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Estimates of heritability are the first step in identifying a trait with substantial variation due to genetic factors.
Large-scale genetic analyses can identify the DNA variants that influence the levels of circulating lipid species
and the statistical technique Mendelian randomisation can use these DNA variants to address potential causality
of these lipids in disease. We estimated the heritability of plasma eicosanoids, octadecanoids and docosanoids to
identify those lipid species with substantial heritability. We analysed plasma lipid mediators in 31 White British

families (196 participants) ascertained for high blood pressure and deeply clinically and biochemically pheno-
typed over a 25-year period. We found that the dihydroxyeicosatrienoic acid (DHET) species, 11,12-DHET and
14,15-DHET, products of arachidonic acid metabolism by cytochrome P450 (CYP) monooxygenase and soluble
epoxide hydrolase (sEH), exhibited substantial heritability (h2 = 33%—37%; Pagj<0.05). Identification of these
two heritable bioactive lipid species allows for future large-scale, targeted, lipidomics-genomics analyses to
address causality in cardiovascular and other diseases.

1. Introduction

Polyunsaturated fatty acids (PUFA) of the n-3 and n-6 families are
derived from elongation and desaturation of the essential fatty acids
linoleic (LA) and a-linolenic acid (ALA), as well as nutritional uptake.
When metabolised via cyclooxygenases (PTGS genes), lipoxygenases
(ALOX genes), and cytochrome P450 monooxygenases (CYPIA, —2B,
—2C, —2D, -2 G, —2J, —2 N, —4A genes; including epoxygenases, mid-
chain and terminal monooxygenases), the PUFA produce an array of
lipid metabolites, many of which are known mediators of inflammation
and immunity (Fig. 1) [1].

Circulating lipid mediators reflect production of the vascular endo-
thelium, platelets and white blood cells, as well as systemic tissue pro-
duction. Oxygenation of n-3 and n-6 PUFA results in the production of
an array of species including: (i) eicosanoids, derivatives of the 20-car-
bon (C) n-6 PUFAs arachidonic acid (AA) and dihomo-y-linolenic acid,
and the n-3 PUFA eicosapentaenoic acid (EPA); (ii) docosanoids,

derivatives of the 22-C n-3 PUFA docosahexaenoic acid (DHA), and (iii)
octadecanoids, derivatives of the 18-C n-6 PUFA LA and n-3 PUFA ALA
[2-5].

These bioactive lipids have potent roles as signalling molecules of
inflammation and immunity [6], are vasoactive [7], and their levels
have been associated with cardiovascular disease (CVD) [8-14].
Numerous small-scale studies have found PUFA-derived lipid mediators
at increased concentration in the blood of CVD patients, compared with
healthy controls [10,15-18]. Examples include the AA-derived dihy-
droxyeicosatrienoic acid (DHET) species that have anti-inflammatory
properties and play a role in vasodilation through hyperpolarising
vascular smooth muscle cells [19,20] and dilation of human coronary
arterioles [21]; the LA-derived hydroxyoctadecanoic acid (HODE) spe-
cies that have been identified as major components of oxidised LDL [14]
and 12,13-DiHOME that mediates cardiac function [22] and the
AA-derived hydroxyeicosatetraenoic acid (HETE) species that have been
shown to remodel the vasculature during hypertension [23,24].
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Furthermore, the hydrolysis of the CYP-derived epoxyeicosatrienoic
acid (EET) species by the enzyme soluble epoxide hydrolase (sEH) to
generate the less potent DHET species, has been implicated in the
regulation of vasoconstriction caused by EET [25].

Given the wide array of lipids that could potentially influence car-
diovascular function to varying degrees, identifying lipids that are her-
itable within a population at risk of cardiovascular disease (CVD) is a
useful tool to narrow down potential target species; this will allow for
future analytical, biochemical and pharmacological studies to focus on
specific lipids with a link to CVD risk. Although lipids are not encoded,
DNA variants of the genes of the enzymes involved in their metabolism
may reveal specific, heritable, lipid biomarkers of cardiovascular dis-
ease. Heritability is defined as the portion of phenotypic variance due to
genetic factors; the heritability of plasma lipoproteins is known to vary
substantially with lipoprotein (a), for example, being subject to sub-
stantial single-locus genetic influence [26]. Narrow-sense heritability
(h?) estimated in the present study is the variance in a phenotype
attributable to additive genetic variance, i.e. that specified by a simple
allele dosage model. Heritability can be estimated by partitioning the
observed variation in a phenotype (e.g. varying measures of plasma
lipids between individuals) into genetic and environmental factors.
Some PUFA species (e.g., AA, eicosadienoic acid, DHA, and EPA) have
been subject to genetic analyses, and 12%— 59% of the variance in the
blood levels of those fatty acid studied to-date has been estimated to be
due to genetic factors [28,29]. Recent studies have started the system-
atic genetic characterisation of PUFA-derived oxygenated mediator de-
rivatives [30-32].

Aiming to estimate the heritability of circulating bioactive lipid
species, we used targeted lipidomics to measure plasma eicosanoid,
octadecanoid, and docosanoid species in 196 members of 31 White
British families ascertained between 1993 and 1996 on the basis of high
blood pressure, and deeply phenotyped at intervals thereafter. The
families contributing to this study are a subset of a larger cohort (the
HTO study), which has been previously identified genetic associations
with cardiovascular phenotypes [33-37].

The identification of two substantially heritable DHET species,
products of AA metabolism via the CYP/sEH axis, allows for future
targeted assessment of a causal role for heritable signalling lipid species
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in CVD risk.
2. Methods
2.1. Family recruitment

Families contributing to this study are a subset of a larger cohort,
which has previously yielded generalisable genetic associations with
cardiovascular-relevant phenotypes [33-37]. The families consisted of
1-24 members (median of 5 members); participant characteristics are
listed in Table 1 and Fig. S1. In detail: 31 families (196 individuals) were
included in this study from a cohort recruited for a quantitative genetic
study of hypertension and other cardiovascular risk factors, and selected
via a proband with essential hypertension [38]. Included family mem-
bers were UK residents of self-reported White ethnicity and were
required to consist of three or more siblings quantitatively assessable for
blood pressure if one parent of the sibship was available for blood
sampling, or four or more siblings if no parent was available. First,
second and third degree relatives were then recruited to assemble a
series of extended British families with sufficient power to detect modest
genetic influences on heritable quantitative traits, as previously shown
[33,34,38-41]. Non-fasting blood samples collected in EDTA tubes was
used to prepare plasma; aliquots were stored at — 80 °C. DNA was

Table 1

Summary characteristics of the study participants.
Trait Mean (SD)
Gender 52% Male
Hypertensive 34%
Mean blood pressure 133/80 mmHg
Age (years) 46 (16)
BMI 25.97 (4.61)
WHR 0.86 (0.09)
Cholesterol (mmol/L) 5.46 (1.10)

Data is shown as mean and standard deviation (SD) or per-
centage (%); BMI, body mass index; WHR, waist-hip ratio; Mean
blood pressure, the mean of three readings taken in the clinic.
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cosanoids, octadecanoids, and docosanoids.
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extracted from whole blood as previously described [42]. Genotyping
was performed using the Illumina 660 W-Quad chip that includes 557,
124 SNPs (single nucleotide polymorphisms). The collection protocol
obtained ethical clearance from the Central Oxford Research Ethics
Committee (06/Q1605/113) and it corresponds with the principles of
the Declaration of Helsinki. Written informed consent was obtained
from all participants.

2.2. Plasma mediator lipidomics

Plasma samples (1 ml) were spiked with deuterated internal stan-
dards (20 ng each; 12-HETE-d8, PGBy-d4, 8,9-EET-d11, and 8,9-DHET-
d11; Cayman Chemicals, Ann Arbor, MI, USA), extracted with acidified
methanol (15% v/v), and semi-purified by solid phase extraction (C18-
E; Phenomenex, Macclesfield, UK), as described previously [43,44].
Lipid mediators were analysed using ultra performance liquid chroma-
tography (UPLC) with tandem mass spectrometry (MS/MS) on a Acquity
UPLC pump (Waters, UK) coupled to a triple quadrupole mass spec-
trometer (Xevo TQS, Waters, UK) with an electrospray ionisation (ESI)
probe (UPLC/ESI-MS/MS). Lipids were separated on a C18 column
(2.1 x 50 mm; Acquity UPLC BEH, 1.7 um, Waters, UK), fragmented
using argon gas and monitored in the negative ion mode by multiple
reaction monitoring. Plasma samples were analysed for the presence of
65 fatty acid derivatives of the COX, LOX and CYP pathways, as
described in Camacho-Munoz et al. (2021) [44]. 17 lipid species were
consistently present in all samples and could be quantitated using a
signal to noise ratio of 10. MRM transitions and other details for the
UPLC/ESI-MS/MS analysis of these species are provided in Supple-
mentary Table S1 and Fig. S2. Calibration lines of commercially avail-
able standards were used to quantitate the lipid mediators (Cayman
Chemicals); data are presented as pg/ml plasma. Pooled plasma samples
were used to create quality control samples that were extracted and
analysed blindly alongside the samples (a further assessment of varia-
tion is presented in Supplementary methods SM1).

2.3. Statistical analyses

2.3.1. Covariate adjustment

Systematic error was considered from a variety of sources, as pre-
viously published [33] (Supplementary Table S2). The lipid measure-
ments were assessed for effect of potential covariates using stepwise
multiple linear regression to identify the best set of predictors, using the
caret package and ‘leapSeq’ method in R (version 3.5.2). Multiple linear
regression of the best predictors was undertaken using the ‘lm’ function.
Residuals from the covariate-adjusted regression models were stand-
ardised to have a mean of 0 and a variance of 1. Relationship between
species was explored via correlation using rquery.cormat.

2.3.2. Genome-wide genotyping quality control

Genotyping was performed using the Illumina 660 W-Quad chip for
557,124 SNPs and the quality control has been previously described
[33]. Routine quality control [45] was undertaken using PLINK [46]
(version 1.9). SNPs with low genotyping rates (—geno 0.05), low minor
allele frequency (-maf 0.05), and those that failed checks of
Hardy-Weinberg Equilibrium (-hwe 1e-8) were excluded. Individuals
with low genotype rates (-mind 0.05) and outlying heterozygosity were
removed (0.31-0.33 included). Relatedness was assessed by high levels
of IBD sharing (-genome and -rel-check) and by visualisation of pairs of
individuals’ degree of relatedness, and two outlier individuals were
removed. Ethnicity was assessed via principal components analysis with
genotype data from the 1000 Genome Project [47], and confirmed all
participants were of European/CEU origin. GWAS were undertaken for
the lipids using the GCTA software, specifying the —mlma command for
mixed linear model association analyses. As anticipated given the
numbers of participants studied, no locus attained GWAS significance.
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2.3.3. Heritability estimates

Traditionally, heritability is estimated by regressing offspring
phenotype values onto mean parental values. This can be extended to
estimate pedigree-based heritability, by analysing phenotype correla-
tions between pairs of blood relatives, using the expected resemblance of
the known pedigree structure (the kinship coefficient) in the absence of
any genotype information [48]. However, this analysis tends to be
low-powered if there are relatively few controls; all founders in a family
must be unrelated, sharing no alleles identical by descent. Therefore, we
present pedigree-based heritability estimates using the QTDT software
(version 2.6.1) [48], by specifying the -we and -veg options to compare
an environmental only variance model with a polygenic and environ-
mental variances model, as well as a complementary heritability esti-
mate, using a linear mixed model (LMM) approach to estimate
SNP-based heritability partitioned by measured SNPs using GCTA soft-
ware (version 1.26.0) [49,50]. A genetic relationship matrix was created
from the quality controlled genotyping data and the -reml command
was used to estimate variance of the traits explained by the genotyped
SNPs. LMM models within-family correlations to separate fixed-effect
factors (e.g., gender or age) from random-effects (genomic and envi-
ronmental factors unique to each individual). A key assumption of
heritability estimates is that they depend on the population under study
whenever genetic or environmental factors are population-specific, for
instance allele frequencies or diet [51]. The statistical properties of
heritability analysis methods are well described elsewhere [52]. The
P-values presented are adjusted via Bonferroni Correction for 17 tests.

3. Results
3.1. Plasma mediator profiles

Plasma concentrations (pg/ml) of the 17 lipid mediators assessed in
this study are shown in Table S3. 13-HODE, a derivative of the n-6 PUFA
LA, was the most abundant mediator (7.32 + 6.63 ng/ml), in agreement
with previous reports [4,44]. Assessment of the relationships between
the various lipid mediators identified two groups of relationships,
mainly between the LA and ALA-derived species DIHOME, OxoODE,
HODE, EpOME and HOTYE, and the AA derivatives DHET and HETE
(Fig. 2). This finding may reflect the relationship of the parent PUFAs, as
the essential fatty acids LA and ALA are precursors of the n-6 and n-3
PUFA families.

3.2. Heritability estimates

Two lipid species were estimated as significantly heritable
(Pagj<0.05), namely the AA metabolites 11,12-DHET and 14,15-DHET
(Fig. 3). The heritability estimated for these two species ranged from
33%— 37%. This suggests that about a third of the variance in the levels
of these plasma lipids is due to genetic factors, with the remainder
influenced by environmental or other non-genetic factors (Table 54).

4. Discussion

The lipid mediators 11,12-DHET and 14,15-DHET were identified as
significantly heritable %= 33%—37%); Pagj<0.05) in a cohort of White
British families. Heritability estimates can identify those lipid species
whose variation in plasma is more controlled by genetic factors, in
comparison to lipid species with lower estimates of heritability whose
concentrations are more influenced by non-genetic, environmental
factors. Therefore, the variation in plasma 11,12- and 14,15- DHET
species, produced by AA metabolism via the CYP/sEH axis, is substan-
tially influenced by genetic factors.

A recent study reported in serum samples that 12-HETE was herita-
ble (h? = 22%-28%) [32]. However, the levels of eicosanoids and
related lipid mediators can be affected by the process of coagulation and
platelet aggregation [53], and lipoxygenase products such as 12-HETE
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Fig. 2. Relationships between plasma lipid mediators identify significant correlations between linoleic and a-linolenic metabolites. The strength of the relationship
(correlation coefficient) is depicted as a scale of colours; P-values are shown as size of circle produced (Further details provided in supplementary Table S5).
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Fig. 3. Heritability estimates for the plasma lipid media-
tors. The estimates were performed using SNP-based GCTA
software (y-axis) and reported pedigree-based QTDT soft-
ware (x-axis). Heritability, the proportion of variation
observed in lipid levels that is due to genetic factors, is
estimated between the interval [0,1]. 11,12-DHET and
14,14-DHET were identified to be significantly heritable.
GCTA software uses genotyped SNPs to estimate herita-
bility of a trait and QTDT software uses the reported family
pedigree to estimate heritability.
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which is produced primarily from platelets, are found at much higher
concentrations in serum samples than plasma [54,55]. In our study we
estimated the heritability of lipid mediators in plasma, not serum, and
12-HETE was not significantly heritable.

The formation of DHET species, produced from the hydrolysis of
EETs via sEH, is thought to attenuate the hypotensive, vasorelaxatory
properties of the EET species through metabolism to the less bioactive
DHET species [56]. The genetic influence over the levels of DHET spe-
cies may therefore be a regulatory mechanism to control the functional
activities of EETs [57]. sEH inhibitors are currently being trialled as
treatments for hypertension, insulin resistance and impaired glucose
tolerance, and subarachnoid haemorrhage [ClinicalTrials.gov; June
2021].

Patient carriers of specific DNA variants in CYP450 genes present
with adverse responses to the usual recommended reference dosages of
multiple drugs, including the anticoagulant Warfarin [58]. This may be
a research area of therapeutic interest, where measurement of plasma
EET and DHET species and future large cohort genetic-lipidomic studies
of these species, will uncover the specific genetic variants influencing
them.

Correlation analysis showed that the plasma lipids assessed in this
study, were separated into two groups: the derivatives of the essential
fatty acids LA- and ALA (DiHOME, OxoODE, HODE, EpOME and HOTTE)
and the AA-derived DHET and HETE species. This suggests that the
levels of lipid mediators in plasma depend upon the availability of the
parent PUFA, due to the grouping of the lipid mediators by substrate,
rather than genetic variability in the enzymes involved in the reaction.
The most abundant of the plasma lipid species examined, 13-HODE, has
been shown to be changed in concentration postprandially [59], which
may be the reason why it was not estimated to be significantly influ-
enced by genetic factors.

Heritability has been estimated for free fatty acids from plasma; AA
has been estimated previously to have higher heritability (38-58% [28,
29]) than that of the other PUFAs, EPA (24% [29]) and DHA (12% [29]),
which was congruent with our results, through the fatty-acid derived
metabolites produced from them.

In the present study, we estimated the heritability of two of the four
AA-derived DHET species, as the less abundant 5,6-DHET and 8,9-DHET
[43,44] were not detected above the limit of quantitation of our assay.
Similarly, the plasma levels of the DHET precursors 5,6-, 8,9-, 11,12-
and 14,15-EET were not detectable. Therefore, further studies assessing
the levels and heritability of all DHET and EET species are needed to
confirm the contribution of the CYP/sEH axis in CVD. Such studies
might also reveal the impact of genetic variations of CYPs and/or sEH on
lipid heritability.

Another limitation of this study is its size, which limits the power to
detect genetic influences. However, our study of 196 participants is the
largest of which we are aware that has analysed this range of plasma
PUFA derivatives to date. The significant heritability of AA derivatives
of the CYP/sEH axis suggests the potential involvement of genetic var-
iants of these two enzymes that may influence circulating lipid species,
and further research is needed before their involvement in CVD can be
concluded. Large-scale biobank studies combining genomics and lip-
idomics analyses could identify lipid biomarkers of disease risk as well
as support the development stratified medicine and pharmacogenomics
applications.
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