
nutrients

Editorial

Cholesterol and Inflammation in Atherosclerosis:
An Immune-Metabolic Hypothesis

Didac Mauricio 1,2,3,* , Esmeralda Castelblanco 1,2 and Nuria Alonso 2,4,5

1 Department of Endocrinology & Nutrition, Hospital de la Santa Creu i Sant Pau & Institut d’Investigació
Biomédica Sant Pau (IIB Sant Pau), 08041 Barcelona, Spain; esmeraldacas@gmail.com

2 Centre for Biomedical Research on Diabetes and Associated Metabolic Diseases (CIBERDEM),
Instituto de Salud Carlos III, 08907 Barcelona, Spain; nalonso32416@yahoo.es

3 Faculty of Medicine, University of Vic—Central University of Catalonia (UVic/UCC), 08500 Vic, Spain
4 Department of Endocrinology & Nutrition, University Hospital & Health Sciences Research Institute

Germans Trias i Pujol, 08916 Badalona, Spain
5 Department of Medicine, Barcelona Autonomous University (UAB), 08916 Badalona, Spain
* Correspondence: didacmauricio@gmail.com; Tel.: +349-355-65661

Received: 5 August 2020; Accepted: 12 August 2020; Published: 14 August 2020
����������
�������

Atherosclerotic cardiovascular disease (ASCVD) is a major cause of morbidity and mortality
worldwide [1]. Societal and technological advances during the past few decades in both developed
and developing countries have positively impacted the health and well-being of the population and
ultimately translated into improved life expectancy and quality of life. However, this so-called progress
has led to a sharp increase in the incidence of several conditions that are considered important risk
factors for atherosclerosis—mainly obesity, metabolic syndrome, type 2 diabetes mellitus, hypertension,
and dyslipidemia. The reasons behind this increase include changes in people’s lifestyles and
preferences—in particular, unhealthy food consumption and decreased physical activity.

An excellent review by Tsoupras et al., published in Nutrients a couple of years ago had a strong
impact on the readership along with a large number of citations [2]. In this piece of work, the authors
provided a challenging view on the primary role of inflammation in the pathogenesis of several chronic
conditions, including ASCVD. Indeed, the authors’ position in the paper supported the notion that
inflammation is the cause of several chronic diseases, such as cancer; some cerebral disorders; asthma;
and, notably, atherosclerosis. In support of this contention, the authors performed a thorough review
of the literature, including their own work, with a special focus on the role of a key inflammatory
molecule—namely, platelet-activated factor. For the interested reader, this is certainly a nice piece of
work that brought in a challenging and groundbreaking perspective on this matter. It is out of the
scope of the current editorial to address all the issues raised in this lengthy review paper. We are just
aiming hereby to provide a complementary view of the controversy raised by the authors regarding
the role of lipids and inflammation in the pathogenesis of atherosclerotic disease.

From the title to its conclusions, the paper by Tsoupras et al. offered a different perspective on
the causative role of the inflammatory response in the pathogenesis of atherosclerosis, as opposed to
what they define as the traditional “lipid hypothesis”. This line of thought is really interesting to the
field, both from the perspective of the study of the pathophysiology of atherosclerosis as well as from
that of the future development of new therapeutic strategies for ASCVD. Tsoupras et al. highlighted
that inflammation has a causative role in the onset and progression of atherosclerosis. They also
pointed out that healthy lifestyle patterns, especially the Mediterranean diet, have a significant role
in the prevention of inflammatory changes leading to atherosclerosis. Indeed, the PREDIMED trial
demonstrated that the Mediterranean diet prevented cardiovascular (CV) events, along with the
decrease in inflammatory biomarkers [3].
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We want to provide here some further thoughts that may help to delineate the complex
pathogenetic mechanisms of atherosclerosis and the therapeutic implications derived from their
proper characterization. It is well established that atherosclerosis is an inflammatory disease with an
important contribution to the immune system in different stages of the process [4,5]. The initiation
of this process involves endothelial dysfunction with the subendothelial deposition of modified
lipoproteins, which are key for immune activation and the induction of vascular wall inflammation.
Thus, both lipoprotein metabolism and the inflammatory immune response play crucial roles in
the initiation; perpetuation; and, eventually, resolution of the process [6]. In this scenario, it was
reasonable to think that interventions targeting not only lipid metabolism but also the inflammatory
pathways would have an effect on atherogenesis [7,8]. However, there have been several failed attempts
to prove that anti-inflammatory therapies may reduce CV events [9]. Among other reasons, these
negative results may be partly explained by the fact that inflammatory pathways are also targeted
by existing proven CV preventive therapies, such as statins and angiotensin-converting enzyme
inhibitors. Recently, the Canakinumab Anti-Inflammatory Thrombosis Outcomes Study (CANTOS)
trial showed that anti-inflammatory therapy targeted to inhibit IL-1 beta improves CV outcomes [10].
This large trial showed that canakinumab reduced the primary composite CV outcome, with a modest
size effect. However, this effect was more pronounced among subjects with an increased persistent
proinflammatory response, defined as a high C-reactive protein concentration. Following this line of
evidence, several trials are currently underway to test other anti-inflammatory therapies targeting the
innate and adaptive arms of the immune system in the prevention of ASCVD [9].

It should be emphasized that the involvement of inflammatory mechanisms does by no means
exclude the important role of lipid metabolism in different steps of the atherosclerotic process. Several
pieces of evidence demonstrate that lipids—in particular, cholesterol—are involved in the pathogenesis
of atherosclerosis [11–13]. There is no doubt from epidemiological studies that deranged lipid
metabolism, primarily low-density lipoprotein cholesterol (LDL) and other atherogenic lipoproteins,
is a significant contributor to the development of atherosclerosis [14]. This evidence comes from data
accumulated over decades resulting from genetic studies, Mendelian randomization studies, large
prospective cohort studies, and randomized controlled trials (RCTs). Regarding the latter, different
LDL cholesterol-lowering interventions have been shown in RCTs to contribute to the primary and
secondary prevention of atherosclerotic CV events in different contexts and a wide array of underlying
conditions [15,16]. There is general agreement that the magnitude of the effect of different LDL-lowering
therapies is proportional to the decrease in LDL [17]. As such, the mainstream and simplified message
is that the lower the LDL, the better the outcome. Furthermore, familial hypercholesterolemia is
an illustrative and paradigmatic example of the role of cholesterol; subjects with this condition,
even in the absence of any other CV risk factors or inflammatory diseases, develop a precocious and
accelerated atherosclerotic process that leads to early CV events and CV death unless proper aggressive
LDL-lowering therapy is introduced [18].

Both inflammation and lipid metabolism are closely linked, and their molecular pathways interact
with each other in different tissues [19]. The atherosclerotic wall might be viewed as one of the body
organs or tissues where the immune and metabolic systems convene. Relevant examples of organ/tissue
meeting points for these two systems are the adipose tissue in obesity and the liver in non-alcoholic
fatty liver disease (NAFLD). In both obesity and NAFLD, there is continuous crosstalk between the
lipid metabolic and immune-inflammatory pathways in the adipose tissue and the liver, respectively.
In fact, it has long been recognized that the metabolic and immune systems are among the most
fundamental requirements for survival, and that this is why the respective pathways are closely related
and evolutionarily preserved among species. As an illustrative example, species such as flies have a
single functional organ, the fat body, that integrates the adipose tissue, the liver, and the hematopoietic
system [19]. Moreover, it is well known that inflammatory mediators alone can trigger metabolic
changes, but at the same time metabolic disturbances can induce inflammation [6]. All these concepts
speak for an intimate relationship between the lipid and the inflammatory hypotheses. Consequently,
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we may state that, in atherosclerosis, both the immune and metabolic pathways are fundamental parts
of the etiopathogenetic process of atherosclerotic disease.

The lesson learned from the currently available literature is that, in terms of etiology, atherosclerosis
stands as a multifactorial disease. As such, the evolution of the disease—and its increasing burden—is
closely linked to diseases that relate to both metabolic and inflammatory changes in our population.
Among those, we must consider an increased inflammatory innate immune response, including
conditions related to aging, chronic kidney disease, obesity, hypertension, and type 2 diabetes.
Therefore, all these factors, alone or in different proportions and combinations, are essential contributors
nowadays that are closely linked to the appearance and progression of atherosclerosis globally.

From the pathogenetic point of view, the dissection of the different pathways involved in the
atherosclerotic process is very relevant to draw a full picture of the pathogenesis and to identify
potential new therapeutic targets. As for lipid-lowering interventions, promising further intervention
immune-targeted strategies may contribute to the advancement of the prevention and treatment of
ASCVD. However, relying on all the available background experimental and clinical evidence on
the pathogenesis of atherosclerosis, the lipid hypothesis should not be considered alone or opposed
to the immune-inflammatory hypothesis. In contrast, we propose that both explanations should be
contemplated as non-mutually exclusive and consistently closely linked. As a concluding remark,
we state hereby that atherosclerosis is the result of the complex crosstalk between the metabolism—in
particular, the lipid metabolism—and the immune response. We therefore propose to name this the
immune-metabolic hypothesis of the etiopathogenesis of atherosclerosis.

Funding: Financial support from Instituto de Salud Carlos III is acknowledged, D.M. (PI15/0625, PI18/0328),
N.A. (PI17/1362).

Acknowledgments: We are grateful to Mònica Gratacòs for her highly useful comments and support in editing
the paper.

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

References

1. Virani, S.S.; Alonso, A.; Benjamin, E.J.; Bittencourt, M.S.; Callaway, C.W.; Carson, A.P.; Chamberlain, A.M.;
Chang, A.R.; Cheng, S.; Delling, F.N.; et al. American Heart Association Council on Epidemiology and
Prevention Statistics Committee and Stroke Statistics Subcommittee. Heart Disease and Stroke Statistics-2020
Update: A Report from the American Heart Association. Circulation 2020, 141, e139–e596. [CrossRef]
[PubMed]

2. Tsoupras, A.; Lordan, R.; Zabetakis, I. Inflammation, not Choslesterol, is a Cause of Chronic Disease. Nutrients
2018, 10, 604. [CrossRef] [PubMed]

3. Estruch, R.; Ros, E.; Salas-Salvadó, J.; Covas, M.I.; Corella, D.; Arós, F.; Gómez-Gracia, E.; Ruiz-Gutiérrez, V.;
Fiol, M.; Lapetra, J.; et al. Primary Prevention of Cardiovascular Disease with a Mediterranean Diet
Supplemented with Extra-Virgin Olive Oil or Nuts. N. Engl. J. Med. 2018, 378, 2441–2442. [CrossRef]
[PubMed]

4. Herrero-Fernandez, B.; Gomez-Bris, R.; Somovilla-Crespo, B.; Gonzalez-Granado, J.M. Immunobiology of
Atherosclerosis: A Complex Net of Interactions. Int. J. Mol. Sci. 2019, 20, 5293. [CrossRef] [PubMed]

5. Gisterå, A.; Hansson, G. The immunology of atherosclerosis. Nat. Rev. Nephrol. 2017, 13, 368–380. [CrossRef]
[PubMed]

6. Esteve, E.; Ricart, W.; Fernández-Real, J.M. Dyslipidemia and inflammation: An evolutionary conserved
mechanism. Clin. Nutr. 2005, 24, 16–31. [CrossRef] [PubMed]

7. Ruscica, M.; Corsini, A.; Ferri, N.; Banach, M.; Sirtori, C.R. Clinical approach to the inflammatory etiology of
cardiovascular diseases. Pharmacol. Res. 2020, 159, 104916. [CrossRef] [PubMed]

8. Ruparelia, N.; Choudhury, R. Inflammation and atherosclerosis: What is on the horizon? Heart 2020, 106,
80–85. [CrossRef] [PubMed]

9. Zhao, T.X.; Mallat, Z. Targeting the Immune System in Atherosclerosis: JACC State-of-the-Art Review.
J. Am. Coll. Cardiol. 2019, 73, 1691–1706. [CrossRef] [PubMed]

http://dx.doi.org/10.1161/CIR.0000000000000757
http://www.ncbi.nlm.nih.gov/pubmed/31992061
http://dx.doi.org/10.3390/nu10050604
http://www.ncbi.nlm.nih.gov/pubmed/29757226
http://dx.doi.org/10.1056/NEJMc1806491
http://www.ncbi.nlm.nih.gov/pubmed/29897867
http://dx.doi.org/10.3390/ijms20215293
http://www.ncbi.nlm.nih.gov/pubmed/31653058
http://dx.doi.org/10.1038/nrneph.2017.51
http://www.ncbi.nlm.nih.gov/pubmed/28392564
http://dx.doi.org/10.1016/j.clnu.2004.08.004
http://www.ncbi.nlm.nih.gov/pubmed/15681098
http://dx.doi.org/10.1016/j.phrs.2020.104916
http://www.ncbi.nlm.nih.gov/pubmed/32445957
http://dx.doi.org/10.1136/heartjnl-2018-314230
http://www.ncbi.nlm.nih.gov/pubmed/31843811
http://dx.doi.org/10.1016/j.jacc.2018.12.083
http://www.ncbi.nlm.nih.gov/pubmed/30947923


Nutrients 2020, 12, 2444 4 of 4

10. Ridker, P.M.; Everett, B.M.; Thuren, T.; MacFadyen, J.G.; Chang, W.H.; Ballantyne, C.; Fonseca, F.; Nicolau, J.;
Koenig, W.; Anker, S.D.; et al. Antiinflammatory Therapy with Canakinumab for Atherosclerotic Disease.
N. Engl. J. Med. 2017, 377, 1119–1131. [CrossRef] [PubMed]

11. Steinberg, D. In celebration of the 100th anniversary of the lipid hypothesis of aterosclerosis. J. Lipid Res.
2013, 54, 2946–2949. [CrossRef] [PubMed]

12. Prospective Studies Collaboration; Lewington, S.; Whitlock, G.; Clarke, R.; Sherliker, P.; Emberson, J.;
Halsey, J.; Qizilbash, N.; Peto, R.; Collins, R. Blood cholesterol and vascular mortality by age, sex, and blood
pressure: A meta-analysis of individual data from 61 prospective studies with 55,000 vascular deaths. Lancet
2007, 370, 1829–1839. [CrossRef] [PubMed]

13. Risk Factors Collaboration; Di Angelantonio, E.; Sarwar, N.; Perry, P.; Kaptoge, S.; Ray, K.K.; Thompson, A.;
Wood, A.M.; Lewington, S.; Sattar, N.; et al. Major lipids, apolipoproteins, and risk of vascular disease.
JAMA 2009, 302, 1993–2000. [CrossRef] [PubMed]

14. Silverman, M.G.; Ference, B.A.; Im, K.; Wiviott, S.D.; Giugliano, R.P.; Grundy, S.M.; Braunwald, E.; Sabatine, M.
Association Between Lowering LDL-C and Cardiovascular Risk Reduction Among Different Therapeutic
Interventions: A Systematic Review and Meta-analysis. JAMA 2016, 316, 1289–1297. [CrossRef] [PubMed]

15. Cholesterol Treatment Trialists’ (CTT) Collaborators; Kearney, P.M.; Blackwell, L.; Collins, R.; Keech, A.;
Simes, J.; Peto, R.; Armitage, J.; Baigent, C. Efficacy of cholesterol-lowering therapy in 18,686 people with
diabetes in 14 randomised trials of statins: A meta-analysis. Lancet 2008, 371, 117–125. [CrossRef] [PubMed]

16. Cholesterol Treatment Trialists’ (CTT) Collaboration; Baigent, C.; Blackwell, L.; Emberson, J.; Holland, L.E.;
Reith, C.; Bhala, N.; Peto, R.; Barnes, E.H.; Keech, A.; et al. Efficacy and safety of more intensive lowering of
LDL cholesterol: A meta-analysis of data from 170,000 participants in 26 randomised trials. Lancet 2010, 376,
1670–1681. [CrossRef] [PubMed]

17. Pedro-Botet, J.; Pintó, X. LDL-cholesterol: The lower the better. Clin. Investig. Arterioscler. 2019, 31 (Suppl. 2),
16–27. [CrossRef] [PubMed]

18. Masoura, C.; Pitsavos, C.; Aznaouridis, K.; Skoumas, I.; Vlachopoulos, C.; Stefanadis, C. Arterial endothelial
function and wall thickness in familial hypercholesterolemia and familial combined hyperlipidemia and
the effect of statins. A systematic review and meta-analysis. Atherosclerosis 2011, 214, 129–138. [CrossRef]
[PubMed]

19. Hotamisligil, G.S. Inflammation and metabolic disorders. Nature 2006, 444, 860–867. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1056/NEJMoa1707914
http://www.ncbi.nlm.nih.gov/pubmed/28845751
http://dx.doi.org/10.1194/jlr.R043414
http://www.ncbi.nlm.nih.gov/pubmed/23975896
http://dx.doi.org/10.1016/S0140-6736(07)61778-4
http://www.ncbi.nlm.nih.gov/pubmed/18061058
http://dx.doi.org/10.1001/jama.2009.1619
http://www.ncbi.nlm.nih.gov/pubmed/19903920
http://dx.doi.org/10.1001/jama.2016.13985
http://www.ncbi.nlm.nih.gov/pubmed/27673306
http://dx.doi.org/10.1016/S0140-6736(08)60104-X
http://www.ncbi.nlm.nih.gov/pubmed/18191683
http://dx.doi.org/10.1016/S0140-6736(10)61350-5
http://www.ncbi.nlm.nih.gov/pubmed/21067804
http://dx.doi.org/10.1016/j.arteri.2019.10.003
http://www.ncbi.nlm.nih.gov/pubmed/31813618
http://dx.doi.org/10.1016/j.atherosclerosis.2010.10.008
http://www.ncbi.nlm.nih.gov/pubmed/21074770
http://dx.doi.org/10.1038/nature05485
http://www.ncbi.nlm.nih.gov/pubmed/17167474
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	References

