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A B S T R A C T
Aortic valve stenosis (AVS), a valvulopathy that threatens life quality and longevity, in particular in 
an aging population. Yet no medical treatment is to date available emphasizing the need for more 
mechanistic insight into the disease to provide future treatment targets. Obesity and genetic variants 
within genes involved in lipid metabolisms and lipoprotein (a) have emerged as risk factors for AVS as 
these variants have significant genome-wide associations. The metamorphosis of the aortic valve to 
severe calcification involves lipid infiltration, inflammation, and oxidative stress which promotes further 
calcification in a viscous cycle in tandem with biomechanical factors that trigger further recruitment of 
inflammatory cells. The resolution of inflammation is an active and regulated process which therefore 
offers new possible targets. Fatty acids serve as substrate for many lipid mediators involved in the resolu-
tion of inflammation which may counterbalance the inflammation by promoting macrophage-mediated 
healing leading to a dampened inflammatory response. Recent data have put fatty acids in the spotlight 
as an important mechanism in the development of aortic valve disease. This review discusses possible 
mechanisms exerted by fatty acids in the context of AVS to facilitate future search for therapeutic targets.
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IntroduCtIon
The most common indication for valve replacement is 
aortic valve stenosis [1] which affects over 10% of the 
population over 75 years of age [2]. Despite substantial 
advances, including reduced risks associated with surgical 
and catheter based techniques [3, 4], potential advantages 
for alternatives to aortic valve intervention are stressing 
the need for a hitherto undiscovered effective medical 
treatment. 

Several factors pave the way to severe AVS including 
modifiable lifestyle risk factors, genetic predisposition 
and congenital development defects e.g., bicuspid aortic 
valve. Risk factors associated with increased AVS incidence 
include diabetes [5], renal disease [6] and obesity [7]. The 
importance of the latter as a causal factor for AVS is illus-
trated by results from Mendelian Randomization (MR), in 
which body mass and fat mass indexes exhibit stronger 
associations with AVS compared with other cardiovascu-
lar diseases [8]. The genetic variants located in proximity 
to LPA and FADS1 have a genome-wide association with 
AVS [9, 10] and coronary artery disease [11] and acting 
through affecting levels of lipoprotein (a) (Lp(a)) and fatty 
acids, respectively. Interestingly, MR studies have shown 

a stronger association of these genetically determined 
risk factors with AVS compared with other cardiovascular 
diseases [12, 13]. Each of these predisposing factors may 
influence the gradually fibrocalcific remodeling taking 
place locally in the aortic valve which ultimately may lead 
to a significant reduction in the aortic valve opening (Fig-
ure 1). The stenotic aortic valve has both hemodynamic 
and structural consequences to the left ventricle and if left 
untreated comes with a poor prognosis [14]. 

Given that obesity and specific lipids pathways are 
emerging as major risk factors for AVS, the present review 
aims to focus on fatty acids and their possible contribution 
to AVS development, by deciphering possible disease 
mechanisms affected by fatty acids and to evaluate the 
therapeutic potential within these pathways.

InflammatIon
Inflammation is a key component of the fibrocalcific remod-
eling in AVS and partakes throughout the continuum of the 
disease, driven by lipids. The commonly used inflammation 
marker C-reactive protein (CRP) is associated with AVS [15]. 
Calcified aortic valve tissue is a source for local production 
of cytokines e.g. interleukin-1β [16] and tumor necrosis 
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factor-α (TNF-α) [17], as well as the proinflammatory lipid 
mediators prostaglandins [18] and leukotrienes [19, 20]. 
Increased mechanical stress potentiates the inflammation 
by endothelial cell activation which further propagates the 
influx of inflammatory cells [21] and lipids [22]. 

Inflammatory mediators give rise to a disturbance in 
the balance of synthesis and degradation of extracellular 
matrix (ECM) [23]. Malfunctioning ECM and matrix vesicles 
play a role in the initial stage of calcification acting as the 
foundation for dystrophic microcalcification [24, 25]. In 
response to inflammatory stimuli, valvular interstitial cells 
express osteogenic genes like bone morphogenic protein 
2 (BMP2), Runx2, in addition to intracellular adhesion mol-
ecule 1 (ICAM-1), which also suggest a tight link between 
inflammation and calcification [26]. The coupling between 
inflammation and AVS also involves increased oxidative 
stress [27, 28]. Finally, the initiation of the fibrocalcific 
process leads to increased mechanical stress, which acts 

to further propagate inflammatory pathways to drive the 
AVS disease forward. 

Importantly, these processes are chronic, indicating 
a non-resolving aortic valve inflammation. The resolution 
of inflammation is a highly regulated process that balances 
the pro-inflammatory response by halting the influx of 
inflammatory cells, as well as promotes clearance of ap-
optotic polymorphonuclear leukocytes and immune cell 
efflux from sites of inflammation [29]. The balance between 
pro-inflammatory and pro-resolving mediators has gained 
great interest since it was found to be an actively regulated 
process and showed promise for future treatment targets 
[30]. In human aortic valves, the macrophage M2 pheno-
type is associated with the expression levels of proreso-
lution mediating receptors [19] and pattern recognition 
receptors [31]. Fatty acids and in particular polyunsaturated 
fatty acids (PUFAs) are key components in this balance 
since they serve as substrates for lipid mediators exerting 
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figure 1. Key components paving the way to aortic valve stenosis. Obesity, lipoprotein (a) (Lp[a]) and fatty acids are risk factors for aortic 
valve disease. These factors influence the pathophysiology locally in the aortic valve and partake in the progressive fibrocalcific remodelling 
by lipid and fatty acid alterations and affect severally inflammatory pathways ultimately leading to calcification. Lp(a) and fatty acid desatu-
rase (FADS) are under the influence of genetic variants located in proximity to LPA and FADS1 which have shown genome-wide associations 
with aortic valve stenosis. The calcified aortic valve progressively turns immobile resulting in reduced valve orifice leading to increased 
transaortic peak velocity and pressure gradients, measured by echocardiography. When severe, only aortic valve replacement may ease the 
poor prognosis otherwise encountered ahead



616

K A R D I O L O G I A  P O L S K A ,  2 0 2 1 ;  7 9  ( 6 )

w w w . j o u r n a l s . v i a m e d i c a . p l / k a r d i o l o g i a _ p o l s k a

contradictory proinflammatory and pro-resolving actions 
potentially promoting progression and healing, respective-
ly, of the AVS pathological circuits. 

fatty aCIds
Fatty acids have been of interest for decades since Danish 
scientists discovered the beneficial cardiovascular effects of 
a diet rich in marine omega-3 fatty acids [32, 33]. Greenland 
Inuits had lower mortality rates from myocardial infarction 
despite similar amount of total fat intake as Americans and 
Danes. The studies marked the beginning of the hypoth-
esis that omega-3 PUFAs could be beneficial due to the 
favorable change in the ratio of downstream inflammatory 
and thrombotic mediators such as arachidonic acid (AA) 
and eicosapentaenoic acid (EPA). Following the release 
of AA (C20:4n6) from the membrane by phospholipase 
A2, AA acts as a substrate for classical pro-inflammatory 
mediators. Catalyzed by the constitutively expressed 
cyclooxygenase (COX)-1 and the inflammation induced 
COX-2, prostaglandins (PGs) and thromboxane A (TXA) 
are formed [34]. COX-derived products generally have 
pro-inflammatory and pro-thrombotic properties exem-
plified by TXA2 which facilitates clot formation. This is also 
supported by the effect of non-steroidal anti-inflammatory 
drugs (NSAIDs) [35]. AA also gives rise to leukotrienes via 
the 5-lipoxygenase (5-LO) pathway which promote inflam-
mation in cardiovascular disease via leukotriene B4 (LTB4) 
among others [36]. Omega-3 EPA (C20:5n3), on the other 
hand, may act as a competing substrate for COX which 
results in the production of PGI3 with a similar beneficial 
profile as PGI2 produced with AA as substrate [37] and 
TXA3 which is less potent than TXA2 [38, 39]. In tandem, 
5-LO catalyzed leukotriene production results in LTB5 which 
shows less activity compared to AA derived LTB4 and may 
therefore act as a competitive ligand for the common 
receptor resulting in a halted inflammatory response [40]. 

CIrCulatIng Pufas as bIomarKers
High circulating levels of PUFAs measured as biomarkers 
have been associated with a higher chance of healthy 
aging [41]. Subjects within the highest quintile of docos-
apentaenoic acid (DPA), EPA and a composite of EPA, DPA 
and docosahexaenoic acid (DHA) concentration displayed 
significantly improved disease-free aging compared to 
the lowest quantile. This suggests that a relatively high 
concentration of omega-3 fatty acids is needed to achieve 
beneficial effects. Interestingly, alpha-linolenic acid (ALA) 
was neutral for any association with unhealthy aging 
which suggests that the consumption of fish rich in EPA, 
DPA and DHA rather than the precursor is needed. This 
could also be a result of diverse individual genetics since 
the downstream modification of ALA is dependent on 
catalytic enzymes affected by polymorphisms within the 
gene encoding those enzymes. However, ALA measured 
in extracted phospholipids from plasma or total plasma 
was inversely correlated with fatal coronary heart disease 

as was DHA and EPA (a trend in total plasma) [42]. Impor-
tantly, a diet rich in seafood has been associated with 
other factors considered included in a healthy lifestyle 
[43] and the risk for residual confounding can therefore 
not be neglected. Also, shifting the balance of the ome-
ga-3/omega-6 ratio was not interrogated and hence the 
results might have been impacted by lower omega-6 PU-
FAs rather than higher omega-3. However, a recent large 
meta-analysis suggested that higher circulating levels of 
the omega-6 PUFA linoleic acid (LA) associate with a lower 
risk of CVD and CVD mortality [44]. 

To our knowledge, associations of PUFAs in phospholip-
ids extracted from plasma and AVS specifically only come 
from one genome-wide association study (GWAS) [10]. 
In pooled results from two previous studies, LA and ALA 
were inversely associated with aortic valve calcium (AVC), 
a predecessor of AVS. Furthermore, AA but not EPA was 
associated with AVC in addition to AVS. 

Pufas In the aortIC valve
The pro-inflammatory and pro-resolution mediators can act 
locally making it reasonable to not only seek associations 
in the plasma but also locally in the valve. Indeed, lipids 
are present in aortic valves [45]. In calcified valves, higher 
amounts of oxidized lipids are found. The composition of 
PUFAs in aortic valves has been unknown until recently. 
Measured by gas chromatography as a percentage of total 
analyzed fatty acids, aortic valves contain high amounts 
of saturated palmitic acid (C16:0) and omega-9 oleic acid 
(C18:1n9). The most abundant PUFAs were linoleic acid 
(LA, C18:2n6), AA (C20:4n6) and DHA (C22:6n3) [46]. Inter-
estingly, in a paired analysis comparing non-calcified and 
calcified parts within the same valve, the content of DHA 
was lower and gamma-linolenic acid (GLA) was higher in 
the calcified parts. This observation, which is summarized 
in Figure 3, strongly supports that aortic valve fatty acids 
are altered during AVS development.

genetIC determInatIon  
of aortIC valve Pufa metabolIsm

Not only dietary intake determines the phospholipid com-
position but also genetic variants within genes encoding 
key enzymes in the metabolism of PUFAs. Of particular 
interest in the context of AVS are variants within the gene 
cluster in proximity to fatty acid desaturase (FADS) located 
on chromosome 11. FADS is a family of enzymes catalyzing 
the insertion of double bonds on PUFAs at specific posi-
tions. FADS1 encodes the delta-5-desaturase (D5D) activity 
enzyme that catalyzes the insertion of a double bond at 
carbon 5 yielding AA from dihomo-γ-linolenic acid (DGLA, 
C20:3n6) and EPA from eicosatetraenoic acid (ETA, C20:4n3). 
FADS2, located in the proximity of FADS1, encodes the 
delta-6-desaturase (D6D) activity enzyme that catalyzes the 
insertion of a double bond at carbon 6 yielding γ-linolenic 
acid (GLA, C18:3n6) from linolenic acid (LA, C18:2n6) and 
stearidonic acid (SDA, C18:4n3) from a-linolenic acid (ALA, 
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figure 2.  Metabolism of fatty acids by desaturase enzymes encoded by FADS. Rate-limiting enzymes encoded by fatty acid desaturase 
(FADS) 1/2 are important in the production of polyunsaturated fatty acids that may be used for the production of lipid mediators. The ome-
ga-6 fatty acid arachidonic acid (AA) gives rise to mediators prone to elicit a pro-inflammatory response which has been shown to increase 
the risk of calcification-related mechanisms in aortic valves. The omega-3 fatty acids docosahexaenoic acid (DHA) and eicosapentaenoic acid 
(EPA) on the other and act in favor of a pro-resolution response through downstream lipid mediators. The latter have a beneficial profile in 
the context of aortic valve calcification by halting the influx of inflammatory cells, clearing apoptotic cells and immune cell efflux

figure 3. Fatty acids in the aortic valve and the implication in calcification. Levels of fatty acids in aortic valves (measured by gas chromato-
graphy as a percentage of total analyzed fatty acids) are presented with decreasing order. Aortic valves contain high amounts of saturated 
palmitic acid (C16:0) and omega-9 oleic acid (C18:1n9). The most abundant PUFAs are linoleic acid (LA, C18:2n6), AA (C20:4n6) and DHA 
(C22:6n3). Also, DHA is present in significantly higher levels in non-calcified tissue in contrast to gamma-linoleic acid with higher amounts in 
calcified tissue
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C18:3n3) [47]. FADS3 function remains to be elucidated [48]. 
These rate-limiting enzymes in the metabolism of PUFAs 
provide the strongest genetic influence on both PUFA 
blood concentrations [49] and D5D/D6D activity measured 
by-product to precursor ratio [50, 51]. Single nucleotide 
polymorphism (SNP) rs174547 located in an intron within 
FADS1 demonstrated the most robust association with 
omega-6 [52] and with omega-3 PUFA ALA [49] in large 
GWAS studies. The minor C-allele was associated with lower 
D5D activity (low AA and high DGLA) and D6D activity (low 
GLA and high LA). SNP within the FADS cluster has further 
been implicated in several diseases including coronary 
artery disease [13, 53, 54], stroke [13], diabetes [55] and 
markers of inflammation in adipose tissue [56]. 

The minor FADS C-allele of the SNP rs174575 is associ-
ated with an approximately 10% decreased risk of AVS in 
a GWAS [10] and similar results in a Mendelian random-
ization study of the minor FADS C-allele of rs174547 [13]. 
In the latter study, genetically determined (not including 
FADS1/2 variants) increased levels of AA was associated 
with AVS. Importantly, since FADS1/2 variants have been 
associated with risk factors for AVS [57, 58], it might be 
difficult to fully account for pleiotropic effects even though 
rigorous efforts were made and the mechanisms behind 
these findings remain to be discovered. The genetic impact 
of FADS may be differently interpreted on a systemic and 
local level. Specifically, plasma levels of AA and the plasmat-
ic AA to LA ratio were associated with both AVS and AVC 
[10], whereas neither EPA nor the EPA to ALA ratio exhibited 
significant associations with these phenotypes. In contrast, 
FADS-determined fatty acid levels in aortic valves showed 
the strongest associations with the omega-3 pathways [46]. 

omega-6 fatty aCIds  
In aortIC valve stenosIs 

AA lipids are abundant in stenotic aortic valves [45]. 
Inhibiting the D5D in mice fed a western diet promotes 
amelioration of the atherosclerosis burden [59] which 
support the hypothesis that D5D-generated AA is indeed 
important for lipid-driven inflammation. Moreover, phos-
pholipase A2 (PLA2) is responsible for making AA available 
for downstream metabolism. In aortic valves, PLA2 activity 
was associated with calcification and calcification-asso-
ciated gene expression including BMP, osteopontin and 
alkaline phosphatase [60]. Also, COXs have been tightly 
linked to aortic valve calcification where upregulation 
of COX-2 leads to calcification [18, 60, 61]. Furthermore, 
upregulation of 5-lipoxygenase which catalyze the first 
step in the cascade of leukotriene biosynthesis is upreg-
ulated in calcified compared to non-calcified regions in 
aortic valves [20]. The cysteinyl-leukotriene LTC4 is a potent 
stimulator of in vitro calcification of human valvular cells 
[20]. Additionally, hyperlipidemic mice with abolished 
FADS1-expression by anti-sense treatment had increased 
atherosclerotic burden in tandem with a balance in favor 

of the pro-inflammatory leukotrienes [62]. This emphasizes 
that lipid-derived pro-resolution mediators indeed impact 
AVS related mechanisms and are strongly influenced by the 
FADS1 genetic variant (Figure 2).

Although most AA-derived lipid mediators are proin-
flammatory, AA metabolism into lipoxins may balance the 
AA-induced inflammatory regulation. AA-derived lipoxins 
exert beneficial effects in murine atherosclerosis [63] and 
abdominal aortic aneurysms [64] what remains to be 
explored in AVS. The intricate balance between PUFAs is 
indeed complex and remains to be completely understood. 

In the context of AVS, much is still unexplored but in 
the search for new therapeutic opportunities, one may 
link previous work on the mechanisms underlying AVS 
and PUFAs separately to drive hypothesis. In future work, 
the diverse effects of omega-6 PUFAs in AVS should not 
be neglected. In addition to AA, its upstream PUFA DGLA 
alleviates atherosclerosis and aortic calcification after 
supplementation in apolipoprotein E deficient mice [65]. 
This was accompanied by a decreased mRNA expression 
of adhesion molecules ICAM-1, VCAM-1 and NADPH 
oxidase subunits, which have all previously been shown 
to contribute to aortic valve inflammation and oxidative 
stress-driven calcification [21, 27, 66]. The observed ben-
eficial effect could be the result of increased metabolism 
of prostaglandin E2 (PGE2) or DGLA itself and should be 
further evaluated. More recent in vitro studies have shown 
that DGLA decreases TNF-α independently of COX, sug-
gesting that PGE2 does not account for the whole effect 
seen in in vivo studies [67]. Furthermore, DGLA dampens 
interferon-γ induced adhesion molecules in macrophages 
in addition to increasing PGE1 concentration which itself 
partly attenuates IFN-γ mediated inflammation [68]. Of 
importance, IFN-γ has also been shown to partake in the 
aortic valve calcification [69]. 

The elongation product of AA Adrenic acid (AdA) shows 
beneficial pro-resolution effects in a murine peritonitis 
model [70]. Neutrophils may internalize AdA and when 
human primary neutrophils were stimulated, a significant 
reduction in LTB4 was found when AdA was administered. 
Interestingly, LTB4 is increased in calcified aortic valves 
[19, 71]. While the role of neutrophils in AVS is poorly 
understood [72, 73], macrophages, on the other hand, are 
key players in inflammation and aortic valve calcification. 
It is therefore important that AdA increases efferocytosis 
of apoptotic cells by macrophages [70] which could be of 
importance since apoptotic cells may serve as a nidus for 
calcification in aortic valves [74]. 

More studies are needed to fully appreciate the 
complete effects of the omega-6 fatty acids in valvular 
inflammation, the above-mentioned studies enlighten 
the complexity of the often simplified balance between 
omega-6-derived lipid mediators and raise a novel notion 
that future therapeutic opportunities of fatty acids may 
arise also from specific omega-6 PUFAs.
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omega-3 fatty aCIds  
In aortIC valve stenosIs 

AVS patients with a higher omega-3 index locally in the 
explanted tricuspid aortic valve have echocardiographic 
signs of a slower AVS disease progression in the retro-
spective analysis [19]. A possible causality behind these 
observational human data is supported by the slower 
progression of murine aortic valve disease when genetically 
introducing endogenous omega-3 production. These mice 
have not only increased systemic but also increased valvu-
lar omega-3-levels, which reduced valve calcification but 
also improved the echocardiographic parameters similar 
to humans with high valvular omega-3 content. 

The D- and E-series of resolvins (Rv) derived from DHA 
and EPA, respectively, have been identified in human 
aortic valves and raised the notion of these mediators 
as key omega-3-derived components in the resolution 
of valvular inflammation. In human aortic valves, both 
DHA-derived RvD3 and EPA-derived RvE1 are abundant 
in non-calcified but scarcely found in calcified tissue [19]. 
The exploration of valvular expression of the receptors 
for omega-3-derived lipid mediators points showed high 
levels of mRNA encoding the ChemR23 receptor for RvE1 in 
human aortic valve tissue. In support of the importance of 
this, ChemR23-/- hyperlipidemic mice display aggravated 
aortic valve disease compared with wild type mice [19]. 
Mechanistic exploration in mouse models and human 
aortic valves have supported direct valvular effects both 
as calcification inhibitors and by favoring a pro-resolving 
immune response by M2 macrophages. Taken together, 
this emerging evidence points towards the EPA-RvE1-
ChemR23 axis a crucial beneficial role of fatty acids in AVS, 
with possible therapeutic implications [75]. 

theraPeutIC oPPortunItIes 
As AVS still stands without medical treatment, we encour-
age the scientific community to include studies on AVS out-
come based on PUFA status and PUFA intervention. Future 
opportunities may arise from both purified PUFAs exem-
plified by the REDUCE-IT trial, in which the omega-3 fatty 
acid PUFA decreased all-cause mortality. In addition, future 
studies should further explore downstream lipid mediators, 
modifications of the receptors and enzymes in the fatty acid 
pathway may serve as therapeutic targets. To merely use 
diet as an intervention has a high risk of inconclusive data 
and will most likely be more sensitive to individual genet-
ics. Therefore, considering that (i) aortic valves incorporate 
omega-3 PUFA (ii) high omega-3 fatty acids associate with 
slower progression av AVS (iii) EPA-derived RvE1 attenuates 
aortic valve disease in murine models and (iiii) high-dose 
EPA reduce all-cause mortality in high-risk individuals, 
provide a rationale for further clinical trials of high-dose 
EPA supplement as treatment for AVS. 
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