 300 mg and 3TC 150 mg (bid). Additional regimens included
nevirapine (NVP) 200 mg bid combined with AZT 300 mg and 3TC 150 mg (bid); NVP
200 mg bid with d4T 40 mg and 3TC 150 mg bid; and NVP 200 mg bid with TDF 300 mg
and 3TC 150 mg bid.

The T2 group consisted of 143 PLWH on ART regimens based on protease inhibitors
(PIs) combined with NRTIs and/or NNRTIs. The treatment regimens also included
lopinavir/ritonavir (LOP/r) 400 mg/100 mg bid combined with AZT 300 mg and 3TC
150 mg bid, as well as LOP/r 400 mg/100 mg bid with d4T 40 mg and 3TC 150 mg bid.

The selection criteria for PLWH were (I) no renal, cardiac, or hepatic function alter-
ations and/or metabolic syndrome; (II) no co-infection, such as HPV, hepatitis B or C, or
tuberculosis, in the last 6 months; (III) no use of anti-inflammatory drugs, hormones, or
other medications except ART; and (IV) be positive only for HIV-1. These criteria were
used to reduce the biases related to the paraoxonase activity of the PON-1 enzyme and
both lipid and infection markers. The clinical and laboratory variables of infection markers
were collected from medical records. For PLWH who were already under follow-up at the
institution, blood samples were also collected on the day of HIV-1 infection monitoring to
assess paraoxonase activity and lipid markers.

2.2.2. HC Group

The HC group consisted of 175 volunteer blood donors. Individuals in the HC group
were evaluated according to the guidelines set by the World Health Organization and the
National Health Surveillance Agency (ANVISA) for blood donation [50,51]. This group
of individuals were regular blood donors, meaning they donated blood every six months.
The selection criteria were to be between 18 and 69 years of age, be in good health, weigh
at least 50 kg, not use medications or have received blood transfusions, and show no
clinical or analytical evidence of renal insufficiency, liver disease, neurological disease,
neoplasms, dyslipidemia, hematological disorders, or chronic infections or inflammation.
Furthermore, they had to be negative for clinical and laboratory evidence of transmissible
infectious diseases, including hepatitis B and C, AIDS or HIV-1/2, HTLV I and II viruses,
and Chagas disease. The clinical evaluation was conducted by a hematologist during donor
screening. Following this, the blood donation took place and all laboratory tests, including
for infectious diseases, were performed. Participants who met all the criteria described
above were included in this study.
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2.3. Sample Preparation

The venous blood samples (15 mL) were collected after 8–12 h fasting using a vacuum
system with and without EDTA. Blood without EDTA was immediately centrifuged at
420× g for 15 min and the serum was stored at −80 ◦C until use. The blood collected
with EDTA was used for genomic DNA extraction from leukocytes by the salting out
precipitation method [52].

2.4. PON-1 and PON-2 Genotypes

The PON-1 polymorphisms (Q192R and L55M) were analyzed using primers designed
to introduce a recognition site for the Hinf I enzyme in one allele of each PCR product.
This approach enabled the simultaneous identification of both polymorphisms in a single
amplification, followed by restriction enzyme analysis [53]. The Q192 and R192 alleles
were determined by the presence of a 111 bp undigested fragment, along with 77 and 34 bp
digested fragments. For the L55M polymorphism, L and M alleles were distinguished by
a 144 bp undigested fragment and 122 and 22 bp digested fragments. Genotyping of the
A148G codon of PON-2 was performed as described by Hegele et al. [54], while the S311C
polymorphism was determined according to the method outlined by Motti et al. [53].

2.5. PON-1 Activity, Biochemical Determination and Viral Load

Here, the paraoxonase activity of PON-1 was used a marker of oxidative stress.
The paraoxonase activity of PON-1 was determined according to Sentí et al. [55] and
Agachan et al. [56]. The enzymatic hydrolysis of paraoxon releases p-nitrophenol, whose
rate of formation was evaluated spectrophotometrically with absorbance readings at 405 nm
at 37 ◦C for 10 min. PON-1 enzyme paraoxonase activity was performed in all groups.

The concentrations of serum total cholesterol (TC) as well as their fractions (HDL,
LDL, and VLDL), triglycerides (TG), complete blood count/leucogram, viral load, and
CD4-TL and CD8-TL lymphocyte count were measured by standard methods in a Modular
48 Analytics P-800 (Roche and Hitachi, Basel, Switzerland) automated analyzer. These
clinical variables were measured in PLWH.

The HIV-1 viral load was quantified using the Nucleic Acid Sequence-Based Amplifi-
cation (NASBA) kit (Organon Teknika, Boxtel, The Netherlands). The detection limit for
the viral load was 50 copies/mL of HIV-1 RNA. This test was performed in both groups,
PLWH and HC.

To reduce biases related to the correlation between biochemical variables, infection
markers, and paraoxonase activity, all samples were collected on the same day.

2.6. Statistical Data Analysis

The data analysis of this research was carried out in two stages. First, we performed
the comparison of demographic characteristics (sex and age), paraoxonase activity, and
distribution of polymorphisms between the groups HC and PLWH. Here, the analysis
performed matched sex. Second, we evaluated the difference in lipid metabolism markers
and infection markers, as well as the influence of polymorphisms under these variables
between the PLWH groups: T0, T1, and T2. To verify the adherence of the numerical data to
a Gaussian distribution, we used the Shapiro–Wilk test, the histogram plot, and the qq-plot
(quantile–quantile).

Numerical data are presented as a measure of central tendency, median with 25
and 75 percentiles, or interquartile range (IQR). Categorical variables are presented as
absolute count number and frequency (n-%). The Student’s t test and the non-parametric
Mann–Whitney u test were used to compare the quantitative variables between the groups.
One-way or two-way analysis of variance with Tukey’s post-test or Kruskal–Wallis test
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was used for comparison among groups. The genotype frequencies of the polymorphisms
were calculated using the Hardy–Weinberg Equilibrium (HWE), Chi-squared test (χ2),
and Fisher’s exact test. Pearson (r2) or Spearman (ρ) correlation analysis was performed
between the PON-1 activities and all other data.

Binary logistic regression analysis was used to investigate the relationship between
the presence or absence of HIV-1 and the polymorphisms Q192R, L55M, A148G, and S311C.
In other words, this approach assesses whether the presence of a polymorphism may be
associated with the likelihood of having HIV-1. The HC and PWHL groups were defined
as the dependent variable, while the polymorphisms of PON-1 and PON-2 enzymes were
used as independent variables. The “wild-type” polymorphisms of each SNP were used as
the reference. The forward conditional method was employed to identify significant SNPs
in final multivariate analysis. The interpretation of the results was based on established
mathematical parameters [57]. The results of the binary logistic regression are presented as
odds ratios (ORs) with a 95% confidence interval (95% CI).

The linear regression was used to establish the relationship between lipid markers,
PON-1 activity with viral load, CD4-LT, and CD8+-LT. Mathematical criteria were used
to conduct the regression analysis. Briefly, (1) Linearity: the relationship between the
dependent variable and each independent variable. All dependent variables (viral load,
CD4-LT, and CD8+-LT) were log-transformed to reduce data dispersion and adhere to the
Gaussian distribution. (2) Assessment of the independence of errors/residuals using the
Durbin–Watson statistic. (3) Assessment of homoscedasticity, which should be constant, by
plotting the residuals in relation to the predicted values. (4) Assessment of the Gaussian
distribution of the residuals, as previously mentioned. (5) Assessment of multicollinearity
using the Variance Inflation Factor (VIF) values and/or correlation matrices. VIF values
above 10 were considered as the presence of multicollinearity. (6) Assessment of significant
outliers using Cook’s distance statistics. Only continuous dependent variables were used
in the regression analysis.

p ≤ 0.05 values were considered as significant. SPSS Statistics software (IBM SPSS
version 30.0) was used for all analyses and the GraphPad Prism version 8.0 program was
used to make the figures.

3. Results

3.1. Gender and Age of PLWH Subjects and Healthy Control Group

The population of this study consisted of 350 PLWH patients and 175 healthy indi-
viduals (Table 1). The percentage of men was higher than that of women in both groups.
The mean age was higher in PLWH individuals when compared with healthy controls
(p < 0.001).

Table 1. Gender and age of patients with HIV-1 and healthy controls.

Gender
Groups (n = 525)

HC (n = 175) PLWH (n = 350) p Value (1)

Female 43 (24.6%) 86 (24.6%) 1.000

Male 132 (75.4%) 264 (75. 4%) 1.000

Age (years) 37.4 ± 9.0 41.5 ± 10.9 <0.001
(1) Comparison between groups using Chi-squared test (χ2) and Student’s t test. Abbreviation: HC = healthy
control; PLWH = people living with HIV-1; n = number of individuals; % = percentage.

Due to the age difference observed between the groups, we assessed whether there
was a correlation between age and paraoxonase activity. No significant correlation was
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observed in the total population (ρ = 0.015; p = 0.738), nor in the HC (ρ = 0.015; p = 0.738),
T0 (ρ = 0.016; p = 0.912), T1 (ρ = −0.104; p = 0.192), and T2 (ρ = −0.022; p = 0.796) groups.

3.2. PON-1 and PON-2 Polymorphisms

In this study, we verified whether the Q192R and L55M polymorphisms of the PON-
1 gene and the A148G and S311C polymorphisms of the PON-2 gene were in Hardy–
Weinberg equilibrium between the populations studied. We observed that the L55M PON-1
(p = 0.004) and S311C PON-2 (p = 0.003) polymorphisms were not in Hardy–Weinberg
equilibrium (HWE). Regarding the L55M PON-1 polymorphism, we observed that there
was a higher frequency of the homozygous L55L genotype in the HC group when compared
to the PLWH group (49.7% and 36.9%, respectively) and, inversely, there was an increase
in the frequency of the homozygous M55M in PLWH (p = 0.004). Interestingly, in the
analysis of the genotype frequency of the S311C PON-2 genotype, we observed that the
heterozygous S311C PON-2 polymorphism was more frequent in the HC group (39.2%)
when compared to PLWH (24.9%) (p = 0.003). The other polymorphisms, C311C and S311S
showed similar frequencies in both groups (Table 2).

Table 2. Distribution of genotypes and allelic frequency of PON-1 Q192R and L55M polymorphisms
and PON-2 A148G and C311S polymorphisms in HC and PLWH.

Gene-Polymorphism
Group (n = 525)

HC (n = 175) PLWH (n = 350) p Value (1)

PON-1
Q192R

QQ 75 42.9% 152 43.6%

0.970

QR 71 40.6% 142 40.7%

RR 29 16.6% 55 15.8%

Q allele 221 63.1% 446 63.9%

R allele 129 36.9% 252 36.1%

PON-1
L55M

LL 87 49.7% 129 36.9%

0.004

LM 68 38.9% 147 42.0%

MM 20 11.4% 74 21.1%

L allele 242 69.1% 405 57.9%

M allele 108 30.9% 295 42.1%

PON-2
A148G

AA 99 56.9% 209 59.7%

0.811

AG 63 36.2% 117 33.4%

GG 12 6.9% 24 6.9%

A allele 262 75.0% 535 76.4%

G allele 87 25.0% 165 23.6%

PON-2
S311C

SS 76 44.4% 186 53.1%

0.003

CS 67 39.2% 87 24.9%

CC 28 16.4% 77 22.0%

C allele 123 36.0% 241 34.4%

S allele 219 64.0% 459 65.6%
Results are expressed as n (%); (1) Comparison between groups using Chi-squared test (χ2) or Fisher’s exact
test. Abbreviation: HC = healthy control; PLWH = people living with HIV-1; n = number of individuals;
% = percentage.

In both populations studied, 61 combinations of complete genotypes were found
(Figure 2) (p < 0.001). The frequency of 100% homozygous genotypes was higher in the
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PLWH group compared to the HC group. Of the eleven homozygous genotypes, eight
were more frequent in the PLWH group: L55L-R192R-G148G-C311C (67.0%), L55L-Q192Q-
A148A-S311S (73.0%), L55L-R192R-A148A-S311S (79.0%), M55M-Q192Q-A148A-S311S
(86.0%), M55M-R192R-G148G-C311C (100.0%), L55L-Q192Q-G148G-C311C (60.0%), M55M-
Q192Q-A148A-C311C (100.0%), and M55M-R192R-A148A-S311S (100.0%); and only three
in the HC group: L55L-Q192Q-G148G-S311S (33.0%) L55L-R192R-A148A-C311C (75.0%),
and L55L-Q192Q-A148A-C311C (100.0%).

Figure 2. PON-1 and PON-2 genotypic frequencies. Distribution of PON-1 and PON-2 genotypic
frequencies between PLWH (in red) and HC (in blue) groups. The red dots in the figure represent
the genotypic frequencies for the PLWH group, while the blue triangles indicate the genotypic
frequencies for the HC group. The position of the dot and triangle indicates the frequency of the
genotype combination. The black dotted line marks the 50% frequency. The frequency between the
groups was assessed by the Chi-squared test (p < 0.001)
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In addition, the frequency of genotypes L55M-R192R-G148G-S311S, L55M-Q192Q-
G148G-S311S, L55M-Q192Q-G148G-S311C, L55M-Q192R-A148A-C311C, L55M-Q192R-
G148G-S311S, L55M-R192R-A148A-S311S, L55M-R192R-A148G-S311C, M55M-Q192Q-
A148A-C311C, M55M-Q192R-A148G-C311C, M55M-Q192R-G418G-S311C, M55M-R192R-
A148A-S311S, M55M-R192R-A148G-S311C, and M55M-R192R-G148G-C311C were 100%
present only in the PLWH group.

On the other hand, the frequency of genotypes M55M-Q192R-A148G-C311S, L55M-
R192R-A148G-S311S, L55L-R192R-A148G-S311S, L55L-Q192R-G148G-S311S, L55L-Q192R-
A148G-S311S, and L55L-Q192Q-A148A-C311C were 100% present only in the HC group
(p < 0.001). Through the analysis of these frequencies, it is possible to observe the higher
frequency of the M allele in the PLWH population, in contrast with the higher frequency of
the L allele in the HC population.

The PON-1 and PON-2 genes are part of the same genetic cluster and the strength of the
relationships between PON-1 and PON-2 polymorphisms in HC and PLWH was evaluated
(Figure 3). It was observed that the strength of the relationships between the genetic
polymorphisms was different between the two populations studied. The relationship
between the polymorphisms is associated with the frequency of the genotypes in the HC
and PLWH groups. In the HC group, the polymorphisms Q192Q, Q192R, L55L, and L55M
of the PON-1 gene and A148A, A148G, S311S, and C311S of the PON-2 gene present greater
strength of integration with the other genotypes, while in the PLWH group these genotypes
present lower interaction force.

Figure 3. Relationship map of PON-1 and PON-2 polymorphisms in HC group (a) and PLWH
group (b). The larger the circle, the greater the interaction with other polymorphisms. The blue lines
represent interactions; the thicker the line, the stronger the interaction between genotypes.

Based on the results described, the odds ratio (OR) of the susceptibility to HIV-1
infection in relation to polymorphisms of the PON-1 and PON-2 genes was calculated using
univariate binary logistic regression (Table 3). First, the OR calculation was performed using
the dominant or greater genotype in relation to the others. Then, individuals were grouped
according to the presence of a minor allele using univariate binary logistic regression.
It was observed that the presence of the homozygous L55L polymorphism of PON-1 in
relation to the homozygous M55M polymorphism was associated with a 59.9% reduction
in the odds of HIV-1 susceptibility (OR: 0.401; 95% CI: 0.228–0.704). Additionally, the M
(LM + MM) allele was associated with 69.4% increased odds of susceptibility to HIV-1
(OR: 1.694; 95% CI: 1.173–2.446). Interestingly, the presence of the heterozygous C311S
polymorphism was also associated with an increased likelihood of susceptibility to HIV-1
(OR: 2.118; 95% CI: 1.238–3.624).
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Table 3. Univariate binary logistic regression between the presence of polymorphisms PON-1 and
PON-2 and susceptibility to HIV-1.

Polymorphism β SE Wald p Value Exp(β)
Exp(β) CI 95%

Lower Upper

Q192Q 0.032 0.984

Q192R 0.013 0.203 0.004 0.948 1.013 0.681 0.507

R192R 0.048 0.269 0.032 0.857 1.050 0.620 1.777

Constant −0.706 0.141 25.059 <0.001 0.493

R allele 0.023 0.187 0.016 0.901 1.024 0.710 1.477

Constant −0.730 0.308 50.622 0.018 0.482

L55L 10.848 0.004

L55M −0.377 0.202 30.488 0.062 0.686 0.462 1.019

M55M −0.914 0.288 10.104 0.001 0.401 0.228 0.704

Constant −0.394 0.139 80.062 0.005 0.674

M allele 0.527 0.187 7.902 0.005 1.694 1.173 2.446

Constant −0.921 0.126 53.38 <0.001 0.398

A148A 0.418 0.811

A148G 0.128 0.198 0.418 0.518 1.137 0.771 1.677

G148G 0.054 0.374 0.021 0.885 1.056 0.507 2.197

Constant −0.747 0.122 37.508 <0.001 0.474

G allele 0.116 0.188 0.381 0.537 1.123 0.777 1.623

Constant −0.747 0.122 37.508 <0.001 0.474

C311C 11.332 0.003

C311S 0.750 0.274 7.496 0.006 2.118 1.238 3.624

S311S 0.117 0.259 0.202 0.653 1.124 0.676 1.868

Constant −1.012 0.221 21.013 <0.001 0.364

S allele 0.365 0.244 2.244 0.134 1.440 0.894 2.322

Constant −1.012 0.221 21.013 <0.001 0.364
Binary logistic regression parameters and interpretation: The β (coefficient) indicates the direction and magnitude
of the polymorphism’s effect, with positive values increasing the chances of the event and negative values
decreasing them. SE (standard error) reflects the precision of the coefficient. Wald assesses the relevance of
the variable, with larger values indicating greater importance. p-value indicates statistical significance, being
significant when less than 0.050. Exp(β) (odds ratio) shows how the chances of the event change with each
unit of polymorphism change, with values > 1 increasing and <1 decreasing the chances. Exp(β) CI 95% shows
the confidence interval for the OR, indicating the range of values with 95% certainty. The constant represents
the probability of the event in the absence of independent variables; if negative, the chances are low, and if
positive, high.

Subsequently, a multivariate analysis was conducted using only the significant SNPs,
L55M and C311S. In the final model, the only SNPs that remained significant were the
heterozygous C311S polymorphism (β = 0.860; OR: 2.195; 95% CI: 1.276–3.775) compared
to C311C and the L55L polymorphism compared to M55M (β = −0.867; OR: 0.420; 95% CI:
0.228–0.704).

3.3. Paraoxonase Activity

The median paraoxonase activity of the PON-1 enzyme was higher in the PLWH
group (123.0; IQR: 62.0–168.0) when compared to the HC group (91.0; IQR: 48.0–136.0)
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(p < 0.001) (Figure 4a). Interestingly, the comparison of the median of paraoxonase activity
between the HC group and the T0 group (111.5; IQR: 54.0–161.0) was similar (p = 0.594).
In addition, both the T1 (125.0; IQR: 65.5–166.0) and T2 (123.0; IQR: 61.0–182.0) groups
showed higher paraoxonase activity when compared to the HC group (p = 0.002 and p =
0.003, respectively) (Figure 4b).

Figure 4. PON-1 activity. (a) Comparison of paraoxonase activity between the HC (in blue) and
PLWH (in red) groups. (b) Comparison of paraoxonase activity between the HC (in blue), T0 (in red),
T1 (in green), and T2 (in brown) groups. (c) Comparison of paraoxonase activity between the HC, T0,
T1, and T2 groups by Q192R polymorphism. (d) Comparison of paraoxonase activity between the HC,
T0, T1, and T2 groups by L55M polymorphism. The black bar represents the median and interquartile
range. The HC group is represented by a triangle symbol. The PLWH group is represented by a
circle. Each point represents an observation from the case series. The symbol (*) represents that the
group is different from the others. The comparison between two groups was performed using the
Mann–Whitney U test. The comparison between more than two groups was performed using the
Kruskal–Wallis test.

Regarding the Q192R polymorphism, the presence of the homozygous Q192Q geno-
type showed no difference in paraoxonase activity between the groups evaluated (p > 0.050).
However, different paraoxonase activity was observed between the groups considering
the heterozygous Q192R polymorphism, as well as in the group itself when compared to
the Q192Q polymorphism. The highest activity was related to the homozygous R192R
polymorphism and the activity was higher in the T0, T1, and T2 groups when compared
to the HC group. Thus, the polymorphisms influence paraoxonase activity (p < 0.001) as
well as HIV-1 infection (p < 0.001). Moreover, there is an interaction between the polymor-
phism and HIV-1 infection, regardless of the ART treatment stage, that increases the PON-1
paraoxonase activity (p < 0.001) (Figure 4c).

The analysis of the paraoxonase activity associated with the L55M SNP of PON-1
showed that the highest activity of the enzyme is associated with the homozygous L55L
genotype when compared to the other genotypes (p < 0.001), being similar between the
heterozygous L55M and M55M genotypes, in all groups (p > 0.050). Furthermore, the
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highest paraoxonase activity observed was in the L55L genotype in the T2, T1, and T0
groups when compared to the HC group (p < 0.001) (Figure 4d).

3.4. Cholesterol, Lipoproteins, T Lymphocytes, and Viral Load

The effects of antiretroviral therapy on cholesterol, lipoproteins, CD4 and 8 T lympho-
cytes, and viral load were evaluated in the three groups of PLWH (Table 4). The lowest
concentration of total cholesterol (p = 0.050), as well as triglycerides (p < 0.001) and VLDL
(p < 0.001), was observed in the T0 group when compared to the other groups. The HDL
concentration was higher in the T1 group when compared to the other groups (p < 0.007).
The LDL concentration was similar between groups (p = 0.106).

Table 4. Cholesterol, lipoproteins, CD4 and CD8 T lymphocytes, and viral load in PLWH.

PLWH (n = 350)

T0 (n = 48) T1 (n = 159) T2 (n = 143)

Median P25 P75 Median P25 P75 Median P25 P75 p Value

CD4-TLs (mil/mm3) 462.0 351.0 629.0 534.0 376.0 704.0 455.0 269.0 632.0 0.004

CD8-TLs (mil/mm3) 1001.5 746.0 1289.0 796.0 604.0 1042.0 952.0 726.0 1295.0 <0.001

Viral load (Log) 4.4 3.7 5.0 3.9 3.1 4.6 4.5 3.8 5.1 0.048

Cholesterol (mg/dL) 173.0 150.0 192.0 187.0 160.0 214.0 172.0 151.0 210.0 0.050

HDL-C (mg/dL) 41.5 38.0 58.0 50.0 39.0 62.0 43.0 35.0 53.0 0.007

LDL-C (mg/dL) 94.5 67.0 119.0 105.0 81.0 131.0 98.0 70.0 121.0 0.106

VLDL-C (mg/dL) 24.5 18.0 36.0 25.0 18.0 40.0 34.0 23.0 44.0 <0.001

TG (mg/dL) 124.5 91.0 190.0 131.0 92.0 220.0 185.0 124.0 247.0 <0.001
Comparison among the groups using Kruskal–Wallis test. Abbreviations: PLWH = people living with HIV-1;
n = number of individuals; TL: T lymphocyte; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density
lipoprotein cholesterol; TG: triglycerides; VLDL-C: very low-density lipoprotein cholesterol. Data are presented
as median and 25 percentile (P25) and 75 percentile (P75).

3.5. PON-1 and PON-2 Gene Polymorphisms and Paraoxonase Activity Association with Infection
and Lipid Markers in PLWH

Based on previous data, we conducted secondary analyses to assess whether the
presence of polymorphisms was associated with alterations in lipid metabolism markers
and infection markers. All analyses are presented in the Supplementary Materials. Here
we present the most relevant findings that can be used to generate hypotheses for future
studies. Due to the low number of participants in each polymorphism subgroup we chose
to group heterozygous individuals with smaller homozygotes. Therefore, analyses were
conducted on a case-by-case basis in each antiretroviral therapy.

In the T0 group, a lower concentration of total cholesterol was observed in PLWH
carriers of the R allele compared to the Q allele (p = 0.046) in SNP Q192R PON-1 gene. In
addition, PLWH patients with R allele had a higher number of CD4-LT (p = 0.077), as well
as a lower concentration of LDL-C (p = 0.065), although the statistical significance was
borderline, Table S1.

In the T1 group, the highest number of CD4-TLs was observed in the patients carrying
the G allele in PON-2 gene polymorphisms (A148G and G148G compared with A148A)
(p = 0.010). As for the C311S SNP, a higher number of CD4-TLs was observed in homozy-
gous C311C when compared to the other genotypes (p = 0.018). The polymorphisms in
the other genes were not related with any changes in these patients (Table S2). In the
T2 group, the only difference observed was in the Q192R polymorphism group of the
PON-1 gene. Heterozygous (Q192R) and homozygous (R192R) had lower concentrations
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of LDL (p = 0.008) and total cholesterol (p = 0.052) when compared to homozygous Q192Q
individuals, Table S3.

In the total PLWH group, it was observed that the highest number of CD4-LTs was
associated with the R allele (59.1%) when compared with the Q allele (40.9%), while the
lowest number of CD4-LTs was associated with the Q allele (51.6%) (p = 0.048). In the T0
group, the S311C genotype was associated with the presence of the S allele (p = 0.031).
However, the presence of the S allele was associated with a decrease in CD4-LTs (p = 0.008)
as well as the presence of viral load (p = 0.050). In the other groups, no association was
observed between PON-1 and PON-2 gene polymorphisms and the decrease in CD4-LTs
and detectable viral load (Table S4).

In this cohort, 96 (27.4%) PLWH had a CD4-LT count below 350 (cell/mm3) and 112
(32.0%) PLWH had a detectable viral load both independent of the use of ART. However,
we observed a difference between the groups (T0, T1, and T2) regarding the frequency of
CD4-LTs (p = 0.035). The low CD4-LT count in the T0 group was 11 (23.9%), that in the T1
group was 35 (22.0%), and that in the T2 group was 50 (35.0%).

The detectable viral load was 33 (68.8%) from the T0 group, 28 (17.6%) from the T1
group, and 51 (35.7%) from the T2 group (p < 0.001). As for the paraoxonase activity of the
PON-1 enzyme, no difference was observed between PLWH for the viral load (p = 0.254).
On the other hand, paraoxonase activity was lower in PLWH with a low CD4-LT count
when compared to PLWH with a high CD4-LT (p = 0.010).

To assess the influence of lipids on the number of CD4-LTs and CD8-LTs, univariate
linear regression analyses were performed with each of the biochemical parameters studied
(Table S5). In the T0 group, serum HDL concentration was associated with the amount of
CD8-LTs, which was about 31% (R2 = 0.317; p = 0.008). Similarly, in the T2 group, total
cholesterol concentration was associated with an increase in CD4-LTs (β = 0.008; R2 = 0.115;
p = 0.030). In this study, it was not possible to perform multivariate regression analysis.

4. Discussion

In this study, we evaluated paraoxonase 1 and 2 polymorphisms, as well as PON-1
paraoxonase activity, in PLWH and healthy individuals. To determine whether polymor-
phisms in the PON-1 and PON-2 genes, along with paraoxonase activity, are associated
with HIV-1 infection in PLWH, we conducted a sex-matched case-control study. This is
the first study to assess these polymorphisms together in PLWH. Among the four single
nucleotide polymorphisms analyzed, we found that the L55M PON-1 and C311S PON-2
polymorphisms deviated from a Hardy–Weinberg equilibrium between the PLWH and HC
groups. The PON-1 and PON-2 genes are part of the same genetic cluster on human chro-
mosome 7, and their respective polymorphisms—L55M, Q192R, A148G, and C311S—have
been linked to the development of various metabolic disorders, particularly those related
to lipid metabolism and cardiovascular diseases [27,58–60].

A predominance of genotypes associated with the L55M and M55M PON-1 poly-
morphisms was observed in the PLWH group, whereas the L55L PON-1 genotype was
predominantly found in the HC group. Additionally, the M allele was more frequent in
PLWH. In the odds ratio analysis, individuals homozygous for L55L exhibited an approx-
imately 60% protective effect against HIV-1. This is the first time that the L55M PON-1
polymorphism has been associated with HIV-1 infection. Although this finding needs to be
confirmed in further studies, the presence of the M variant (LM and/or MM), compared
to the L allele (LL), has been linked to the development of several diseases [61], including
increased susceptibility to non-alcoholic fatty liver disease [62], cancer [6,63], and other
conditions [14,64–66].
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Regarding the S311C polymorphism of PON-2, the homozygous C311C genotype
was more prevalent in the PLWH group compared to the HC group. The PON-2 enzyme
is located on the plasma membrane, and in vitro studies have shown that its lactonase
activity and pro-apoptotic function contribute to defense against Gram-negative bacterial
infections by regulating biofilm formation and the production of virulence factors [23].
Additionally, in vitro evidence suggests that the A148G and S311C polymorphisms may
influence post-translational modifications, indicating a direct modulatory effect of these
SNPs. Mutant C311C proteins exhibit a 30-fold reduction in esterase catalytic activity [67].

The Q192R and A148G polymorphisms exhibited similar frequencies between the
groups. However, differences were observed in the distribution of complete genotypes
and the interaction strengths of these genotypes within the evaluated groups. Association
studies between PON-1 and PON-2 genetic cluster polymorphisms are scarce. We found
61 different combinations between the genotypes Q192R, L55M, A148G, and S311C, and
these combinations were different between PLWH and HC, showing that the difference may
be associated with HIV-1 infection. However, these results must be proven in future studies.

Although the physiological substrates of PON-1 remain unknown, in vitro studies
have described three main classes of substrates for PON-1 that may be related to its enzy-
matic antioxidant activity in humans: the hydrolysis of lactones through lactonase activity,
the hydrolysis of aryl esters through arylesterase activity, and the hydrolysis of organophos-
phates, primarily paraoxon, through paraoxonase activity [68]. The paraoxonase activity
of the PON-1 enzyme is one of the most extensively studied in diseases associated with
increased oxidative stress, inflammation, and lipid metabolism disorder [69–72].

Here, the paraoxonase activity was higher in PLWH when compared with healthy
individuals. This result suggests that the increased paraoxonase activity of PON-1 in PLWH
is a metabolic antioxidant response to the oxidative stress caused by HIV-1 infection and
prolonged ART use. In fact, in PLWH with an undetectable viral load, prolonged ART use
for approximately 10 years has been shown to result in a pronounced redox imbalance and
triple ART therapies have been associated with increased oxidative stress. Furthermore,
the use of protease inhibitors has been linked to a higher production of reactive oxygen
metabolites [73].

PLWH using both NRTI- and PI-based ART presented increased paraoxonase activity,
which is inconsistent with findings from previous studies on the lactonase, arilesterase,
and paraoxonase activities of the PON-1 in this population [74–76]. These divergent results
may be related to the mechanism of action of the PON-1 enzyme in detoxifying different
xenobiotics, as well as to the use of distinct substrates to measure PON-1 activity [76–80].
Furthermore, the median paraoxonase activity was similar between the HC and ART-naïve
group. These findings are particularly interesting as they highlight the influence of an-
tiretroviral treatment on paraoxonase activity. It is likely that, at the onset of HIV-1 infection,
paraoxonase activity related to oxidative stress remains unchanged, whereas prolonged
antiretroviral therapy contributes to increased oxidative stress. As a compensatory mecha-
nism, these combined factors may enhance PON-1 paraoxonase activity in an attempt to
maintain oxidative homeostasis [77–80].

Conversely, a separate study revealed lower concentrations of paraoxonase PON-1,
PON-3, and HDL in the PLWH cohort when compared to the control group. Furthermore,
paraoxonase activity was significantly elevated in the control group relative to both the
ART-naïve group and those receiving NNRTI-based ART, regardless of whether they had a
detectable viral load or were treated with protease inhibitors [81]. Prolonged use of NNRTIs
was too associated with a reduction in serum PON-3 concentrations [82]. All these findings,
including those observed in our study, suggest that antiretroviral treatments may induce
oxidative stress through the downregulation of the paraoxonase family. The increase in

130



Antioxidants 2025, 14, 209

paraoxonase activity observed here may provide important insights into the development
of comorbidities in PLWH.

The PON-1 enzyme exhibits anti-inflammatory and antioxidant functions, which are
believed, in part, to be linked to its relationship with HDL, as well as to be due to its affinity
for various substrates [83,84]. PON-1 circulates in the human body bound to HDL. HDL
contains other enzymes in its structure, such as Apo-A1. It is suggested that both HDL and
Apo-A1 are associated with PON-1 activities and that reduced enzyme activity is associated
with the development of diseases or a pro-disease status [85]. Due to these characteristics
related to metabolism, paraoxonase activity is known to be cardioprotective, primarily
with anti-atherogenic functions. However, it is important to note that this function is not
exclusive to PON-1, as it is shared with HDL [86,87].

The subjects in the T0 group had low concentrations of serum total cholesterol, VLDL-
C, and triglycerides when compared to T1 and T2 groups. These results demonstrate that
at the onset of HIV-1 infection, there are no evident changes in lipid metabolism. In this
study, the ART in the T1 group was a combination of efavirenz, zidovudine, lamivudine,
stavudine, tenofovir, and nevirapine. In an in vitro model of liver cells, Marinho and
colleagues [88] reported that both nevirapine and its metabolite 12-hydroxy-nevirapine
increased paraoxonase activity. These results were confirmed in a human study, where
nevirapine and its metabolite were associated with increased HDL-C and paraoxonase
activity [89]. In a study with rats that received the protease inhibitors ritonavir, atazanavir,
and saquinavir for four weeks, paraoxonase activity was decreased, suggesting that these
medications may lead to an exhaustion of PON-1 paraoxonase activity [90]. Furthermore,
the prolonged use of protease inhibitors, particularly lopinavir/ritonavir, is associated
with the development of dyslipidemia, characterized by increase in both LDL-C and
cardiovascular risk [91,92].

Here, no difference in LDL-C concentration was observed between the T0, T1, and T2
groups. However, triglyceride and VLDL-C concentrations were higher in the T2 group,
which used protease inhibitors. Although paraoxonase activity was increased in both the
NNRTI-based and protease inhibitor groups compared to healthy controls, our study did
not demonstrate any strong correlation between paraoxonase activity, infection, and lipid
markers in any of the groups analyzed. Thus, based on all the observed results related
to paraoxonase activity in the different groups of PLWH evaluated, we can observe that,
while there is no increase in oxidative stress in the T0 group, the paraoxonase activity under
PON-1 is similar to that of healthy controls. On the other hand, the increase in paraoxonase
activity in the groups with different ARTs can be considered an indication of oxidative
stress in this population.

Indeed, environmental and molecular–genetic factors alter the enzyme’s function
regarding the hydrolysis of substrates, which favors an increase in oxidative stress [14,15,66].
In addition, the highest paraoxonase activity was associated with the Q192R and R192R
genotypes. In PLWH, the enzyme activity in these genotypes was approximately 1.5 times
higher than in healthy individuals. Interestingly, the highest CD4-TL cell count was
observed in individuals with the R allele. On the other hand, the lowest enzyme activity
was found in genotypes Q192Q, L55M, and M55M. Both genotypes are known to be slow
metabolizers, especially in individuals carrying the M and Q alleles [93]. Through these
results, it is possible to observe the joint influence of antiretroviral treatment and the
presence of L55M and Q192R polymorphisms on the paraoxonase activity of PON-1.

Our results of association between paraoxonase activity and imbalance in the presence
of polymorphisms in the populations studied can be used to infer that HIV-1-infected
individuals are likely to have an imbalance in their antioxidant status associated with the
gene cluster of the paraoxonase family. In addition, these characteristics may contribute to
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viral infection, in part, by maintaining an environment conducive to the development of the
virus disease progression [94–98]. The mean age of the PLWH group was higher compared
to the HC group. However, no correlation was observed here between participant age
and PON-1 paraoxonase activity. The relationship between age and PON-1 paraoxonase
activity remains controversial [99,100]. However, it is possible that paraoxonase activity
decreases with aging [101].

Systemic alterations in lipid metabolism, such as reduced HDL cholesterol levels
and changes in triglycerides, were observed, indicating that the impact of HIV-1 and
ART extends beyond viral control, encompassing potential metabolic and cardiovascu-
lar risks. These findings emphasize the need for personalized therapeutic strategies for
PLWH, considering both genetic and metabolic factors associated with prolonged ART
use. Additionally, monitoring paraoxonase activity and lipid profiles based on polymor-
phisms may be useful for preventing related complications in PLWH. Prolonged ART use in
PLWH can lead to lipodystrophy, bone mass loss, diarrhea, lean tissue depletion, increased
lipids, insulin resistance, diabetes, atherosclerosis, and cardiovascular diseases, all of which
contribute to an elevated risk of mortality [102–104].

This study has some limitations. First, sample size biases may have affected the
genotypic frequencies observed. Additionally, the Hardy–Weinberg imbalance for the
L55M and S311C polymorphisms could be due to a lack of genetic representativeness
in the populations studied. The cross-sectional design also limits the ability to establish
causal relationships between the PON-1 and PON-2 gene polymorphisms, ART, lipid
profile alterations, and paraoxonase activity. While we controlled for sex in our case-
control design, other factors such as environmental exposure, lifestyle, demographics,
ethnicity, and epigenetics, which can influence oxidative stress and lipid changes, were
not considered.

Future studies should adopt a longitudinal approach to better understand the causal
links between genetic polymorphisms, ART, and metabolic changes, with a focus on sample
diversification. Additionally, it is important to explore the molecular and pathophysiologi-
cal mechanisms underlying HIV-1 infection and the role of PON-1 and PON-2 polymor-
phisms, along with their enzyme activities, to reduce oxidative stress in PLWH. This could
involve introducing potential antioxidant compounds that could enhance PON-1 function.

In conclusion, our data show that the frequency of the M55M genotype and/or the
M allele is higher in PLWH. Specifically, the M allele may be linked to the susceptibility
to HIV-1, while the L55L genotype may offer partial protection against infection. In
addition, paraoxonase activity in PLWH was higher in groups using ART, suggesting that
prolonged use of ART may positively influence the antioxidant activity of this enzyme
in response to increased oxidative stress caused by both infection and treatment and that
polymorphisms such as L55M and Q192R in the PON-1 gene are associated with variations
in enzyme activity.
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in the T2 group (n = 143); Table S4: Association between SNPs of PON-1 e PON-2 genes with CD4-LT
number 19 and viral load in PLWH; Table S5: Association between biochemical variables with viral
load, CD4-TLs, and 24 CD8-TLs in the PLWH group.
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Polymorphism Is Associated with Type C Lesions in Coronary Atherosclerosis. Clin. Biochem. 2022, 105–106, 64–69. [CrossRef]

28. Xie, C.; Jin, R.; Zhao, Y.; Lin, L.; Li, L.; Chen, J.; Zhang, Y. Paraoxonase 2 Gene Polymorphisms and Prenatal Phthalates’ Exposure
in Chinese Newborns. Environ. Res. 2015, 140, 354–359. [CrossRef]

29. Chen, Q.; Liu, J.; Fu, X.; Yang, F.; Liu, Q.; Li, J.; Tan, Z.; Li, J.; Lin, K.; Yan, Y.; et al. Effect of Late Testing and Antiretroviral
Treatment on Mortality Among People Living with HIV in the Era of Treat-All in Guangdong Province, China, 1992–2018: A
Cohort Study. Front Public Health 2022, 10, 851117. [CrossRef]

30. Baisley, K.; Orne-Gliemann, J.; Larmarange, J.; Plazy, M.; Collier, D.; Dreyer, J.; Mngomezulu, T.; Herbst, K.; Hanekom, W.; Dabis,
F.; et al. Treat-All Strategy and Long-Term Survival Among People Living with HIV in South Africa: Results After 6 Years of
Observation in the ANRS 12249 Treatment as Prevention Trial. HIV Med. 2022, 23, 922–928. [CrossRef]

31. Naito, T.; Mori, H.; Fujibayashi, K.; Fukushima, S.; Yuda, M.; Fukui, N.; Tsukamoto, S.; Suzuki, M.; Goto-Hirano, K.; Kuwatsuru,
R. Analysis of Antiretroviral Therapy Switch Rate and Switching Pattern for People Living with HIV from a National Database in
Japan. Sci. Rep. 2022, 12, 1732. [CrossRef] [PubMed]

32. Spooner, R.K.; Taylor, B.K.; Moshfegh, C.M.; Ahmad, I.M.; Dyball, K.N.; Emanuel, K.; Schlichte, S.L.; Schantell, M.; May, P.E.;
O’Neill, J.; et al. Neuroinflammatory Profiles Regulated by the Redox Environment Predicted Cognitive Dysfunction in People
Living with HIV: A Cross-Sectional Study. EBioMedicine 2021, 70, 103487. [CrossRef] [PubMed]

33. Gutiérrez-García, G.; García-Herrera, A.; Cardesa, T.; Martínez, A.; Villamor, N.; Ghita, G.; Martínez-Trillos, A.; Colomo, L.;
Setoain, X.; Rodríguez, S.; et al. Comparison of Four Prognostic Scores in Peripheral T-Cell Lymphoma. Ann. Oncol. 2011, 22,
397–404. [CrossRef]

34. Schwenger, K.J.P.; Arendt, B.M.; Smieja, M.; Ma, D.W.L.; Smaill, F.; Allard, J.P. Relationships between Atherosclerosis and Plasma
Antioxidant Micronutrients or Red Blood Cell Polyunsaturated Fatty Acids in People Living with HIV. Nutrients 2019, 11, 1292.
[CrossRef] [PubMed]

35. Shyamveer; Khan, A.A.; Singh, H.O. Effect of Genetic Variations in Drug Transporters, Metabolizing Enzyme and Regulatory
Genes on the Development of HIV-Associated Lipodystrophy. J. Gene Med. 2023, 25, e3493. [CrossRef] [PubMed]

36. Zhang, J.; Sehl, M.E.; Shih, R.; Breen, E.C.; Li, F.; Lu, A.T.; Bream, J.H.; Duggal, P.; Martinson, J.; Wolinsky, S.M.; et al. Effects of
Highly Active Antiretroviral Therapy Initiation on Epigenomic DNA Methylation in Persons Living with HIV. Front. Bioinform.
2024, 4, 1357889. [CrossRef]

37. Hamed, M.A.; Aremu, G.O.; Akhigbe, R.E. Concomitant Administration of HAART Aggravates Anti-Koch-Induced Oxidative
Hepatorenal Damage via Dysregulation of Glutathione and Elevation of Uric Acid Production. Biomed. Pharmacother. 2021, 137,
111309. [CrossRef]

38. Mebrat, Y.; Amogne, W.; Mekasha, A.; Gleason, R.L.; Seifu, D. Lipid Peroxidation and Altered Antioxidant Profiles with Pediatric
HIV Infection and Antiretroviral Therapy in Addis Ababa, Ethiopia. J. Trop. Pediatr. 2017, 63, 196–202. [CrossRef]

39. Brunet, L.; Mallon, P.; Fusco, J.S.; Wohlfeiler, M.B.; Prajapati, G.; Beyer, A.; Fusco, G.P. Switch from Tenofovir Disoproxil Fumarate
to Tenofovir Alafenamide in People Living with HIV: Lipid Changes and Statin Underutilization. Clin. Drug Investig. 2021, 41,
955–965. [CrossRef]

134



Antioxidants 2025, 14, 209

40. Camps-Vilaró, A.; Pérez-Fernández, S.; Subirana, I.; Teira, R.; Estrada, V.; Domingo, P.; Dégano, I.R.; Marrugat, J. Standardized
Comparison of Cardiovascular Risk Factors Prevalence in Spanish Women and Men Living with Hiv and in the General
Population. J. Pers. Med. 2021, 11, 1085. [CrossRef]

41. McComsey, G.A.; Emond, B.; Shah, A.; Bookhart, B.K.; Rossi, C.; Milbers, K.; Lafeuille, M.-H.; Donga, P. Association Between
Weight Gain and the Incidence of Cardiometabolic Conditions Among People Living with HIV-1 at High Risk of Weight Gain
Initiated on Antiretroviral Therapy. Infect. Dis. Ther. 2022, 11, 1883–1899. [CrossRef] [PubMed]

42. Cusato, J.; Mulasso, A.; Ferrara, M.; Manca, A.; Antonucci, M.; Accardo, G.; Palermiti, A.; Bianco, G.; Chiara, F.; Mula, J.; et al.
Studying the Changes in Physical Functioning and Oxidative Stress-Related Molecules in People Living with HIV after Switching
from Triple to Dual Therapy. Antioxidants 2024, 13, 518. [CrossRef]

43. Wobeser, W.L.; McBane, J.E.; Balfour, L.; Conway, B.; Gill, M.J.; Huff, H.; Kilby, D.L.P.; Fergusson, D.A.; Mallick, R.; Mills, E.J.; et al.
A Randomized Control Trial of High-Dose Micronutrient-Antioxidant Supplementation in Healthy Persons with Untreated HIV
Infection. PLoS ONE 2022, 17, e0270590. [CrossRef] [PubMed]

44. Visser, M.E.; Durao, S.; Sinclair, D.; Irlam, J.H.; Siegfried, N. Micronutrient Supplementation in Adults with HIV Infection.
Cochrane Database Syst. Rev. 2017, 2017, CD003650. [CrossRef]

45. Maselli, L.M.F.; da Cunha, J.; Gutierrez, E.B.; Maranhão, R.C.; Spada, C.; Bydlowski, S.P. Human Paraoxonase-1 Activity Is
Related to the Number of CD4+ T-Cells and Is Restored by Antiretroviral Therapy in HIV-1-Infected Individuals. Dis. Markers
2014, 2014, 480201. [CrossRef]

46. Dornas, W.; Silva, M. Modulation of the Antioxidant Enzyme Paraoxonase-1 for Protection against Cardiovascular Diseases. Nutr.
Metab. Cardiovasc. Dis. 2024, 34, 2611–2622. [CrossRef]

47. Kaya, M.O.; Sinan, S.; Güler, Ö.Ö.; Arslan, O. Is There a Relation Between Genetic Susceptibility with Cancer? A Study About
Paraoxanase (PON1) Enzyme Activity in Breast Cancer Cases. J. Enzym. Inhib. Med. Chem. 2016, 31, 1349–1355. [CrossRef]

48. Rodríguez-Tomàs, E.; Murcia, M.; Arenas, M.; Arguís, M.; Gil, M.; Amigó, N.; Correig, X.; Torres, L.; Sabater, S.; Baiges-Gayà, G.;
et al. Serum Paraoxonase-1-Related Variables and Lipoprotein Profile in Patients with Lung or Head and Neck Cancer: Effect of
Radiotherapy. Antioxidants 2019, 8, 213. [CrossRef]

49. Ministry of Health Technical Manual for Diagnosis of HIV Infection in Adults and Children. Brasilia, Brazil; 2018. Available
online: https://www.gov.br/aids/pt-br/central-de-conteudo/publicacoes/2018/manual_tecnico_hiv_27_11_2018_web.pdf
(accessed on 7 February 2025).

50. World Health Organization. Blood Donor Selection: Guidelines on Assessing Donor Suitability for Blood Donation; World Health
Organization: Geneva, Switzerland, 2013; ISBN 9789241548519.

51. Ministry of Health Implementation and Routine of Nucleic Acid Tests (NAT) in Hemotherapy Services: Operational Manual;
Brasilia, Brazil. 2013; ISBN 978-85-334-2086-1. Available online: https://bvsms.saude.gov.br/bvs/publicacoes/implantacao_
rotina_acidos_nucleicos_manual.pdf (accessed on 7 February 2025).

52. Miller, S.A.; Dykes, D.D.; Polesky, H.F. A Simple Salting out Procedure for Extracting DNA from Human Nucleated Cells. Nucleic
Acids Res. 1988, 16, 1215. [CrossRef]

53. Motti, C.; Dess, M.; Gnasso, A.; Irace, C.; Indigeno, P.; Angelucci, C.B.; Bernardini, S.; Fucci, G.; Federici, G.; Cortese, C. A
Multiplex PCR-Based DNA Assay for the Detection of Paraoxonase Gene Cluster Polymorphisms. Atherosclerosis 2001, 158, 35–40.
[CrossRef]

54. Hegele, R.A.; Connelly, P.W.; Scherer, S.W.; Hanley, A.J.G.; Harris, S.B.; Tsui, L.C.; Zinman, B. Paraoxonase-2 Gene (PON2) G148
Variant Associated with Elevated Fasting Plasma Glucose in Noninsulin-Dependent Diabetes Mellitus. J. Clin. Endocrinol. Metab.
1997, 82, 3373–3377. [CrossRef] [PubMed]

55. Sentí, M.; Tomás, M.; Anglada, R.; Elosua, R.; Marrugat, J.; Covas, M.I.; Fitó, M. Interrelationship of Smoking, Paraoxonase
Activity, and Leisure Time Physical Activity: A Population-Based Study. Eur. J. Intern. Med. 2003, 14, 178–184. [CrossRef]

56. Agachan, B.; Yilmaz, H.; Karaali, Z.; Isbir, T. Paraoxonase 55 and 192 Polymorphism and Its Relationship to Serum Paraoxonase
Activity and Serum Lipids in Turkish Patients with Non-Insulin Dependent Diabetes Mellitus. Cell Biochem. Funct. 2004, 22,
163–168. [CrossRef] [PubMed]

57. Peng, C.Y.J.; Lee, K.L.; Ingersoll, G.M. An Introduction to Logistic Regression Analysis and Reporting. J. Educ. Res. 2002, 96, 3–14.
[CrossRef]

58. Ayan, D.; Gül, M.A.; Karabay, U.; Bulut, S.M. Bioinformatic Investigation of Genetic Changes in Paraoxonase Genes in Breast
Cancer and Breast Cancer Subtypes. Eur. J. Breast Health 2024, 20, 178–184. [CrossRef] [PubMed]

59. Sanghera, D.K.; Aston, C.E.; Saha, N.; Kamboh, M.I. DNA Polymorphisms in Two Paraoxonase Genes (PON1 and PON2) Are
Associated with the Risk of Coronary Heart Disease. Am. J. Hum. Genet. 1998, 62, 36–44. [CrossRef]

60. Chen, C.C.; Chen, C.C.; Tu, J.D.; Wu, Y.L.; Leu, S.J. Associations between Genetic Polymorphisms of Paraoxonase Genes and
Coronary Artery Disease in a Taiwanese Population. Clin. Biochem. 2013, 46, 1664–1667. [CrossRef]

135



Antioxidants 2025, 14, 209

61. Doneva-Basheva, K.I.; Gospodinov, K.; Tacheva, T.; Dimov, D.; Vlaykova, T.I. Role of Single Nucleotide Polymorphism L55M in
the Paraoxonase 1 Gene as a Risk and Prognostic Factor in Acute Coronary Syndrome. Curr. Issues Mol. Biol. 2022, 44, 5915–5932.
[CrossRef]

62. Milaciu, M.V.; Vesa, S, .C.; Bocs, an, I.C.; Ciumărnean, L.; Sâmpelean, D.; Negrean, V.; Pop, R.M.; Matei, D.M.; Pas, ca, S.; Răchis, an,
A.L.; et al. Paraoxonase-1 Serum Concentration and PON1 Gene Polymorphisms: Relationship with Non-Alcoholic Fatty Liver
Disease. J. Clin. Med. 2019, 8, 2200. [CrossRef]

63. Eraldemir, F.C.; Üren, N.; Kum, T.; Erbay, B.; Sahin, D.; Ergül, E.; Acar, E.; Özsoy, D.; Çekmen, M.; Klr, H.; et al. Association of
Serum Paraoxonase 1 Activities, Polymorphisms and Oxidative Stress in Breast Cancer Patients with Type 2 Diabetes Mellitus. J.
Med. Biochem. 2019, 38, 368–375. [CrossRef]
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Structure of Paraoxonase-1 and Its Modifications in Relation to Enzyme Activity and Biological Functions—A Comprehensive
Review. Int. J. Mol. Sci. 2024, 25, 13129. [CrossRef]

85. Jakubowski, H. Proteomic Exploration of Paraoxonase 1 Function in Health and Disease. Int. J. Mol. Sci. 2023, 24, 7764. [CrossRef]
[PubMed]

86. Kempegowda, S.N.; Sugur, K.; Thimmulappa, R.K. Dysfunctional HDL Diagnostic Metrics for Cardiovascular Disease Risk
Stratification: Are We Ready to Implement in Clinics? J. Cardiovasc. Transl. Res. 2024, 1–16. [CrossRef] [PubMed]

87. Celik, H.; Tuysuz, M.Z.; Aktas, Y.; Eren, M.A.; Demirbag, R. Assessment of Paraoxonase 1 and Arylesterase Activities and Lipid
Profile in Bodybuilders: A Comparative Study of Physical Activity and Anthropometry on Atherosclerosis. Medicina 2024, 60,
1717. [CrossRef]

88. Marinho, A.T.; Dias, C.G.; Pinheiro, P.F.; Lemos, A.R.; Antunes, A.M.M.; Marques, M.M.; Monteiro, E.C.; Miranda, J.P.; Pereira,
S.A. Nevirapine Modulation of Paraoxonase-1 in the Liver: An in Vitro Three-Model Approach. Eur. J. Pharm. Sci. 2016, 82,
147–153. [CrossRef]

89. Marinho, A.T.; Batuca, J.R.; Miranda, J.P.; Caixas, U.; Dias, C.G.; Branco, T.; Soto, K.; Pinheiro, P.; Bourbon, M.; Marques,
M.M.; et al. The 2-Hydroxy-Nevirapine Metabolite as a Candidate for Boosting Apolipoprotein A1 and for Modulating Anti-HDL
Antibodies. Pharmacol. Res. 2021, 165, 105446. [CrossRef]

90. Pastryk, J.E.; Rusek, M.; Bełtowski, J. Effects of Antiretroviral Treatment on Paraoxonase 1 (PON1) Activity in Rats. Chem. Biol.
Interact. 2016, 259, 407–412. [CrossRef]

91. Limsreng, S.; Marcy, O.; Ly, S.; Ouk, V.; Chanroeurn, H.; Thavary, S.; Boroath, B.; Canestri, A.; Viretto, G.; Delfraissy, J.F.; et al.
Dyslipidemias and Elevated Cardiovascular Risk on Lopinavir-Based Antiretroviral Therapy in Cambodia. PLoS ONE 2016, 11,
e0160306. [CrossRef]

92. Dai, L.; Liu, A.; Zhang, H.; Wu, H.; Zhang, T.; Su, B.; Shao, Y.; Li, J.; Ye, J.; Scott, S.R.; et al. Impact of Lopinavir/Ritonavir
and Efavirenz-Based Antiretroviral Therapy on the Lipid Profile of Chinese HIV/AIDS Treatment-Naïve Patients in Beijing: A
Retrospective Study. Curr. HIV Res. 2019, 17, 324–334. [CrossRef]

93. Reichert, C.O.; de Macedo, C.G.; Levy, D.; Sini, B.C.; Monteiro, A.M.; Gidlund, M.; Maselli, L.M.F.; Gualandro, S.F.M.; Bydlowski,
S.P. Paraoxonases (PON) 1, 2, and 3 Polymorphisms and PON-1 Activities in Patients with Sickle Cell Disease. Antioxidants 2019,
8, 252. [CrossRef]

94. Guillin, O.M.; Vindry, C.; Ohlmann, T.; Chavatte, L. Interplay Between Selenium, Selenoproteins and HIV-1 Replication in Human
CD4 T-Lymphocytes. Int. J. Mol. Sci. 2022, 23, 1394. [CrossRef] [PubMed]

95. Thangaraj, A.; Chivero, E.T.; Tripathi, A.; Singh, S.; Niu, F.; Guo, M.L.; Pillai, P.; Periyasamy, P.; Buch, S. HIV TAT-Mediated
Microglial Senescence: Role of SIRT3-Dependent Mitochondrial Oxidative Stress. Redox Biol. 2021, 40, 101843. [CrossRef]
[PubMed]

96. Zeng, X.F.; Li, Q.; Li, J.; Wong, N.; Li, Z.; Huang, J.; Yang, G.; Sham, P.C.; Li, S.B.; Lu, G. HIV-1 Tat and Methamphetamine
Co-Induced Oxidative Cellular Injury Is Mitigated by N-Acetylcysteine Amide (NACA) Through Rectifying MTOR Signaling.
Toxicol. Lett. 2018, 299, 159–171. [CrossRef] [PubMed]

97. Burini, R.C.; Borges-Santos, M.D.; Moreto, F.; Yu, Y.M. Comparative Effects of Acute-Methionine Loading on the Plasma
Sulfur-Amino Acids in NAC-Supplemented HIV+ Patients and Healthy Controls. Amino Acids 2018, 50, 569–576. [CrossRef]

98. Camps, J.; Iftimie, S.; Arenas, M.; Castañé, H.; Jiménez-Franco, A.; Castro, A.; Joven, J. Paraoxonase-1: How a Xenobiotic
Detoxifying Enzyme Has Become an Actor in the Pathophysiology of Infectious Diseases and Cancer. Chem. Biol. Interact. 2023,
380, 110553. [CrossRef]

99. Meisinger, C.; Freuer, D.; Bub, A.; Linseisen, J. Association Between Inflammatory Markers and Serum Paraoxonase and
Arylesterase Activities in the General Population: A Cross-Sectional Study. Lipids Health Dis. 2021, 20, 81. [CrossRef]

100. Orlando, P.; Silvestri, S.; Galeazzi, R.; Antonicelli, R.; Marcheggiani, F.; Cirilli, I.; Bacchetti, T.; Tiano, L. Effect of Ubiquinol
Supplementation on Biochemical and Oxidative Stress Indexes After Intense Exercise in Young Athletes. Redox Rep. 2018, 23,
136–145. [CrossRef]

137



Antioxidants 2025, 14, 209

101. Parker, D.; Sloane, R.; Pieper, C.F.; Hall, K.S.; Kraus, V.B.; Kraus, W.E.; Huebner, J.L.; Ilkayeva, O.R.; Bain, J.R.; Newby, L.K.; et al.
Age-Related Adverse Inflammatory and Metabolic Changes Begin Early in Adulthood. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2019,
74, 283–289. [CrossRef]

102. Basta, D.; Latinovic, O.S.; Silvestri, G. Potential Advantages of a Well-Balanced Nutrition Regimen for People Living with Human
Immunodeficiency Virus Type-1. J. AIDS HIV Treat. 2024, 6, 11–27. [CrossRef]

103. Ciccacci, F.; Lucaroni, F.; Latagliata, R.; Morciano, L.; Mondlane, E.; Balama, M.; Tembo, D.; Gondwe, J.; Orlando, S.; Palombi,
L.; et al. Hematologic Alterations and Early Mortality in a Cohort of HIV Positive African Patients. PLoS ONE 2020, 15, e0242068.
[CrossRef]

104. Cummins, N.W. Metabolic Complications of Chronic HIV Infection: A Narrative Review. Pathogens 2022, 11, 197. [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.

138



antioxidants

Review

Protective Role of High-Density Lipoprotein in
Multiple Sclerosis

Agnieszka Damiza-Detmer *, Małgorzata Pawełczyk and Andrzej Głąbiński
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Abstract: Multiple sclerosis (MS) is a chronic, progressive demyelinating disease with a most likely
autoimmune background and a neurodegenerative component. Besides the demyelinating process
caused by autoreactive antibodies, an increased permeability in the blood–brain barrier (BBB) also
plays a key role. Recently, there has been growing interest in assessing lipid profile alterations in
patients with MS. As a result of myelin destruction, there is an increase in the level of cholesterol
released from cells, which in turn causes disruptions in lipid metabolism homeostasis both in the
central nervous system (CNS) and peripheral tissues. Currently, there is a growing body of evidence
suggesting a protective role of HDL in MS through its effect on the BBB by decreasing its permeability.
This follows from the impact of HDL on the endothelium and its anti-inflammatory effect, mostly by
interacting with adhesion molecules like vascular cell adhesion molecule 1 (VCAM-1), intercellular
adhesion molecule 1 (ICAM-1), and E-selectin. HDL, through its action via sphingosine-1-phosphate,
exerts an inhibitory effect on leukocyte migration, and its antioxidant properties contribute to the
improvement of the BBB function. In this review, we want to summarize these studies and focus on
HDL as a mediator of the anti-inflammatory response in MS.

Keywords: multiple sclerosis; HDL; antioxidant; anti-inflammatory; BBB; lipid alteration; apolipoprotein

1. Introduction

HDL, along with LDL, is the main lipoprotein responsible for transporting cholesterol
in the blood. Its primary function is to transport cholesterol from peripheral tissues to
the liver. HDLs, similar to other lipoproteins—LDL, VLDL, IDL, are primarily made up
of apolipoproteins (apo), non-structural proteins, and lipids. Their surface consists of
a monolayer that includes amphipathic phospholipids, sphingolipids, and unesterified
cholesterol, which encloses a core containing triglycerides and cholesteryl esters. HDLs
differ in terms of size, density, and their specific lipid and protein makeup. The main
apolipoprotein of HDL is apoA1 [1–3].

HDLs are known for their protective, antiatherogenic properties, particularly their
ability to promote cholesterol removal from vascular cells and aid in its elimination. Beyond
cholesterol efflux, they also have anti-inflammatory antioxidant effects and can stimulate
nitric oxide (NO) production in the endothelium. Recent research has emphasized HDL
functionality, revealing that its role in cardiovascular health may be more predictive than
simply measuring HDL-C levels in the blood [2,4,5].

MS is a disorder that is of unwavering interest to researchers. Despite many years of
study, the pathophysiology remains unclear. Yet, most investigators are convinced about
the autoimmune nature of MS, with an emphasis on its neurodegenerative component. It
is still unknown if the trigger for the cascade leading to the demyelinating process occurs
within or outside the CNS [6]. Clinically, we can distinguish four subtypes of MS. In
total, 80% of patients suffer from relapsing-remitting MS (RRMS). Patients have acute
relapses followed by periods of remission. Unfortunately, for over 40% of patients, these
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remissions are partial, leading to disability over time. Untreated RRMS, or RRMS treated
with insufficient response, can transform into secondary progressive MS (SPMS)—this
occurs in 50–60% of RRMS cases. Primary-progressive MS (PPMS) is characterized by
constant neurological worsening without acute relapses, and it affects about 10–15% of MS
patients. The rarest subtype is progressive-relapsing MS (PRMS), where patients experience
progressive worsening of the neurological state along with acute relapses [7].

Despite advances in understanding MS and treatments to reduce relapses, stopping
and reversing disease progression remains a challenge. Current clinical approaches need to
shift towards biologically based definitions of MS progression. Progression is driven by
various mechanisms—non-resolving inflammation, neurodegeneration, oxidative stress,
mitochondrial dysfunction, and failed compensatory responses like remyelination. These
processes differ among patients and over time, highlighting the need for personalized
tracking methods. New tools are needed to correlate clinical, radiological, and biological
data, shifting from traditional MS classifications to a biomarker-driven, individualized
treatment model. Transitioning to this new framework will require collaboration across
research, healthcare, and regulatory systems [8].

In the autoimmune background of MS, autoreactive lymphocytes play a key role,
particularly T CD4+ and CD8+ cells, especially CD4+ Th cells [9]. Th1 and especially Th17
seem to be the most important factors leading to the damage of endothelial cells (ECs)
forming the BBB. B lymphocytes, which, similarly to T lymphocytes, are activated in the
periphery or in the CNS, pass through the damaged BBB, and, as plasma cells, secrete
autoantibodies. Myelin oligodendrocyte glycoprotein (MOG), myelin basic protein (MBP),
myelin-associated glycoprotein (MAG), or myelin proteolipid protein (PLP) are postulated
as antigens for these cells. Newer research indicates that the target for these produced
antibodies may be lipid elements that build cell membranes, with the most likely antigen
being cholesterol [10–12].

A crucial pathomechanism for MS is BBB damage, which leads to increased perme-
ability and is associated with disease severity [13]. It is still unclear whether the initiating
event of autoimmunity leading to BBB impairment occurs within the CNS or in periph-
eral tissues. It is also unknown whether the dysfunction of the endothelium that forms
the BBB is primary, due to a pathological response to oxidative stress, or secondary, in
response to previously circulating autoreactive lymphocytes [6,7]. Recent studies have
shown that a damaged BBB exhibits excessive expression of P-, E-, and L-selectins, as well
as VCAM and ICAM on ECs, initiated by exaggerated production of proinflammatory
chemokines [14,15].

2. Methods

This narrative review draws upon a selection of research studies investigating the
antioxidant and anti-inflammatory roles of HDLs in MS, particularly in relation to BBB
dysfunction. Relevant original research, editorials, and review articles published up to
August 2024 were sourced from the PubMed database. The search utilized keywords
such as “HDLs”, “high-density lipoprotein”, “apoA-I”, “apoA1”, “multiple sclerosis”,
“blood-brain barrier”, “endothelial dysfunction”, “antioxidative”, and “anti-inflammatory”
to identify pertinent studies for inclusion in this review.

3. Lipid Profile Alteration and Their Association with MS

The CNS is the most lipid-rich organ. Approximately 50–60% of its dry weight is
constituted by lipids, and 20–25% of that is cholesterol. Up to 80% of brain cholesterol
is used in building myelin sheaths. In addition to cholesterol, myelin also contains other
lipids, such as phospholipids and glycosphingolipids [16,17]. Cholesterol is synthesized de
novo in the brain, mostly by astrocytes in the mature CNS and by oligodendrocytes and
neurons in the postnatal period. Due to the fact that the BBB is impermeable to cholesterol,
its metabolism—from synthesis to transport and storage—is almost completely indepen-
dent of metabolism in the periphery [16,18]. Similarly to peripheral tissues, cholesterol in
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the brain is transported by lipoproteins. Due to the impermeability of the BBB to these
molecules, the profile of lipoproteins in the CSF and serum is different. CSF is abun-
dant in apolipoprotein E (apoE), apolipoprotein A1 (apoA1), and apolipoprotein J (apoJ),
while apolipoprotein B (apoB) is absent. Analysis of the density and lipid composition of
lipoproteins in CSF reveals that they most closely resemble HDL found in the periphery,
hence their name HDL-like. However, HDL-like particles are larger than their peripheral
counterparts [19,20]. Proteins from the ATP-binding cassette transporter (ABC) family—
ABCA1, ABCG1, and ABCA7—are required during the formation of lipoproteins. These
transporters are located in the neuronal cell membrane [19]. They are the main proteins
involved in the transmembrane transport of cholesterol from the cell. They are responsible
for the incorporation of phospholipids into apoE, resulting in the formation of a lipoprotein
disk—nascent HDL, which subsequently incorporates free cholesterol produced in the cell.
This cholesterol undergoes esterification by enzymes, most likely cholesterol ester transfer
protein (CETP) and lecithin cholesterol acyltransferase (LCAT), resulting in the formation
of mature HDL-like lipoproteins. The transport of cholesterol across the cell membrane
using ABC transporters is energy-consuming, requiring the use of ATP [21–23]. Neurons,
microglia, and arachnoid cells use these mature lipoproteins via low-density lipoprotein
receptors (LDLR), mostly LDLR-related protein 1 (LRP1). Transport through these receptors
is strongly associated with apoE [17]. In order to maintain cholesterol homeostasis, in addi-
tion to its synthesis and metabolism, the process of its removal from cells must take place.
Cholesterol is metabolized to oxysterols or undergoes esterification. This process takes
place thanks to oxidizing enzymes—sterol hydroxylases. Most of these enzymes belong
to the cytochrome P450 complex. The main route of elimination of excess cholesterol is
hydroxylation by the enzyme CYP46A1, resulting in the metabolite 24S-hydroxycholesterol
(24S-OHC). Due to its hydrophilic nature, 24S-OHC is able to cross the BBB and is found in
serum. Peripherally located 24S-OHC undergoes esterification, binding with fatty acids
to form LDL or HDL [18,24,25]. Oxysterols, apart from their function as cholesterol trans-
porters, are also regulators of their metabolism, among other roles, by acting as ligands for
liver X receptors (LXRs). LXRs activate the transcription of genes, promoting cholesterol
efflux from the cell, which causes a decrease in its intracellular level [18,26,27]. Increased
levels of oxysterols, especially 24S-OH, are found in the serum of MS patients [28–30].
Because they freely migrate across the BBB, they have an activating effect on LXRs [28].
These receptors affect inflammatory responses via T lymphocytes. They reduce their influx
into the CNS, inhibit the differentiation in naive CD4+ T lymphocytes into Th17-producing
cells, and inhibit Il-9-producing CD8+ T lymphocytes [31]. In addition, LXR activation
has an anti-inflammatory effect, which is achieved by inhibiting proinflammatory genes
responsible for the production of TNFα, IL-1β, IL6, and nitric oxide synthase [32]. The
remyelination process is also associated with the activation of LXRs. This is evidenced
by studies on mice, in which blocking LXRs inhibits the repair processes within myelin
while their activation stimulates the maturation of oligodendrocytes and both myelin pro-
duction and remyelination. This mechanism involves reverse cholesterol transport using
ABCA1 and apoE [33]. Studies also suggest LXRs’ role in reducing oxidative stress by
stimulating antioxidant genes: glucose-6-phosphate dehydrogenase (G6PDH), isocitrate
dehydrogenase 1 (IDH1), and 6-phosphogluconate dehydrogenase (6-PGDH) in damaged
myelin sheaths in peripheral nerves [34]. Many studies provide evidence that MS is as-
sociated with serum lipid profile alteration. The most common findings in these patients
are increased levels of TC, LDL, TG, and HDL [35–38]. However, it is not known whether
the dyslipidemia described in the studies is the result of myelin damage associated with
the development of the disease or if it is pathophysiologically unrelated to the processes
underlying MS and is merely a comorbidity.

Many studies provide evidence that MS is associated with serum lipid profile alteration.
The most common findings in these patients are increased levels of TC, LDL, TG, and
HDL [24,35,39,40]. A recent study assessed the prevalence of normolipidemia and various
types of dyslipidemia in a group of healthy individuals, those with RRMS, and those with
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progressive MS (PMS, which included patients with PPMS and SPMS). While it did not
show differences in the occurrence of different types of dyslipidemia between the groups,
it was observed that individuals with PMS and higher HDL levels demonstrated lower
levels of disability [41]. There are also studies discussing the impact of diet on the course
of MS. One study shows that patients following a diet high in saturated fats present greater
disability and experience a more severe course of the disease [42]. Meanwhile, a more
recent study—a randomized clinical trial—points to the Swank diet (low in saturated fats)
and the Wahls diet (modified Paleolithic elimination) as diets that reduce chronic fatigue
and improve quality of life [43]. However, it is not known whether the dyslipidemia
described in the studies is the result of myelin damage associated with the development of
the disease or if it is pathophysiologically unrelated to the processes underlying MS and is
merely a comorbidity.

Various studies indicate a positive correlation between elevated levels of TC and the
Expanded Disability Status Scale (EDSS), TC and disease duration, increased levels of
LDL and EDSS, and LDL with disease duration. Moreover, levels of TC and LDL are
significantly higher in PPMS and SPMS than in RRMS [44–47]. The relationship between
high TC levels and a higher EDSS score may result from the impact of excess cholesterol
on remyelination. Some studies suggest that the toxic effect of excess cholesterol in the
CNS has an inhibitory effect on remyelination by limiting microglia’s ability to clear myelin
debris [33]. Other studies have shown an association between increased levels of LDL and
contrast-enhancing lesions (CEL), the number of lesions, or the appearance of new lesions
in T2 MRI sequences [38,48,49]. Increased levels of TC and its metabolites—24S-OHC
and 27S-OHC—are also found to positively correlate with CEL. Furthermore, they are
negatively correlated with brain volume in MS patients [45,50].

Other studies have shown an association between increased levels of LDL and CELs,
the number of lesions, or the appearance of new lesions in T2 MRI sequences [40,51,52].
Increased levels of TC and its metabolites—24S-OHC and 27S-OHC—are also found to
positively correlate with CELs. Furthermore, they are negatively correlated with brain
volume in MS patients [30,47].

The lipid metabolism disorder described above results from disturbances in cholesterol
homeostasis in the brain. The destruction of myelin—the process that underlies MS—leads
to an overload of the CNS with released cholesterol. This necessitates enhanced activity of
the processes responsible for its removal in order to reduce the risk of its toxic effects [36].
The activity of CYP46A1 hydroxylase is increased, which metabolizes excess cholesterol to
24S-OHC, allowing it to freely penetrate the BBB. In serum, 24S-OHC is mainly transported
in the form of LDL (70–80%) and HDL (20–30%) and then eliminated in the liver as bile
acids [37]. Through the damaged BBB, cholesterol originating from the demyelination
process penetrates into the bloodstream, which may indirectly result in increasing levels of
serum LDL and TC.

Activation of LXR receptors takes place both in the CNS and in the periphery, mainly in
the liver. Ligands for these receptors (including 24S-OHC) elicit an increase in the transcrip-
tion of genes for ABCA1, ABCG1, and apoE, which are responsible for reverse cholesterol
transport. This indirectly leads to a further increase in LDL, HDL, and VLDL levels in
the serum. The increase in apoE levels is a response to the increased need for cholesterol
efflux from the cell. Activation of LXRs also induces the promotion of transcription of the
SREBP1c gene, leading to an increase in the synthesis of fatty acids. Another extremely
important function of LXR is its immunomodulatory role. These receptors, located on T
lymphocytes and macrophages, inhibit the influx of these cells into the CNS under condi-
tions of stimulation. Activation of LXR also leads to a decrease in the transcription of genes
responsible for the production of TNFα, IL-6, and IL-1β and also promotes transcription of
anti-inflammatory factors such as IL-10 and TGFβ [31,32,38].
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The increase in LDL levels resulting from the mechanisms described above is also
harmful in itself. Under normal conditions, even increased LDL does not affect the processes
occurring in the CNS due to the preserved integrity of the BBB. However, in the course
of MS, when there is damage to the BBB and a significant increase in its permeability,
even particles as large as LDL can migrate through it freely. In the vessel walls, oxidation
occurs, leading to the formation of ox-LDL, which has a very strong atherogenic and
proinflammatory effect. Its proinflammatory effect results from the presence of a changed
epitope of apoB, the main apolipoprotein of LDL [53,54]. The pathologically changed
epitope becomes recognizable by macrophages, which “engulf” ox-LDL, leading to the
formation of foam cells, whose role in demyelination has been suggested [50,55]. In this
process, chemotaxis of monocytes occurs, promoting the production of proinflammatory
cytokines such as TNFα, IL-6, and IL-8 [48]. As a consequence of these modifications, HDL
shifted from being an anti-inflammatory particle to a proinflammatory one, as evidenced
by its altered capacity to either prevent or promote LDL oxidation by arterial wall cells
or to either inhibit or enhance LDL-induced monocyte chemotactic activity [49]. All this
exaggerates the inflammatory and demyelinating processes in the CNS. This is reflected in
previously conducted studies showing a positive relationship between the concentration
of LDL, ox-LDL, and the level of EDSS, the duration of the disease, or the number of
demyelinating plaques in the CNS [53,56].

4. HDL’s Role in MS Pathophysiology

HDL is one of five classes of lipoproteins. This classification is based on molecular size,
density, and the content of individual lipids and apolipoproteins. Both LDL and HDL are
cholesterol-rich lipoproteins. The main apolipoprotein of HDL is apoA1 [3]. ApoA1 plays
a crucial role in lipid metabolism. It facilitates the removal of fats from cells, including
macrophages overloaded with oxidized LDL, by transporting them to other locations,
such as the liver, for excretion. ApoA1 acts as a cofactor for LCAT, which forms plasma
cholesteryl esters and may have an anticoagulant effect by stabilizing prostacyclin [57].

Research assessing HDL levels in patients with MS produces heterogeneous results.
Most of the studies exhibit increased levels of HDL in MS. The adjustment of HDL varies
among the different MS subtypes. The research conducted by Giubilei et al. assessed HDL
levels in patients with clinically isolated syndrome (CIS). CIS is defined as the first episode
of characteristic neurological symptoms that do not yet fulfill MS diagnostic criteria. In this
study, patients with initially higher HDL levels also exhibited lower initial EDSS scores
and a reduced number of CELs [51].

In the stable course of RRMS without recent relapses, HDL levels in serum are found
to be significantly higher compared to healthy controls. Interestingly, the studies did
not establish a significant correlation between EDSS scores, disease duration, and HDL
levels [39,58,59].

Further, studies conducted by Meyers et al. and Gardner et al. showed reduced levels
of HDL and apoA1—the main apolipoprotein for brain HDL, in the group of patients with
MS. The results obtained by these researchers may be due to the fact that their RRMS
patients were older and had more advanced diseases compared to the previous studies or
had already been diagnosed with PPMS or SPMS [60,61].

In the study assessing the differences in lipid profiles in patients with RRMS and SPMS,
it was shown that HDL levels are significantly lower in patients with SPMS, suggesting a
potential association of this lipoprotein with disease progression and severity [46].

Differences observed in HDL levels, whether elevated or decreased, as seen in the
aforementioned studies, may also depend on the assessment of specific HDL subfractions—
such as small and large HDL particles—as well as the evaluation of oxidized HDL (ox-
HDL).

Analyzing studies that evaluate HDL levels in relation to the pathophysiology of MS,
it is hypothesized that elevated HDL levels are associated with better prognosis, slower
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disease progression, and improved BBB function. Initial support for this hypothesis comes
from observed differences between the subtypes of multiple sclerosis.

Prospective studies evaluating patients with RRMS over a 5-year period have demon-
strated that individuals with lower baseline HDL levels exhibit a significantly higher risk
of developing SPMS [47]. Additionally, correlations have been observed between HDL
levels and brain imaging findings on MRI. It has been demonstrated that during the course
of the observations, patients with relative increases in HDL levels exhibited reduced gray
matter atrophy [47,62]. Some available data indicate that higher levels of HDL and apoA1
are associated with improved cerebral perfusion in patients with MS [58].

Many studies also indicate a relationship between HDL and BBB integrity. An indirect
marker of this correlation is the association between higher HDL levels and a reduced
number of CELs, smaller lesion volumes, and a prospectively lower incidence of new
plaque formation [39,40,58,63]. Fellows et al. designed a study to investigate the direct
relationship between HDL and BBB integrity. They compared serum HDL levels with
markers of BBB damage found in CSF. They discovered that higher levels of HDL and apoA1
are associated with lower total protein levels in CSF, lower albumin and IgG levels in CSF,
and reduced concentrations of CD80+ and CD19+ cells [64]. These findings suggest that
HDL is essential for maintaining proper BBB permeability. Similarly, the protective effects
of HDL have been confirmed in Alzheimer’s disease, and studies have also demonstrated
a relationship between higher HDL levels and reduced BBB permeability [65].

5. Mechanisms of HDL Action in MS

The exact mechanism underlying the role of HDL in the pathophysiology of MS is
not fully understood. However, based on the studies mentioned, the most likely explana-
tion is its beneficial effect on the BBB through its influence on the vascular endothelium.
HDL exerts its effects on the endothelium through its anti-inflammatory, antioxidant,
antithrombotic, antiapoptotic, and nitric oxide synthesis properties [2,3].

5.1. Anti-Inflammatory Effect of HDL

The anti-inflammatory properties exhibited by HDL result from various mediated pro-
cesses. One of these processes is the protective effect of HDL on the vascular endothelium
through its interaction with endothelial adhesion molecules such as VCAM-1, intercel-
lular adhesion molecule-1 (ICAM-1), and E-selectin [66]. These molecules are involved
in the processes of leukocyte rolling along the endothelium, their activation, adhesion,
and subsequent transendothelial migration to the target site. In addition to facilitating
leukocyte migration to sites of inflammation, the endothelium also participates in the
production of cytokines and growth factors. These include IL-1, IL-6, IL-18, TNF, and
monocyte chemotactic protein 1 (MCP-1) [15,67–69]. The overexpression of these molecules
and the consequent damage to the BBB are well-documented in MS [70]. The protective
effect of HDL on the vascular endothelium that constitutes the BBB is attributed to the fact
that this apoA1-containing lipoprotein exerts an inhibitory effect on cytokine-induced EC
activation, preventing the expression of adhesion molecules. Some in vitro studies suggest
that the inhibitory effect of HDL on the expression of VCAM-1, ICAM-1, and E-selectin is
associated with TNF-α. In these studies, endothelial cells were activated by the addition of
TNF-α and then incubated with HDL. Depending on the specific experimental setup, the
expression levels of various adhesion molecules were subsequently assessed. The levels of
VCAM-1 and E-selectin were significantly reduced in the presence of HDL [71,72].

Another mechanism by which HDL attenuates the endothelial activation response
involves its modulation of E-selectin via nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κB) and S1P [73,74]. HDL influences NF-κB by reducing S1P levels
through the inhibition of the enzyme sphingosine kinase. Reduction in NF-κB levels leads
to decreased expression of E-selectin [75,76]. While E-selectin contributes to leukocyte
rolling, research indicates that its primary function is to facilitate the transition of leukocytes
from rolling to firm adhesion to the endothelium. Experimental models lacking E- and P-
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selectin genes exhibit a complete absence of leukocyte migration across the BBB, an absence
of leukocyte rolling, and increased leukocyte production [77]. Therefore, by reducing the
expression of adhesion molecules, HDL reinforces the BBB, diminishes leukocyte migration
into the CNS, and thereby reduces demyelination (Figure 1).

Figure 1. HDL reduces S1P levels by inhibiting sphingosine kinase, which in turn lowers NF-κB
activity. This reduction in NF-κB activity leads to decreased expression of E-selectin, a molecule
involved in leukocyte rolling, adhesion, and migration through the BBB. The downregulation of
E-selectin by HDL results in a decrease in leukocyte rolling, adhesion, and migration through the BBB.
HDL inhibits the effects of TNF-α, which is responsible for the upregulation of VCAM-1 and ICAM-1.
By reducing the expression of VCAM-1 and ICAM-1, HDL diminishes leukocyte attraction and T-cell
immune mediation, thereby reducing leukocyte migration through the BBB. BBB- blood–brain barrier,
S1P—sphingosine-1-phosphate, NF-κB—nuclear factor kappa-light-chain-enhancer of activated B
cells, HDL—high-density lipoprotein, TNF-α—tumor necrosis factor-alpha, VCAM-1—vascular cell
adhesion molecule-1, ICAM-1—intercellular adhesion molecule-1.

5.2. S1P Interactions with HDL

Changes in sphingolipid metabolism also play a significant role in the pathophysiol-
ogy of MS. These changes involve not only the levels of sphingolipids themselves but also
the signaling pathways mediated by them. Disruptions in sphingolipid metabolism are im-
plicated in various neurodegenerative and inflammatory CNS diseases [78]. Sphingolipids
participate in modulating the immune response, including through the induction of apop-
tosis in autoreactive T lymphocytes [79]. Sphingosine-1-phosphate (S1P) is a representative
sphingolipid with a well-documented impact on immune response and neurodegener-
ation in MS [80]. S1P is involved in neuronal apoptosis and exhibits proinflammatory
activity [80]. Increased expression of S1P receptors—primarily S1PR1, S1PR2, S1PR3, and
S1PR5—has been observed in astrocytes and oligodendrocytes in MS patients [79,81].

S1P is also modulated by HDL. Approximately 50–65% of serum S1P is bound to
apolipoprotein M (apoM) and transported by HDL in the HDL-apoM-S1P complex. S1P
receptors are responsible for various functions related to immune responses. Among them,
S1PR1 is responsible for regulating the migration of leukocytes from secondary lymphoid
organs to the bloodstream and lymph nodes [72,82–84]. One of the drugs used in the
treatment of MS, fingolimod, is an agonist of S1P receptors. By binding to these receptors
on autoreactive T and B lymphocytes, it prevents their migration into the CNS and retains
them within lymphoid organs. In a study evaluating HDL levels in patients undergoing
fingolimod therapy, it was demonstrated that HDL levels increased during treatment,
which was associated with a deceleration of disease progression and a reduction in the
frequency of relapses [85]. The results of this study suggest that the beneficial effect of HDL
on the course and severity of MS is attributable to its interaction with S1P (Figure 2).
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Figure 2. S1PRs (1–5) are abundantly expressed on immune cells, particularly on T and B lymphocytes.
The primary function of these receptors is to regulate the movement of these cells between lymphoid
organs, including lymph nodes, and peripheral tissues, such as the CNS. S1P molecules bound to
HDL via apoM act as agonists for these receptors by binding them. Consequently, HDL indirectly
influences immune response modulation and prevents activated T and B lymphocytes from migrating
from lymphoid organs to the CNS, thereby inhibiting demyelination processes. HDL—high-density
protein, CNS—central nervous system, BBB—blood–brain barrier, apoM- apolipoprotein M, S1PR—
sphingosine-1-phosphate receptor, S1P—sphingosine-1-phosphate.

5.3. Antioxidant Effect of HDL

The role of oxidative stress in the development of MS is highly emphasized. The
studies that were conducted support evidence of increased levels of oxidation and de-
creased activity of antioxidants in MS patients [86]. As mentioned before, in MS, we deal
with the demyelination of neurons, axonal injury, and neurodegenerative components.
These impairments could be associated with oxidative stress due to the high sensitivity
of glial cells and neurons to its negative effects, such as DNA damage, mitochondrial
dysfunction, or defective enzyme activities [86,87]. In patients with MS, elevated markers
indicative of nitrosative stress are also observed, primarily including increased levels of
nitrotyrosine [88,89].

The antioxidant properties exhibited by HDL are also linked to their beneficial impact
on the course of MS. These properties are attributed to HDL-associated enzymes, such as
paraoxonase-1 (PON1) and glutathione selenoperoxidase (GSPx), whose dysfunction has
been reported in the development of MS [90,91]. PON1 activity is found to be decreased in
patients with MS compared to healthy individuals [92,93]. Moreover, patients with SPMS
indicate lower PON1 activity compared to other subtypes [94]. The primary function of
PON1 is to prevent the oxidation of LDL to ox-LDL, a process that occurs through the
hydrolysis of the lactone ring in homocysteine thiolactone (HTL) molecules. Ox-LDL is
known for its proinflammatory properties [95]. As previously mentioned, ox-LDL levels
are elevated in patients with MS and are associated with higher EDSS scores and markers
of endothelial dysfunction [53]. Those patients have also reduced levels of serum HDL.
The relationship between HDL levels and ox-LDL has also been well-known for a long
time, particularly in relation to atherosclerosis. Higher HDL levels reduce LDL oxidation,
thereby exerting a protective effect on the vascular walls (Figure 3) [5].
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Figure 3. PON1 is an enzyme anchored in HDL. The activity of PON1 comprises the lactonase,
homocysteine-thiolactonase (HTase), and arylesterase (AREase) activities. Through the hydrolysis
of reactive compounds—PON1 is anticipating oxidation of LDL. The reduction in LDL oxidation to
harmful proinflammatory ox-LDL in the course of MS leads to a decrease in the number of CELs.
This is due to the fact that ox-LDL no longer exacerbates BBB endothelial dysfunction via increasing
monocyte attraction or MCP-1 activation. As a result, there is a slowdown in the progression of
disability, as measured by tools such as the EDSS.HDL—high-density lipoprotein, LDL—low-density
lipoprotein, PON1—paraoxonase-1, BBB—blood–brain barrier, CELs—contrast-enhancing lesions,
MCP-1—monocyte chemoattractant protein-1, EDSS—Expanded Disability Status Scale.

Patients with MS who have higher HDL levels demonstrate better brain perfusion
parameters [58]. This association may be attributed to the relationship between HDL
and apoA1 with NO synthesis. Some studies suggest that HDL interacts with scavenger
receptor-BI on brain vascular cells, stimulating endothelial NO synthase (eNOS) [96,97].
This enzyme is responsible for the synthesis of NO, which has vasodilatory properties. It has
been shown that anti-ApoA1 antibodies can block eNOS-dependent vascular relaxation [97].
Another mechanism by which HDL exerts its vasodilatory effects on the vessel wall likely
involves the mimicry of HDL-bound S1P3, which activates the Akt-mediated pathway
leading to eNOS activation [98].

5.4. Ox-HDL in MS

The mechanisms outlined above highlight the potentially critical role of HDL in the
pathogenesis of MS. However, several studies suggest that serum HDL levels may be
diminished in patients with MS, particularly in those with more severe disease phenotypes
such as PPMS, SPMS, or chronic RRMS [46,60,61]. This reduction may be linked to struc-
tural abnormalities in HDL, its oxidation to the proinflammatory ox-HDL, or potential
dysfunctions in LXRs, which are pivotal in regulating cholesterol homeostasis within the
CNS [99]. Ox-HDL In a study conducted by Jorissen et al., it was demonstrated that pa-
tients with RRMS with reduced HDL levels exhibit nitration and oxidation of tyrosine and
tryptophan, along with a +126 amu modification on tyrosine residues in HDL3-derived
apoA1 [99]. In these patients, the presence of ox-HDL was also observed, which correlates
positively with higher EDSS scores [93]. The formation of this harmful molecule in MS
patients is attributed to prolonged oxidative stress, nitrosative stress, and the dysregulated
activity of heme oxygenase 1 (HO-1). HO-1 exerts a protective role against reactive oxygen
species (ROS) and oxidative stress, and its upregulation mitigates the harmful impact of
oxidized HDL. Several studies have reported increased activity of this enzyme in patients
with MS [100–104].

6. Conclusions

1. HDL’s Role in MS Pathophysiology: HDL plays a potentially critical role in MS by
influencing BBB integrity and vascular endothelium through its anti-inflammatory,
antioxidant, and nitric oxide synthesis properties.

2. Mechanisms of HDL Action: HDL protects the endothelial cells forming the BBB by
interacting with adhesion molecules like VCAM-1, ICAM-1, and E-selectin, thereby
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reducing leukocyte migration and BBB permeability. HDL also modulates endothelial
activation through NF-κB and sphingosine-1-phosphate (S1P) pathways, enhancing
its protective effect.

3. Impact of HDL on S1P and Nitric Oxide: HDL modulates S1P, a crucial molecule in
MS pathogenesis, by binding it to apolipoprotein M (apoM). This interaction impacts
leukocyte migration and is linked to therapeutic effects observed with fingolimod, an
agonist drug that targets S1P receptors.

4. Antioxidant Properties: HDL’s antioxidant properties, linked to enzymes such as
PON1 and GSPx, contribute to its protective role. Increased ox-HDL levels are asso-
ciated with MS, potentially worsening disease outcomes. Due to the reduced PON1
activity, elevated ox-LDL levels are associated with increased disease severity, higher
EDSS scores, and endothelial dysfunction
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Abstract: Mast cell tumors (MCTs) are common skin neoplasms in dogs. Prognostic indicators
include histologic grade, clinical stage, high Ki-67 index, elevated argyrophilic nucleolus organizer
regions (AgNOR) index, c-kit mutations, and recurrence after surgery. Blood serum redox status has
been shown to correlate with prognostic factors in canine lymphoma and mammary tumors. This
study aimed to assess the correlation between established prognostic factors and serum redox status
and lipid metabolism analytes in dogs with MCTs. Dogs with cutaneous (n = 33) or subcutaneous
(n = 6) MCTs, without comorbidities, were studied. Staging was evaluated based on cytology
of regional lymph nodes and ultrasound-guided liver and spleen aspiration cytology. Histologic
grading and immunohistochemical staining for Ki-67 and KIT patterns were performed on excised
tumor specimens. Dogs were categorized by Patnaik grading (1–3), Kiupel grading (low/high),
metastatic status, Ki-67 positive nuclei per cm2 (>23 or ≤23), and KIT pattern (I, II–III). Paraoxonase-1,
Butyrylcholinesterase, Cupric Reducing Antioxidant Capacity (CUPRAC), Diacron Reactive Oxygen
Metabolites (d-ROMs), and oxy-adsorbent levels were measured before any therapeutic intervention.
ANOVA and independent t-tests were used to detect differences in the mean values among groups.
Paraoxonase-1 activity was significantly lower in Patnaik grade 3 (p = 0.003) and Kiupel high-grade
(p = 0.022) MCTs. No significant differences were found in CUPRAC, d-ROMs, or oxy-adsorbent
levels across different prognostic groups. This study found a significant correlation between histologic
grading and Paraoxonase-1 activity, suggesting a potential role of Paraoxonase-1 as a prognostic
biomarker in canine MCTs.

Keywords: canine; mast cell tumors; Paraoxonase-1 (PON-1); metabolomics; redox status; biomarkers

1. Introduction

Mast cell tumors (MCTs) are the most common malignant skin neoplasm in dogs with
an incidence rate of 16–21% [1]. The biological behavior of canine MCTs varies considerably,
ranging from benign tumors amenable to curative surgery, to extremely aggressive tumors,
with a survival time of less than four months, regardless of the treatment approach [2].
Subcutaneous MCTs tend to have a more favorable prognosis compared to cutaneous MCTs
in dogs [3,4].

Historically, the most important prognostic markers in dogs with MCT included histo-
logic grading (based mostly on a 2-tier system) and the clinical stage of the neoplasm [2,5].

Antioxidants 2024, 13, 1473. https://doi.org/10.3390/antiox13121473 https://www.mdpi.com/journal/antioxidants153



Antioxidants 2024, 13, 1473

In addition to this, molecular markers, including c-kit expression pattern, c-kit mutations
and proliferation indices such as the Ki-67 index, which correlates with the growth fraction
of the tumor, and the argyrophilic nucleolus organizer regions (AgNORs) index, which
correlates with the proliferation rate of the neoplastic cells, are of particular prognostic
importance [6–11].

Redox status is defined as the dynamic balance between oxidants and antioxidants to
maintain cell and tissue function [12]. Disruption of this balance triggers oxidative stress,
which has been linked to the pathogenesis of many diseases such as cancer, cardiovascular
disease, and diabetes mellitus in humans [13]. The total oxidative status of blood can be
assessed by direct measurement of Reactive Oxygen Species (ROS), with methods assessing
the oxidation of ROS-sensitive molecules [14–16] or by determining the concentration of
molecules derived from oxidation of biomolecules, including proteins, lipids, and nucleic
acids using various assays [17]. Oxidative stress can be estimated indirectly by measuring
enzymes that induce the body’s antioxidant response (Thioredoxin, Peroxiredoxins), high
concentrations of which are indicative of oxidative stress [18]. Finally, oxidative stress
is assessed by determining the concentration of antioxidants such as ascorbic acid, glu-
tathione, paraoxonase 1 (PON-1) and vitamin E compounds (α-, γ-tocopherol) [19–21].
Determination of total antioxidants can be performed by estimating the oxidant reducing
capacity contained in commercially available reagents [22].

PON-1 in particular is an important enzyme involved in lipid metabolism and has gained
attention as biomarker of oxidative stress and disease. Primarily associated with high-density
lipoproteins (HDL), PON-1 plays a key role in protecting lipids from oxidative damage by hy-
drolyzing lipid peroxides, thus maintaining the antioxidant capacity of HDL and preventing
atherosclerosis [23,24]. Its activity is decreased in various pathological conditions, including
cancer, where oxidative stress plays a pivotal role in disease progression [25]. Butyryl-
cholinesterase (BChE), although primarily recognized for its role in hydrolyzing choline-based
esters, is increasingly implicated in lipid metabolism and inflammation. Elevated or reduced
BChE levels have been associated with metabolic disorders, chronic inflammation, and cancer,
making it a potential biomarker for disease states [26–28].

Several studies have reported on the measurement of blood redox status in human
cancers. For instance, oxidative stress measured by 8-hydroxydeoxyguanosine (8-OHdG)
has been linked to cancer risk, while elevated Malondialdehyde (MDA) and reduced
vitamin E levels are associated with poor breast cancer prognosis [29,30]. Similarly, higher
8-OHdG concentrations have been linked to worse outcomes in ovarian carcinoma [31].

In canine medicine, blood redox status has been used to monitor treatment outcomes
for leishmaniosis. A study showed significant increases in antioxidant markers [Cupric
Reducing Antioxidant Capacity (CUPRAC), serum thiol, PON-1] after 30 and 180 days
of treatment [32]. Redox status has also been evaluated in canine inflammatory bowel
disease (IBD), where oxidative markers were higher and antioxidant markers lower in
affected dogs, suggesting oxidative stress plays a role in IBD pathogenesis [33]. However,
no correlation between these markers and treatment success was assessed.

In a study that assessed oxidative damage in dogs with multicentric lymphoma or
with cutaneous MCT, serum levels of O2−, and NO appeared reduced in diseased compared
to clinically healthy dogs, with the antioxidant response showing no statistically significant
difference [34]. In another study including dogs with MCT, the oxidative status of the
diseased dogs was assessed by measuring d-ROMs, which were found to be increased
compared to a healthy dog population, while antioxidant capacity (assessed by the BAP
method) was found to be reduced in the diseased animals, providing a basis for further
study [35]. In the above studies, the potential prognostic significance of oxidative stress
was not addressed, particularly in relation to well-established prognostic markers such as
the clinical stage and histologic grade of the disease.

The objectives of this study were to assess the blood redox status and lipid metabolism
markers in dogs with MCTs and to investigate their possible correlation with the clinical
stage, the histologic grade, and the immunohistochemical assessment of the disease.
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2. Materials and Methods

2.1. Study Population

Adult dogs with confirmed cutaneous or subcutaneous MCTs based on cytologic
examination were included in the study. The patients were required to have not undergone
surgical or chemotherapy treatment for the MCTs prior to inclusion in the study, and to
have no comorbidities that might affect the redox status of the dogs.

2.2. History, Physical Examination, and Clinical Staging

In all cases, a detailed history was obtained, followed by a physical examination with
particular attention being paid to the presence of any cutaneous and subcutaneous masses,
or any manifestations implying comorbidity. The anatomic location of the mass(es) was
mapped and its size was measured with a thickness gauge. All masses and palpable lymph
nodes were fine needle aspirated. Diagnostic imaging included abdominal ultrasound
followed by fine needle aspiration of the liver and spleen according to the methodology for
staging [36,37]. All aspirates were Giemsa-stained and examined for the presence of mast
cells. Metastasis was diagnosed by the presence of atypical mast cells and/or clusters of
normal-looking mast cells in the lymph nodes, the liver, and the spleen.

2.3. Clinicopathologic Testing

All the dogs included in the study underwent a complete blood count (CBC) (ADVIA
2120 Hematology System, Siemens Healthcare Diagnostics, Tarrytown, NY, USA) and
serum biochemistry panel (Vitalab Flexor E Chemistry Analyzer, Vital Scientific N.V.,
Dieren, The Netherlands) to exclude any underlying conditions that could influence the
biomarkers being studied. These tests ensured that no severe comorbidities were present,
allowing for a more accurate assessment of the relationship between the biomarkers and
mast cell tumors (MCTs) without interference from other health issues.

2.4. Histologic and Immunohistochemical Examination

After surgical excision of the primary neoplasms and/or any lymph nodes with cytologic
evidence of metastasis, the excised tissues were sent for histologic examination in order to
confirm the diagnosis, definitively characterize the MCT as cutaneous or subcutaneous, and
grade the cutaneous MCTs based on the Patnaik and Kiupel classification systems (VET
MED LABOR GMBH—Division of IDEXX Laboratories, Leipzig, Germany). All tumors
were also stained in the same commercial laboratory with antibodies for the Ki-67 marker
and the number of positive cells per 1 cm2 grid-area with the highest proliferation activity
were recorded. In addition, the KIT expression pattern was described as perimembranous
(pattern I), stippled cytoplasmic (pattern II), or diffuse cytoplasmic (pattern III).

2.5. Measurement of Biochemical Analytes in the Blood Serum

Blood was collected from the jugular vein on the day of the surgical excision, before
any handling or medication. Clot activator tubes were used, in which the whole blood
was left to rest for 20 min and then centrifuged for 10 min in 3000 rpm. Serum aliquots
were harvested and stored at −80 ◦C until further analysis. All analyses were conducted
in a blinded manner concerning the prognostic factors of the mast cell tumors (MCTs) to
eliminate any potential bias in the evaluation of the results.

The paraoxonase-1 (PON-1) activity assay was performed to assess the enzyme’s
hydrolytic activity using 4-nitrophenyl acetate as the substrate as previously described [19].
PON-1 catalyzes the hydrolysis of 4-nitrophenyl acetate into 4-nitrophenol, which is mea-
sured spectrophotometrically at 405 nm. The increase in absorbance corresponds to the
formation of 4-nitrophenol, reflecting PON-1 activity. Enzyme activity is expressed in units
per liter (IU/mL), where one unit represents the amount of enzyme that hydrolyzes 1 μmol
of 4-nitrophenyl acetate per minute under the assay conditions. An automated clinical
biochemistry analyzer (Olympus AU400, Chemistry Analyzer, Beckman Coulter, Brea, CA,
USA) was used for measurement.
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The activity of butyrylcholinesterase (BChE) was measured using butyrylthiocholine
as the substrate. BChE catalyzes the hydrolysis of butyrylthiocholine into thiocholine,
which reacts with 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) to produce a yellow-colored
compound, 5-thio-2-nitrobenzoate. The rate of the reaction was monitored spectrophoto-
metrically at 412 nm, with the increase in absorbance being proportional to BChE activity.
Results are expressed in micromoles per milliliter per minute (μmol/mL·min), representing
the amount of enzyme needed to hydrolyze 1 μmol of butyrylthiocholine per minute under
the assay conditions. An automated clinical biochemistry analyzer (Olympus AU400,
Chemistry Analyzer, Beckman Coulter, Brea, CA, USA) was used for measurement.

The d-ROMs test, a commercially available assay (Diacron International, Grosseto,
Italy) was used to assess oxidative stress by measuring the concentration of reactive oxy-
gen metabolites in the sample according to the previously validated procedure [38]. This
test is based on the principle that hydroperoxides, which are generated during oxidative
processes, react with a chromogenic substrate (N,N-diethyl-p-phenylenediamine) in the
presence of iron ions, forming a colored radical cation. The intensity of the color, measured
spectrophotometrically at 505 nm using the Free Carpe Diem analyzer (Diacron Interna-
tional, Grosseto, Italy), is directly proportional to the concentration of ROMs in the sample,
reflecting the level of oxidative stress. Results are expressed in Carratelli units (CARR U),
where 1 CARR U corresponds to 0.08 mg/dL of hydrogen peroxide.

The total antioxidant capacity was evaluated using both the OXY-adsorbent assay and
the CUPRAC method.

The CUPRAC assay involves the reduction in cupric ions (Cu2+) to cuprous ions (Cu+)
by antioxidants in the sample using a validated automated assay [39]. In the presence of
neocuproine, the reduced Cu+ forms a colored complex, which is measured spectrophotomet-
rically at 450 nm. The intensity of the color is directly proportional to the antioxidant capacity.
The results are expressed in mmol/L, reflecting the concentration of antioxidants capable of
reducing copper ions in the sample. An automated clinical biochemistry analyzer (Olympus
AU400, Chemistry Analyzer, Beckman Coulter, Brea, CA, USA) was used for measurement.

The commercially available OXY-adsorbent assay (Diacron International, Grosseto,
Italy) is a spectrophotometric method to measure antioxidant capacity in serum samples,
previously used in canine samples [40]. This approach involves the oxidation of physi-
ological antioxidants, such as uric acid, glutathione, thiol groups, vitamins, glutathione
peroxidase, superoxide dismutase, and catalase, by a high concentration of hypochlorous
acid (HClO) in the serum. Following a 10 min incubation period, any remaining HClO
reacts with an alkyl-substituted aromatic amine (A-NH2) dissolved in a chromogenic
mixture. The reaction oxidizes the amine, generating a colored product that is quantified
spectrophotometrically. The intensity of the color measured with the Free Carpe Diem ana-
lyzer (Diacron International, Grosseto, Italy) is inversely related to the sample’s antioxidant
capacity and directly proportional to the amount of HClO in the sample. The results are
expressed as micromoles of HClO consumed per milliliter of sample (μmol HClO/mL).

2.6. Statistical Analysis

The dogs were divided into groups based on the histologic location of the neoplasm
(cutaneous or subcutaneous). Cutaneous neoplasms were divided into further groups
based on the Kiupel (high- and low-grade) and Patnaik (grade 1, 2 or 3) histologic grading.
The patients were also grouped based on immunohistochemical staining for Ki67 (>23 or
≤23 positive nuclei per cm2 grid) and KIT pattern (I or II–III). ANOVA and independent
t-test were used for detecting differences in mean values of the measured variables among
different groups with significance level of a = 0.05. All analyses were performed using R
Statistical Software (R Core Team 2021).
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3. Results

3.1. Epidemiological Data

A total of 39 dogs with MCT were included in the study, including 24 female and
15 male dogs, with a median age of 9 years (range: 3–14 years). They comprised 15 mixed-
breed and 24 purebred dogs, including Pitbulls (n = 7), Boxers (n = 4), Maltese (n = 3) and
1 each of the following breeds: Labrador Retriever, Epagneul Breton, Golden Retriever,
French Bulldog, Schnauzer, Cane Corso, Dogo Argentino, Yorkshire Terrier, Shar Pei, and
Caucasian Shepherd. These data are summarized in Table 1.

Table 1. Epidemiological data of the dogs with mast cell tumors included in the study.

Characteristic Details

Total number of dogs 39

Gender 24 Female (61.5%)
15 Male (38.5%)

Age Median: 9 years
Range: 3–14 years

Breed Distribution Mixed-breed: 15 dogs (38.5%)
Purebred: 24 dogs (61.5%)

Purebred Breakdown

Pitbull: 7 dogs (17.9%)
Boxer: 4 dogs (10.3%)
Maltese: 3 dogs (7.7%)

Other Breeds (1 dog each):
Labrador Retriever, Epagneul Breton, Golden Retriever, French

Bulldog, Schnauzer, Cane Corso, Dogo Argentino, Yorkshire
Terrier, Shar Pei, Caucasian Shepherd (2.6% each)

3.2. Distribution of Mast Cell Tumors According to Histologic Location, Clinical Staging,
Histologic Grading, and Immunohistochemistry

In this study, a total of 33 mast cell tumors (MCTs) were classified according to the
Kiupel system, with 25 classified as low-grade and 8 as high-grade. Based on the Patnaik
classification, 1 MCT was categorized as grade 1, 25 as grade 2, and 7 as grade 3. Tumor
histology also showed that 33 were cutaneous, while 6 were subcutaneous. Regarding
metastasis status, 24 MCTs were non-metastatic, while 15 showed evidence of metastasis.
Ki67 proliferation index revealed that 12 tumors had more than 23 positive nuclei per 1 cm2

grid, and 27 had 23 or fewer. KIT immunohistochemistry showed that 23 tumors exhibited
pattern I, 14 pattern II, and 2 pattern III. These findings are summarized in Table 2.

Table 2. Distribution of mast cell tumors (MCTs) by classification, location, metastatic status, Ki67
proliferation index, and KIT staining patterns.

Parameter Number of Cases Percentage (%) *

Kiupel Classification
– Low-grade 25 64.1
– High-grade 8 20.5
– Subcutaneous tumors (grading not applicable) 6 15.4

Patnaik Classification
– Grade 1 1 2.6
– Grade 2 25 64.1
– Grade 3 7 17.9
– Subcutaneous tumors (grading not applicable) 6 15.4

Tumor histologic location
– Cutaneous 33 84.6
– Subcutaneous 6 15.4
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Table 2. Cont.

Parameter Number of Cases Percentage (%) *

Metastatic status
– Non-metastatic 24 61.5
– Metastatic 15 38.5

Ki67 Positive Nuclei per 1 cm2 Grid
– >23 12 30.8
– ≤23 27 69.2

KIT pattern
– Pattern I 23 59.0
– Pattern II 14 35.9
– Pattern III 2 5.1

* Percentages are based on the total number of dogs (n = 39). Kiupel and Patnaik classifications are applied to
33 cutaneous tumors.

3.3. Comparison of the Biochemical Analytes Based on Kiupel Histologic Grading System

The mean (±SD) values of the measured analytes in dogs with low- and high-grade
MCTs, according to the Kiupel classification, are presented in Table 3. The mean values
of PON-1 were significantly higher in the low-grade neoplasms (Figure 1). No significant
differences were found for the other redox analytes.

Table 3. Mean (±SD) values of biochemical analytes in 33 dogs with cutaneous mast cell tumors
(MCTs) graded by the 2-tier Kiupel histologic system.

Kiupel Grade PON-1 (IU/mL)
BCHE

(μmol/mL·min)
CUPRAC
(mmol/L)

d-ROMs (CARR U)
OXY-Adsorbent

(μmol HClO/mL)

Low-grade (n = 25) 2.91 ± 0.62 4.83 ± 1.60 0.30 ± 0.05 93.96 ± 19.88 291.98 ± 48.80
High-grade (n = 8) 2.16 ± 0.72 4.36 ± 1.67 0.27 ± 0.04 91.38 ± 19.02 252.71 ± 50.22

p-value 0.022 0.502 0.066 0.746 0.077

Abbreviations of Table 3: PON-1: Paraoxonase-1, BCHE: Butyrylcholinesterase, CUPRAC: Cupric Reducing An-
tioxidant Capacity, d-ROMs: Diacron Reactive Oxygen Metabolites, OXY-Adsorbent: Diacron Oxygen Adsorbing
Substances Assay.

Figure 1. Boxplot illustrating Paraoxonase-1 (PON-1) activity in dogs with cutaneous (n = 33) mast
cell tumors (MCTs) categorized by Kiupel histologic grading. A total of 25 dogs had low-grade MCTs,
and 8 had high-grade MCTs. The mean PON-1 activity was significantly lower in high-grade MCTs
compared to low-grade MCTs (p = 0.022).
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3.4. Comparison of the Biochemical Analytes Based on Patnaik Histologic Grading System

The mean (±SD) values of the biochemical analytes in dogs with grades 1, 2, and
3 MCTs, according to Patnaik’s classification, are presented in Table 4. The mean values of
PON-1 differed significantly among grades, with lower values measured in dogs belonging
to grade 3 (Figure 2). No significant differences were found for the other analytes.

Table 4. Mean (±SD) values of biochemical analytes in 33 dogs with cutaneous mast cell tumors
(MCTs) graded by the 3-tier Patnaik histologic system.

Patnaik Grade PON-1 (IU/mL)
BCHE

(μmol/mL·min)
CUPRAC
(mmol/L)

d-ROMs (CARR U)
OXY-Adsorbent

(μmol HClO/mL)

Grade 1 (n = 1) 2.88 ± na 5.60 ± na 0.26 ± na 73.00 ± na 226.50 ± na
Grade 2 (n = 25) 2.94 ± 0.63 4.88 ± 1.65 0.30 ± 0.05 93.64 ± 20.30 291.42 ± 49.66
Grade 3 (n = 7) 1.96 ± 0.50 4.00 ± 1.42 0.27 ± 0.05 95.14 ± 17.01 258.46 ± 51.32

p-value 0.003 0.387 0.172 0.574 0.177

Abbreviations of Table 4: PON-1: Paraoxonase-1, BCHE: Butyrylcholinesterase, CUPRAC: Cupric Reducing An-
tioxidant Capacity, d-ROMs: Diacron Reactive Oxygen Metabolites, OXY-Adsorbent: Diacron Oxygen Adsorbing
Substances Assay, na: Not Applicable.

Figure 2. Boxplot illustrating Paraoxonase-1 (PON-1) activity in dogs with cutaneous (n = 33) mast
cell tumors (MCTs) categorized by Patnaik histologic grading. In total, 1 dog had a grade 1 MCT,
25 had grade 2 MCTs, and 7 had grade 3 MCTs. The mean PON-1 activity was significantly lower in
grade 3 MCTs (p = 0.003).

3.5. Comparison of the Biochemical Analytes Based on the Histologic Location of MCTs

The mean (±SD) values of the biochemical analytes in dogs with cutaneous (n = 33)
and subcutaneous (n = 6) MCTs are presented in Table 5. Redox analytes did not differ
between the two groups.
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Table 5. Mean (±SD) values of biochemical analytes in dogs with cutaneous or subcutaneous mast
cell tumors.

Histologic Location PON-1 (IU/mL)
BCHE

(μmol/mL·min)
CUPRAC
(mmol/L)

d-ROMs (CARR U)
OXY-Adsorbent

(μmol HClO/mL)

Cutaneous (n = 33) 2.73 ± 0.71 4.72 ± 1.60 0.30 ± 0.05 93.33 ± 19.41 282.46 ± 51.28
Subcutaneous (n = 6) 2.18 ± 0.57 3.60 ± 1.19 0.28 ± 0.07 96.17 ± 18.02 266.75 ± 35.23

p-value 0.070 0.079 0.668 0.736 0.377

Abbreviations of Table 5: PON-1: Paraoxonase-1, BCHE: Butyrylcholinesterase, CUPRAC: Cupric Reducing An-
tioxidant Capacity, d-ROMs: Diacron Reactive Oxygen Metabolites, OXY-Adsorbent: Diacron Oxygen Adsorbing
Substances Assay.

3.6. Comparison of the Biochemical Analytes According to MCTs, Metastatic Status

The mean (±SD) values of the measured analytes with regard to the metastatic status
of the tumors are included in Table 6. No significant differences were found in the redox
status between dogs with metastatic and with no metastatic MCTs.

Table 6. Mean (±SD) values of biochemical analytes in dogs with metastatic and not metastatic
cutaneous/subcutaneous mast cell tumors.

Metastatic Status PON-1 (IU/mL)
BCHE

(μmol/mL·min)
CUPRAC
(mmol/L)

d-ROMs (CARR U)
OXY-Adsorbent

(μmol HClO/mL)

Metastatic (n = 15) 2.74 ± 0.61 4.73 ± 1.35 0.29 ± 0.05 92.25 ± 21.06 284.06 ± 47.04
Non-metastatic (n = 24) 2.49 ± 0.85 4.24 ± 1.92 0.29 ± 0.06 96.20 ± 15.55 273.61 ± 53.26

p-value 0.318 0.393 0.887 0.506 0.538

Abbreviations of Table 6: PON-1: Paraoxonase-1, BCHE: Butyrylcholinesterase, CUPRAC: Cupric Reducing An-
tioxidant Capacity, d-ROMs: Diacron Reactive Oxygen Metabolites, OXY-Adsorbent: Diacron Oxygen Adsorbing
Substances Assay.

3.7. Comparison of the Biochemical Analytes in MCTs Evaluated with the Ki67 Proliferation Index

Table 7 presents the mean values of the biochemical analytes in dogs with MCTs
evaluated by the Ki67 proliferation index. No significant differences were found between
dogs with normal and increased Ki67 labeled cells.

Table 7. Mean (±SD) values of biochemical analytes in dogs with cutaneous/subcutaneous mast cell
tumors (MCTs) evaluated by the Ki67 index.

No of Ki67
Positive Nuclei

per cm2
PON-1 (IU/mL)

BCHE
(μmol/mL·min)

CUPRAC
(mmol/L)

d-ROMs (CARR U)
OXY-Adsorbent

(μmol HClO/mL)

>23 (n = 12) 2.59 ± 0.70 4.28 ± 1.08 0.30 ± 0.06 89.41 ± 10.49 292.81 ± 48.01
<=23 (n = 27) 2.39 ± 0.77 4.18 ± 1.67 0.27 ± 0.04 90.54 ± 19.71 264.52 ± 50.61

p-value 0.464 0.856 0.887 0.854 0.133

Abbreviations of Table 7: PON-1: Paraoxonase-1, BCHE: Butyrylcholinesterase, CUPRAC: Cupric Reducing An-
tioxidant Capacity, d-ROMs: Diacron Reactive Oxygen Metabolites, OXY-Adsorbent: Diacron Oxygen Adsorbing
Substances Assay.

3.8. Comparison of the Biochemical Analytes in Dogs with Different KIT Expression Patterns

The mean values of the biochemical analytes in MCTs with pattern I vs. patterns II–III are
presented in Table 8. No significant differences were found based on the KIT expression pattern.
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Table 8. Mean (±SD) values of biochemical analytes in dogs with cutaneous/subcutaneous mast cell
tumors (MCTs) evaluated by the KIT expression patterns.

KIT Pattern PON-1 (IU/mL)
BCHE

(μmol/mL·min)
CUPRAC
(mmol/L)

d-ROMs (CARR
U)

OXY-Adsorbent
(μmol HClO/mL)

I (n = 23) 2.69 ± 0.82 4.14 ± 1.36 0.30 ± 0.07 88.7 ± 10.29 300.81 ± 50.37
II–III (n = 16) 2.41 ± 0.67 4.29 ± 1.37 0.28 ± 0.05 90.5 ± 16.95 270.43 ± 48.41

p-value 0.364 0.780 0.364 0.721 0.133

Abbreviations of Table 8: PON-1: Paraoxonase-1, BCHE: Butyrylcholinesterase, CUPRAC: Cupric Reducing An-
tioxidant Capacity, d-ROMs: Diacron Reactive Oxygen Metabolites, OXY-Adsorbent: Diacron Oxygen Adsorbing
Substances Assay.

4. Discussion

This study aimed to investigate analytes related to oxidative status and lipid metabolism
in dogs with MCTs and explore their association with well-established prognostic factors of
MCTs. Of the assessed panel of markers, only PON-1 activity showed a significant association
with MCTs grading, being significantly reduced in dogs with high-grade MCTs.

The finding of decreased PON-1 activity in dogs with high-grade MCTs, according
to both the Kiupel and Patnaik grading systems, highlights the potential role of oxidative
stress in tumor progression, as well as the potential prognostic role of PON-1 levels in ca-
nine MCTs. Importantly, if validated, PON-1 could serve as a clinically relevant biomarker
that can be measured in blood prior to surgery, aiding in preoperative risk stratification
and treatment planning. PON-1 is an enzyme with known antioxidant properties, and its
reduced activity suggests increased oxidative stress in dogs with more aggressive tumors.
This result is consistent with findings from other studies, which show that oxidative stress
is closely linked to tumor progression, DNA damage, and inflammation [41,42]. Multiple
studies have demonstrated that oxidative stress correlates with more aggressive tumor
behavior and poorer prognostic outcomes. In canine mammary carcinoma, dogs with
tumors exhibited higher oxidative stress levels compared to healthy dogs, with significant
reductions observed following surgical treatment [43,44]. Similarly, in cases of multi-
centric lymphoma, oxidative damage was elevated both before and after chemotherapy,
particularly in advanced stages, with increased antioxidant capacity observed in dogs that
responded well to treatment [45]. Another study highlighted an imbalance in oxidative
and antioxidant markers in dogs with lymphoma, which normalized following clinical
remission [46]. Overall, these findings emphasize the role of oxidative stress as a key factor
in cancer prognosis.

The medical literature provides extensive evidence on the measurement of blood redox
status in various human cancers. Oxidative stress, as measured by 8-hydroxydeoxyguanosine
(8-OHdG), has been linked to the development of cancer, while elevated Malondialdehyde
(MDA) and reduced vitamin E levels correlate with unfavorable breast cancer outcomes [29,30].
In women with ovarian carcinoma, elevated 8-OHdG concentrations are also associated with
a poor prognosis [31]. Additionally, a study on 53 colorectal cancer patients, using d-ROMs
to assess oxidative status, identified oxidative stress as a potential independent prognostic
marker [47]. This evidence supports the idea that oxidative stress plays a critical role not only
in cancer development but also in determining disease outcome.

Interestingly, no association was found between PON-1 concentration and MCT metas-
tasis and IHC markers, despite the fact that they are associated with more advanced grading
status. This may underline the fact that the best proxy of MCT behavior is the histologic
grade rather than the remainder variables assessed in this study. The lack of correlation
between PON-1 and metastasis or IHC markers suggests that oxidative stress as measured
by PON-1 may be influenced by tumor biology in a manner independent of these com-
monly assessed factors. Furthermore, it highlights the complexity of MCT pathophysiology,
where not all prognostic indicators may converge on the same mechanistic pathways.

Notably, there was also no association found between the other oxidative and lipid
metabolism analytes evaluated in this study (BChE, d-ROMs, CUPRAC, oxy-adsorbent
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capacity) and tumor grading, metastasis, Ki67 index, and KIT pattern, likely indicating that
they are of limited clinical importance as redox status indicators compared to PON-1 in
dogs with MCTs. However, the limited sample size may have influenced these results. For
instance, the CUPRAC and oxy-adsorbent assays demonstrated variation across histologic
grades, but the observed differences did not reach statistical significance (p = 0.066 and
p = 0.077, respectively). This discrepancy may also reflect the inherent differences in
the nature of the markers. PON-1 is a relatively stable biomarker, offering insight into
cumulative oxidative stress over time, while the other assays provide more transient,
momentary snapshots of the oxidative and antioxidant status. Total antioxidant levels
can change rapidly with dietary intake or acute stressors, whereas PON-1 activity may
reflect a cumulative effect of oxidative stress over time [48]. Moreover, in conditions such
as nephropathy and Crohn’s disease, PON-1’s levels have been shown to correlate with the
severity of oxidative stress and inflammation, further supporting its role as a long-term
biomarker [49,50]. This distinction may explain the stronger association of PON-1 with
tumor grading and highlights its potential as a more robust and clinically relevant marker.

Previous reports have suggested that subcutaneous MCTs are generally less aggressive
than their cutaneous counterparts [51]. However, the oxidative analytes assessed in this
study did not reflect this biological difference, possibly due to the relatively small sample
size of subcutaneous tumors.

Several limitations of this study should be acknowledged. First, the relatively small
sample size, particularly in certain subgroups, such as subcutaneous MCTs and high-grade
tumors, may have limited our ability to detect significant associations across all redox
analytes. Larger studies would be required to confirm the findings and to explore the
relationship between oxidative status and MCT progression more comprehensively, as well
as examine the correlation of oxidative analytes with prognostic factors in subcutaneous
MCTs [3,4] and metastatic lymph node grade [52]. Additionally, only a limited range of
oxidative markers were assessed in this study. While PON-1 was significantly correlated
with tumor grading, other oxidative stress markers such as d-ROMs did not show similar
trends, suggesting the need for a broader evaluation of oxidative stress pathways and
measurement of more stable analytes. Finally, this preliminary study did not take into
account the time to relapse and median survival time of the affected animals. This would
be crucial in the attempt to validate PON-1 activity as an independent prognostic factor in
canine MCTs. Future studies are ongoing and will account for these variables and employ
larger samples to better understand the role of oxidative stress in canine MCTs.

5. Conclusions

The results of this study suggest that while PON-1 may be an important marker of
oxidative stress in high-grade MCTs, other oxidative and lipid metabolism analytes do
not appear to be of clinical importance in tumor progression or prognosis. This highlights
the need for a more targeted investigation of specific oxidative pathways that may con-
tribute to tumor behavior in dogs with MCTs. Our findings suggest the potential role of
PON-1 as a prognostic biomarker in canine MCTs, since it correlates significantly with
histologic grading, the most important established prognostic factor. However, its utility as
a prognostic tool requires further validation in larger-scale studies. Future research should
address current limitations by including larger populations and longitudinal designs that
assess time to relapse and survival time. Expanding the scope of investigation to explore
additional oxidative stress markers and their interactions with tumor biology could also
uncover novel insights into MCT progression. Further studies with a larger population
that will include time to relapse and survival time are ongoing.
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