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ABSTRACT

Background

Unexplained heterogeneity in clinical trials has resulted in questions regarding 

the effectiveness of gamma-linolenic (GLA)-containing botanical oil supplements. This 

heterogeneity may be explained by genetic variation within the fatty acid desaturase 

(FADS) gene cluster that is associated with circulating and tissue levels of arachidonic 

acid (ARA) and dihommo-gamma linolenic acid (DGLA), both of which may be 

synthesized from GLA and result in pro-inflammatory and anti-inflammatory metabolites,

respectively. 

Objectives

The objective of this study was to prospectively compare the capacity of a non-

Hispanic White cohort, stratified by FADS genotype at the key SNP rs174537, to 

metabolize 18-carbon n-6 PUFAs in borage oil (BO) and soybean oil (SO) to GLA, 

DGLA and ARA.

Design

Healthy adults (N=64) participated in a randomized, double-blind, cross-over 

intervention. Individuals received encapsulated BO (Borago officinalis; 37% LA, 23% 

GLA) or SO (Glycine max (L.) Merr.; 50% LA, 0% GLA) for 4 weeks, followed by an 8-

week washout period, before consuming the opposite oil for 4 weeks. Serum lipids and 

markers of inflammation (C-reactive protein) were assessed at baseline and during the 

second and fourth weeks of intervention for both oil types.
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Results

SO supplementation failed to alter circulating levels of any n-6 LC-PUFAs. In 

contrast, a modest daily dose of BO elevated serum levels of GLA and DGLA in a 

rs174537 genotype-dependent manner. In particular, DGLA increased by 57% (95% CI:

(0.38, 0.79)) in GG individuals, but by 141% (95% CI: (1.03, 2.85)) in TT individuals. For

ARA, baseline levels varied substantially by genotype and increased modestly with BO 

supplementation suggesting a key role for FADS variation in the balance of DGLA and 

ARA. 

Conclusions

The results of this study clearly suggest that personalized- and population-based

approaches  considering  FADS genetic  variation  may  be  necessary  to  optimize  the

design of future clinical studies with GLA-containing oils. 

Keywords: polyunsaturated fatty acids (PUFAs), n-3 fatty acids, n-6 fatty acids, 

gene-diet interaction, gamma-linolenic acid, borage oil, randomized cross-over design, 

soybean oil, arachidonic acid, precision nutrition 
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INTRODUCTION

Gamma-linolenic acid (GLA, 18:3) is an omega-6 (n-6), 18-carbon 

polyunsaturated fatty acid (PUFA) found in several seed oils including Evening Primrose

(~10% of total fatty acids) and Borage (~21%). While many types of studies (in vitro, in 

vivo, animal and human) have shown that GLA-containing oils reduce inflammatory 

processes and impact inflammatory diseases (rheumatoid arthritis, asthma and atopic 

dermatitis (1-10)), there is large unexplained heterogeneity in clinical studies, and 

recent meta-analyses have questioned the efficacy of these oils (11-15). The putative 

molecular mechanisms by which GLA-containing oils act appears to originate in large 

part from its metabolic elongation (by ELOVL5 encoded enzymatic activity) to dihomo-

gamma linolenic acid (DGLA, 20:3n6); Figure 1(16-18). Oxidative metabolites of DGLA 

have anti-inflammatory, anti-proliferative, anti-atherogenic and vasodilation effects (18-

30). DGLA can be further metabolized to arachidonic acid (ARA, 20:4n6) through a -5 

desaturase step encoded by the FADS1 gene within the FADS cluster. In contrast to 

DGLA, ARA-derived bioactive lipids are generally pro-inflammatory (26, 31). These 

factors may contribute to the complexity of interpreting results gathered from GLA 

supplementation studies regarding their impact on inflammatory based diseases.  

The -6 (FADS2) and -5 (FADS1) desaturation steps (Figure 1), which form 

GLA from LA, and ARA from DGLA, respectively, were once assumed to have uniform 

metabolic efficiency across individuals and populations. However, considerable 

evidence now indicates that common genetic and epigenetic variations in the FADS1/2 

genes markedly impact the overall rate of conversion of LA to ARA. In fact, the 

strongest FADS genetic associations observed to date are for ratios of ARA- to DGLA-
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containing lipids (a surrogate measure for FADS1 activity), with minor alleles 

consistently associated with decreased ARA and increased DGLA levels (32-34). 

Importantly, the frequency of FADS cluster variants differ dramatically among different 

global populations (33, 35-44).

Together, these findings raise important questions regarding the impact of 

supplementation with GLA-containing oils in diverse populations. Importantly, they 

suggest that a generalized “one size fits all” dietary supplementation approach may 

not be appropriate or safe. A key hypothesis arising from previous studies is that the 

impact of GLA consumption and its subsequent metabolism depend on FADS1 

variant–associated metabolic efficiency. Specifically, an inefficient conversion 

phenotype would result in the accumulation of DGLA-containing lipids. In contrast, the

efficient converter phenotype, would exhibit increased ARA-containing lipids at the 

expense of DGLA-containing lipids. We tested this hypothesis utilizing a prospective, 

cross-over efficacy trial of GLA supplementation in a European-ancestry population 

stratified by the FADS genotypes at rs174537.

SUBJECTS AND METHODS

Study Overview

This study was designed to examine how GLA supplementation changes serum 

fatty acid levels, in particular levels of GLA, DGLA and ARA, and to determine whether 

the changes vary by genotype at rs174537. We employed a double-blinded, 

randomized, cross-over study design using two botanical oils – borage oil (BO), a 

source of GLA, as the treatment, and soybean oil (SO), which lacks GLA but contains 
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LA, as the control (45). In this design, illustrated in Figure 2B, all subjects received both

oils, albeit in random order. Biospecimens (fasting blood and urine), vital signs (blood 

pressure and resting heart rate) and morphometric measurements (waist and hip 

circumference, height; body mass index [BMI] and percent body fat) were obtained at 

baseline, two and four weeks for each supplementation phase. An eight-week washout 

period was used between the two oil supplementation periods. The primary outcomes 

were levels of circulating GLA, DGLA and ARA. 

Study Subjects 

This study was conducted in the Wake Forest Baptist Medical Center (WFBMC), 

and was reviewed and approved by the Wake Forest University Health Sciences 

Institutional Review Board (IRB) and NIH/OCRA. The inclusion criteria were healthy, 

self-identifying non-Hispanic White adults of European ancestry, aged 21 to 65 years 

old, free of major diseases and previously genotyped at rs174537 through a concurrent 

IRB-approved screening study. Participant exclusion criteria included the following: a) 

current use of anti-inflammatory drugs (NSAIDs, oral/IV steroids, other injection anti-

inflammatory drugs, >100mg aspirin per day, leukotriene receptor antagonists), niacin, 

fibrates or fish oil; b) blood pressure >130/90mm/Hg; c) fasting blood triglycerides 

>150mg/dL, fasting blood glucose > 125mg/dl; d) having a pacemaker, defibrillator or 

myocardial infarction, vascular surgery, or stroke in the preceding year; e) any stage 

heart failure, prior cholecystectomy, end stage renal disease; f) BMI <19 or >30; g) 

pregnancy; h) alcohol use >14 drinks per week; i) self-reported current tobacco smoking

or other illicit drug use; and j) intolerance or allergy to BO or SO. A summary of the 



9

recruitment and enrollment numbers for the 16-week study is shown in Figure 2A. 

Written informed consent was obtained from all subjects at an initial screening visit. 

Participants were asked to report any change in their medical condition at each study 

visit.   

Randomization, Compliance and Dropout 

Consented participants were stratified by genotype at rs174537 and randomized 

within strata into one of the two oil consumption sequences (SO followed by BO [Arm A]

or BO followed by SO [Arm B]) as shown in Figure 2B. Block randomization was used 

to ensure approximately equal accrual to each sequence from each stratum over time. 

The study staff and participants were blinded to both genotype and oil supplement 

assignment. 

Compliance was monitored by multiple mechanisms including serum fatty acid 

profiles at two and four weeks of the intervention, the capsule log and counts of 

returned capsules at each visit. Subjects used a log to record intake of study oils on a 

daily basis. Returned capsule counts indicated that an average of 94.6% of capsules 

was consumed as directed. Only four participants (6.3%) consumed less than 80% of 

their oil supplements. 

Dietary Oil Supplements

The oils used in this study were obtained from borage seeds (Borago officinalis 

L.; 23% GLA, 37% LA) and soybeans (Glycine max (L.) Merr.; 0% GLA, 50% LA) and 
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were generously supplied by Nordic Naturals (Watsonville, CA, USA). Subjects in each 

arm consumed a total of 10 oil capsules (1.2g oil/capsule) daily with half consumed at 

morning and evening meals. As shown in Table 1 (right two columns), the LA dosage 

provided by the SO (control arm) and BO (experimental arm) capsules were 5.27g/day 

and 4.11g/day, respectively. The GLA dosage provided by the SO and BO capsules 

were 0 g/day and 2.54g/day, respectively. For comparison, supplemental GLA has been

safely administered in clinical trials at oral doses of 2.8 grams per day or less, for up to 

a year. The physical appearance of the soft gelatin oil capsules was indistinguishable. 

Participants were advised to consume their normal diet but to minimize fish intake 

during the supplementation period, refrain from self-medication with anti-inflammatory 

drugs, and inform the study staff about any health concerns during the study. The same 

dietary advice was given for the 8-week washout period.

A significant due diligence process was undertaken to identify high quality oil 

products from reliable vendors (46). All relevant vendor-derived product documentation 

was obtained and archived. The results of in-house fatty acid analyses found profiles of 

the oil products to be comparable to that stated in vendor documentation. Table 1 

shows the fatty acid composition (derived from in-house analyses) of each oil and the 

daily dose of these fatty acids. Figure 1 shows the primary entry points where target 

PUFAs (LA in soybean oil [SO] and borage oil [BO]; GLA in BO) in these oil 

supplements enter the LC-PUFA biosynthetic pathway. 

Prior to final oil product approval and encapsulation, the oils were authenticated 

and subjected to thorough evaluation (fatty acid profile, oxidation status, endogenous 

and exogenous contaminants) by the Botanical and Quality Assurance Core Lab within 
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the Wake Forest School of Medicine Center for Botanical Lipids and Inflammatory 

Disease Prevention. The quality of the encapsulated oil products was monitored (fatty 

acid profile and oxidation status) over the course of the study. Archival samples have 

been maintained. Thus, the study products and associated documentation were 

obtained, analyzed, inventoried, dispensed and archived with the same rigor typical of 

that used for drug studies with the goal of generating reproducible results from the 

clinical trial (47, 48). 

Fatty Acid Analysis

Total serum fatty acids were analyzed from fasting blood, and levels of GLA, 

DGLA and ARA were the primary outcome measures for this study. Fatty acid methyl 

esters (FAME) were prepared (49) after alkaline hydrolysis of complex lipids in duplicate

samples (100μl) in the presence of an internal standard (triheptadecanoin: Nuchek 

Prep, Elysian, MN, USA; included for purposes of fatty acid quantification) as previously

described (50, 51). A standard panel of 26 fatty acids (which accounted for 99% of the 

fatty acids in the samples) was quantified by gas chromatography with flame ionization 

detection (GC-FID) using an HP5890 instrument with DB-23 column (30m, 0·25 mm ID, 

0·25 µm film) fitted with an inert pre-column (1 m, 0.53 mm ID) for cool on-column 

injection. The instrument response factor has been calculated based on the use of 

external standard sets for quality assurance purposes and a mixture of known FAMEs 

was run with each sample set to monitor instrument performance (45). Individual fatty 

acids are expressed as percent of total fatty acids in each sample. 
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The fatty acid composition of the oil supplements (Table 1) was determined in 

aliquots of oil quantitatively dilutions (in hexane) and processed as described above in 

the presence of the internal standard. For the purposes of product authentication, 

individual fatty acids in oil products are expressed as area % (Table 1) to facilitate 

comparison to vendor documentation of product fatty acid profile. The daily fatty acid 

doses derived from each oil were calculated from units of grams fatty acid/gram oil. The 

integrity of the encapsulated oils was monitored over time by routine evaluation of fatty 

acid content and oxidation status to ensure that a high-quality product was provided to 

participants. For the oxidation status of oils, standard food industry assays were 

employed. These included peroxide value (PV; primary oxidants; iodometric titration 

assay (52); European Pharmacopeia 2.5.5), anisidine value (AV; secondary oxidants; 

colorimetric assay (53); European Pharmacopeia 2.5.36), and Totox (total oxidation = 

2PV+AV).

Biochemical Measurements

Routine cardiometabolic and inflammatory biomarkers were measured as 

secondary outcomes. Serum derived from fasting blood was used to measure glucose 

(enzymatic assay), high-sensitivity C-reactive protein (hsCRP; 

immunochemoluminometric assay), and serum lipids (total cholesterol, triglycerides, 

HDL-, VLDL- and LDL-cholesterol; enzymatic assays). Urinary creatinine levels were 

measured (spectrophotometric assay) in order to normalize data of future urine 

analyses. An assessment of hepatic function (7 analyte panel measured in serum) was 

performed only at the screening stage and used to evaluate healthy baseline screening 
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status. The hepatic function tests conducted included alkaline phosphatase (kinetic 

assay), albumin (colorimetric assay), total protein (colorimetric assay), total and direct 

bilirubin (colorimetric assay), and aspartate (SGOT) and alanine (SGDT) 

aminotransferase (kinetic assays). These endpoints were analyzed by a qualified 

clinical laboratory (Lab Corp, Burlington, NC)

Data Analysis 

All statistical analyses were conducted in R version 3.5.0 (54). For each subject, 

we examined change in measured fatty acids (FAs) as % of total FAs over time, 

focusing on LA, GLA, DGLA and ARA as illustrated in Figure 1 and their ratios 

(GLA/LA, DGLA/GLA, and ARA/DGLA), which serve as surrogates for the (steady-state)

enzymatic activity along the steps of the LC-PUFA biosynthetic pathway. We 

additionally examined the important n-3 LC-PUFAs: EPA, DPA and DHA. 

The distribution of each FA was first examined for outliers, and the values plotted

over time for each subject. Values for individual FAs are relative abundances (% of total

FA) and hence are compositional in nature. For the statistical models, FA outcomes 

were first log-ratio transformed (i.e., xnew = log(x/1-x), where x is a FA proportion) as is 

appropriate for compositional data (55).  All model results were back-transformed to 

percent of total FAs for interpretation and presentation. 

Baseline FA values were stratified by genotype and compared using a linear 

model with the FA as outcome, genotype as the explanatory variable with age and sex 

also included. The washout period was evaluated by comparing FA measurements from
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each individual at the beginning of each oil supplementation period (i.e., V2 and V5) 

with a paired t-test. To assess how responses to supplementation over time varied by 

genotype, for each FA, we fit a linear mixed-effects model with a random intercept for 

each subject. Several choices for the correlation structure of the repeated 

measurements were compared using likelihood ratio tests, and a heterogeneous 

autoregressive AR (1) model was used based on those results. The main explanatory 

variables in the models were rs174537 genotype under an additive model (i.e., 0,1, or 2 

copies of the T allele), data collection time period (0, 2, or 4 weeks), oil type (BO vs 

SO), as well as their interactions. As FA levels can vary by age and sex, those variables

were included as covariates. A term for study arm (oil sequence) was also included, but 

was consistently found to have small and non-significant estimated effects. The mixed-

effects models were fit using the nlme R package (56) with maximum likelihood (ML) 

used for model comparison and restricted ML (REML) used for parameter estimation.

For another perspective on the data, in addition to the mixed-model analyses, we

also looked at fold-change from baseline in subjects that completed both arms of the 

study (n=53; Table 4). For each subject, fold changes from baseline values were 

computed for the four FAs illustrated in Figure 1 (i.e., LA, GLA, DGLA and ARA) as well

as for the n-3 LC-PUFA EPA, DPA, and DHA. A linear model was then used to assess 

the effects of supplementation with oil examined separately. For each FA, a linear 

regression was performed with log-fold change from baseline as the outcome and 

genotype as the primary covariate (additive genetic model), adjusted for age, sex, and 

study arm.
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Due to the large number of hypothesis tests conducted herein (10 FAs or FA 

ratios x ~10 tests = ~100 tests), we adopted a conservative threshold of p=0.05/100 = 

0.0005 for statistical significance. Furthermore, following recent recommendations of the

statistical community (57), we avoided simple dichotomization of results based on a 

significance threshold, and instead focused on estimates and confidence intervals, and 

their biological significances. The CONSORT RCT reporting guidelines were used as a 

checklist reporting tool for this study (58).

RESULTS

Characteristics of the Participant Population 

As shown in Figure 2A, n=73 (80%) of the 91 consented individuals were eligible

to participate in this study. Of the consented participants, n=66 of those individuals were

randomized and enrolled in the intervention. Based on an Intent-to-Treat analysis, data 

from 64 participants was used in the final analyses.  At the recommendation of the 

WFBMC Research Integrity Office, two participants were removed from all analyses due

to conflicting information regarding their randomization and treatment. Information 

indicated that in those two cases, the treatments were partially or completely reversed. 

As the primary goal of this study was to estimate changes in FA levels due to BO 

supplementation by genotype, deliberate inclusion of incorrect treatment data would 

bias the estimates of interest. For this reason, we employed a modified intention-to-treat

analysis with a final sample size of n=64 subjects. The characteristics of this study 

population are detailed in Table 2. Of the participants that began the intervention, a total
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of n=11 participants did not complete the intervention. Reasons for dropping out 

included scheduling conflicts (n=3); elevated C-reactive protein on two occasions (n=3); 

the need to use non-steroidal anti-inflammatory drug (NSAID) medications (n=2); 

gastrointestinal upset (n=1); difficulty swallowing oil capsules (n=1); and pregnancy 

(n=1). 

Baseline Differences in PUFAs and LC-PUFAs by rs174537 Genotype

In agreement with previous studies, there were significant baseline (non-supplemented) 

differences by rs174537 genotype in the levels of ARA and the fatty acid ratios GLA/LA,

DGLA/GLA, and ARA/DGLA (32, 33, 35). Table 3 shows these baseline 

(unsupplemented) results for the primary FAs and FA ratios examined in this study; 

boxplots are shown for both FAs and FA ratios at baseline in Supplemental Figure 1. 

Importantly, ARA showed highly significant (p=1.59x 10-5) baseline differences between 

genotype groups, with each copy of the T allele corresponding to a decrease of 1.39 

percentage points (95% CI: (0.95,1.84)) such that the average values of ARA were 

8.13% for those with the GG genotype but only 5.39% for TT individuals (i.e., 

representing the inefficient haplotype). The ARA/DGLA ratio, reflecting FADS1 activity, 

was also highly genotype-dependent (GG, 5.67> GT, 4.20> TT, 3.11; p=1.76 x 10-11). 

Effect of Oil Supplementation and rs174537 Genotype on Serum Fatty Acids

In this crossover study, each participant consumed both the control oil (SO) and 

the experimental oil (BO), albeit in an arm-dependent order. The washout period of 8 
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weeks between the oil consumption periods was deemed successful, as we did not 

observe differences in serum levels of GLA, the principle fatty acid differing between the

two oils (Table 1), between the first (V2) and the second (V5) baselines for all subjects 

and genotypes (diff=0.12, 95% CI: (-0.016, 0.04); p=0.39, paired t-test). LA and DGLA 

also had negligible differences between arms, and those results are presented in 

Supplemental Table 1. 

The time courses of serum levels of n-6 PUFAs and LC-PUFAs in response to 

BO and SO supplementation are shown in Figure 3. There were clear differences by 

genotype in the response to BO supplementation, but no changes with SO. Based on 

the fatty acid composition of the supplemental oils (Table 1), both oils would be 

expected to enter the n-6 LC-PUFA biosynthetic pathway (Figure 1). As expected, for 

all genotypes, GLA levels markedly increased within 2 weeks after BO consumption but 

not after SO. Mean values increased several-fold after four weeks of BO consumption. 

Comparing genotypes, the “inefficient” TT genotype had the lowest mean value at 

baseline but also increased the most over the study period (Figure 3). Thus, while the 

week 4 differences between genotypes were not significantly different from each other 

(p=0.81, test of Week 4 x rs174537 interaction for BO), GLA increased ~3-fold in those 

with the GG genotype vs ~6-fold in TT individuals. Given the trajectories in Figure 3, a 

longer supplementation period may have resulted in larger genotypic differences. 

DGLA, the elongation product of GLA, also increased significantly during BO 

consumption, but not during SO consumption. Baseline DGLA levels were 1-2% and 

increased only slightly with each copy of the T allele (diff=0.19, 95% CI: (0.075, 0.30); 

Table 3). Values after four weeks, however, were strongly connected to genotype, such 



18

that TT subjects had dramatically higher values than GG subjects (4.1% vs 2.2% for TT 

and GG, respectively). Although less striking, levels of ARA, the FADS1 desaturation 

product of DGLA, significantly increased by ~18% (p=7.39 x 10-11; Table 4) with BO 

consumption for all genotypes. This elevation was seen in GT and GG individuals after 

just 2 weeks of supplementation, while increased ARA levels in the TT individuals were 

only evident after 4 weeks of BO consumption (see Supplemental Table 2). SO 

supplementation resulted in no changes in ARA levels compared to baseline (p= 0.061).

Table 4 compares the impact of oil supplementation on major n-6 and n-3 

PUFAs and LC-PUFAs over the course of the study period. For each fatty acid, we fit a 

linear mixed-effects model to the longitudinal data and estimated the changes in FA 

over the four weeks of supplementation. Interestingly, both LA (-5%) and EPA (-16%) 

levels also showed small, but statistically significant decreases with BO consumption. In

contrast, the levels of GLA, DGLA and ARA increased nearly 400%, 200% and 18%, 

respectively. No changes in other n-3 LC-PUFAs (DPA and DHA) levels were observed 

(see Supplemental Figure 2) with the consumption of either botanical oil.

During BO consumption, both GLA and DGLA levels varied significantly with 

genotype, such that the accumulation of circulating GLA and DGLA increased 

dramatically with each additional copy of the T allele. Relatively small baseline 

differences grew over time such that TT individuals had nearly double the levels of 

DGLA at the end of the four weeks of supplementation period. Other co-variants (sex, 

age, oil supplementation sequence) in this model did not impact fatty acid levels. These 

data clearly reveal a gene-diet interaction for BO.

The increase in serum ARA with BO consumption appear to be modest 
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compared to those for GLA and DGLA and it appears to not vary greatly by genotype. 

However, it is important to recognize that GLA and DGLA are low abundance fatty acids

in the circulation with values normally ranging from <1% of total circulating fatty acids for

GLA and <3% for DGLA. In contrast, circulating levels of ARA range from 5-10% of total

fatty acids. Supplemental Table 2 shows an analysis of the circulating ARA levels 

(expressed as % of total fatty acids) in this cohort at baseline and after 4 weeks of oil 

supplementation. As we and others have previously observed, baseline levels of ARA 

are genotype-dependent (GG>GT>TT) and highly associated with rs174537 (33, 35). 

Importantly, as illustrated in Figure 3, addition of GLA-containing BO increased ARA 

levels in all individuals but it reached the highest levels in individuals with rs174537 G 

alleles. Even after 4 weeks of BO supplementation, TT individuals reached an average 

of 6.41% ARA (95% CI: (5.55, 7.27), Figure 3), which was still lower than GG 

individuals at baseline with an average of 8.13% (95% CI: (7.48, 8.83), Table 3). We did

not observe any similar changes with SO supplementation. 

We next applied this analysis approach to the fatty acid ratios that serve as 

surrogates for enzymatic activity for the steps in the PUFA metabolic pathway shown in 

Figure 1: specifically, GLA/LA (FADS2), DGLA/GLA (ELOVL5) and ARA/DGLA 

(FADS1). These results are shown graphically in Supplemental Figure 3. The apparent

increase in FADS2 and decrease in ELOLV5 activities were likely driven by the elevated

GLA levels during BO supplementation. With BO consumption, the ARA/DGLA ratio 

representing the FADS1 step, which is two steps removed from the consumed n-6 

PUFA (GLA), decreased for all three genotypes, but showed the largest decrease for TT
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individuals. In contrast, SO consumption resulted in no change in the ARA/DGLA ratio. 

This provides further evidence for an allelic effect and a gene-diet interaction. 

Effect of Botanical Oil Supplementation on Cardiometabolic and Inflammatory 

Biomarkers 

The impact of oil supplementation (4-weeks consumption of each oil) on 

cardiometabolic and inflammatory biomarkers was evaluated by comparing baseline 

and week 4 values of serum lipids, high sensitivity C-reactive protein (hsCRP) and 

blood glucose (Table 5). Neither SO nor BO consumption impacted other measured 

endpoints in any genotype subgroup over the 4-week supplementation period.

DISCUSSION

Early clinical studies suggested that GLA-enriched botanical oils positively impact

the symptoms of several chronic inflammatory diseases, but more recent reviews and 

meta-analyses have questioned their effectiveness (2-15). A number of important issues

may be responsible for much of this heterogeneity including low subject numbers, less 

than ideal clinical design, GLA sources and administration, and disease states 

examined (15, 59). However, there is also a growing body of evidence that suggests 

there may be important relationships between genetic variation in the human host and 

the effectiveness of bioactive components in natural products (60). With regard to GLA-

containing botanical oils, there is evidence that evolutionary-driven, ancestry-based, 

FADS gene-dietary PUFA interactions may impact the balance of glycerolipid substrates
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available for anti-and pro-inflammatory eicosanoid biosynthesis (40, 60). Numerous 

cross-sectional studies point to FADS1 encoded -5 desaturase efficiency in impacting 

levels of DGLA, ARA, and importantly the ratio of ARA to DGLA. In fact, Geiger and 

colleagues pointed out that the effect between FADS1 variants and the ratio of ARA- to 

DGLA-containing phosphatidylcholine species is so strong that “if the molecular function

of FADS1 had not been already known, the association between the SNP and the 

different glycerophospholipid concentrations per se would have allowed (one) to deduce

its enzymatic activity of inserting a fourth double bond.” (34). 

Given this evidence, a critical next step was to complete a prospective clinical 

trial to determine the impact of FADS1 variation on the metabolic flux of GLA entry into 

the LC-PUFA biosynthetic pathway and its subsequent conversion into DGLA and ARA 

products. The current trial did so, but providing a dietary source of LA from SO and 

LA+GLA from BO to non-Hispanic White individuals stratified by the FADS genotype at 

rs174537. Overall, there was little difference in circulating fatty acids or cardiometabolic/

inflammatory biomarker levels during SO supplementation for any of the genotype 

subgroups. This is perhaps not surprising given that the current Western diet contains 

very high levels of LA (12-15g per day (61)). The addition of ~35% (~5g/day) more LA 

content in the form of a supplement may not have significant effects over the 

background diet. This is in contrast to a recent study that provided 17-28g of LA over 

the background LA levels in the diets. In that study, the FADS1 genotype did modify 

metabolic responses and ARA levels in response to high concentrations of LA (62). 

In contrast after BO supplementation, the accumulation of DGLA and ARA, and 

possibly GLA, was genotype dependent. The amount of GLA in the BO supplements 
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was substantial compared with typical participant diets, and GLA levels increased 

quickly in all three genotypes (Figure 3C). In agreement with our central research 

hypothesis, accumulation of circulating DGLA differed dramatically by genotype, and 

resulted in marked alterations in the ratios of ARA to DGLA. Early biochemical studies 

of this pathway suggested that dietary GLA is rapidly elongated via an ELOVL5 

elongase activity to DGLA, and the FADS1 -5 desaturase) step represents the major 

“bottleneck” in the conversion of GLA to ARA (30, 63). We postulate that after BO 

causes GLA to rise in all subjects, it is converted to DGLA via ELOVL5 and/or ELOVL2, 

but then reaches the rate-limiting FADS1 step. Then, individuals with the GG genotype 

efficiently metabolize DGLA -> ARA, while DGLA and GLA accumulate in the TT 

individuals due to their less efficient FADS1 metabolism. In general, the data from this 

prospective clinical trial support this hypothesis but also show that, when examining the 

metabolic flux through the pathway, FADS1 variation leads to differential accumulation 

of DGLA, and possibly also GLA. 

A limitation of the current study is that we did not have the capacity to measure 

cyclooxygenase or lipoxygenase metabolites of DGLA and ARA to determine if their 

quantities were associated with levels and ratios of their precursors. This is difficult in 

human in vivo studies especially with DGLA metabolites as eicosanoids are locally-

acting mediators that are typically rapidly metabolized. DGLA has the capacity to be 

metabolized by cyclooxygenase to 1-series PGs, particularly PGE1, and by 15-

lipoxygenase into 15-HETrE, but these are cell/tissue dependent metabolic steps. We 

were not able to detect circulating levels of DGLA metabolites in human blood utilizing 

LC-MS/MS (data not shown), but this is not surprising given their rapid metabolism and 
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cell/tissue specific biosynthesis (25, 64). Our previous study focusing on eicosanoids 

produced by stimulated whole blood demonstrated associations between genotype at 

rs174537 and eicosanoids, including leukotriene B4 and 5-HETE. This indicates that 

rs174537 not only impacts the synthesis of ARA precursors but also that of ARA 

bioactive metabolites (65). Given the biological effects of DGLA metabolites and their 

function in a wide variety of disorders/diseases (66-69), it is likely that quantities of 

these metabolites and their balance to ARA metabolites plays a key role in human 

health and disease.

Like many natural products that contain potential bioactives, there has been large

heterogeneity in the results derived from clinical trials aimed at interrogating GLA-

containing oils. Clearly, genetic variations within the human host have a great capacity 

to impact the outcomes in natural product supplementation studies. The current study 

clearly suggests that gene-diet interactions exist in the context of PUFA metabolism. 

Thus, understanding that for individuals with a variant(s) resulting in the efficient PUFA 

metabolizing phenotype, GLA supplementation could lead to elevated ARA precursors, 

eicosanoids, and undesirable clinical outcomes. The opposite would be true for 

individuals with variant(s) resulting in the inefficient PUFA metabolizing phenotype. Our 

results suggest that the balance of DGLA and ARA precursors, both up- or down-stream

of the FADS1 step, can contribute to the supplement’s impact in a genotype subgroup. 

In conclusion, the current results clearly suggest that personalized- and population-

based approaches may be necessary to optimize the design of future clinical studies 

with GLA-containing oils.
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TABLES

Table 1. Fatty Acid Profile of Encapsulated Study Oils.  

 Fatty Acid Profile
Encapsulated Oils

 PUFAs provided by
Supplementation 

 (area %)    (g/day)
Common name Fatty Acid Soybean Borage  Soybean Borage

palmitic C16:0  10.5 10.2  1.09 1.13
stearic C18:0  4.5 4.0  0.59 0.44

oleic C18:1 n-9c 24.4 15.7  2.50 1.73
vaccenic C18:1 n-7c 1.5 0.6  0.16 0.06

linoleic (LA) C18:2 n-6c 49.7 37.3  5.27 4.11
γ-linolenic (GLA) C18:3 n-6 0 23.0  0 2.54
a-linolenic (ALA) C18:3 n-3 6.2 0.2  0.68 0.02

 stearidonic (SDA) C18:4 n-3 0 0.2  0 0.02
arachidic C20:0 0.4 0.2  0.03 0.03
gondoic C20:1 n-9 0.3 4.2  0.02 0.46

eicosadienoic C20:2 n-6 0 0.2  0 0.02
behenic C22:0 0.4 0.1  0.03 0.02

euricic C22:1 n-9 0 2.6  0 0.29
 C24:1 n-9 0 1.3  0 0.15

 others 0.1 0.1  0 0.01
 total 98.0 99.9  10.37 11.02

The fatty acid profile of the control (soybean) and experimental (borage) oils are derived from in-house quality control analyses are in 

agreement with that stated on vendor supplied Certificates of Analysis. The dose of fatty acids was provided in the 10 capsules 

consumed daily by participants.  
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Table 2. Baseline Demographics of the Study Cohort

    
 GG GT TT 

Female, % 92 66.7 55.6
n 25 30 9

age 39.7 (12.7) 40.6 (11.7) 41.3 (9.9)
Systolic BP 110.1 (11.46) 111.9 (13.0) 113.1 (11.0)

Diastolic BP 66.0(7.04) 69.3 (9.2) 71.73 (9.9)
Resting HR 66.6 (9.39) 67.0 (12.7) 70.3 (11.17)
Weight, kg 65.0 (9.7) 73.2 (11.0) 71.9 (13.2)

% Body Fat 29.6 (7.5) 28.21 (9.4) 25.8 (9.1)
BMI 23.2 (2.8) 24.9 (2.9) 24.4 (2.7)

Waist, cm 69.7 (6.3) 78.2 (7.9) 76.3 (12.1)
Hip, cm 94.8 (7.8) 98.0 (6.4) 96.2 (6.4)

Waist/Hip ratio 0.74 (0.04) 0.80 (0.07) 0.79 (0.08)

The values shown are the mean (sd) at the V2 baseline before oil supplementation for the 64

participants that began the intervention.  
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Table 3. Baseline FA and FA ratio values by genotype.

FA or Ratio
rs174537
Genotyp

e

Baseline

Mean 95% CI p-value

LA GG 35.13 (33.79, 36.50) 0.76
 GT 35.34 (34.40, 36.29)  
 TT 35.55 (33.68, 37.46)  

GLA GG 0.42 (0.35, 0.50) 0.0002
 GT 0.30 (0.26, 0.33)  
 TT 0.21 (0.16, 0.27)  

DGLA GG 1.44 (1.30, 1.59) 0.07
 GT 1.58 (1.47, 1.69)  
 TT 1.73 (1.51, 1.98)  

ARA GG 8.13 (7.48, 8.83) 1.59 x 10-5

 GT 6.63 (6.25, 7.02)  
 TT 5.39 (4.78, 6.07)  

EPA GG 0.48 (0.40, 0.57) 0.0024
 GT 0.36 (0.32, 0.41)  
 TT 0.28 (0.22, 0.35)  

DPA GG 0.41 (0.36, 0.47) 0.07
 GT 0.36 (0.33, 0.40)  
 TT 0.32 (0.26, 0.38)  

DHA GG 1.29 (1.13, 1.48) 0.99
 GT 1.29 (1.18, 1.42)  
 TT 1.29 (1.07, 1.56)  

GLA/LA GG 0.012 (0.010, 0.014) 4.09 x 10-5

 GT 0.008 (0.007, 0.010)  

 TT 0.006 (0.005, 0.008)  

DGLA/GLA GG 3.46 (2.98, 4.01) 7.74 x 10-11

 GT 5.33 (4.81, 5.90)  

 TT 8.21 (6.69, 10.08)  
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ARA/DGLA GG 5.67 (5.02, 6.39) 1.76 x 10-11

 GT 4.20 (3.86, 4.56)  

 TT 3.11 (2.63, 3.67)  
This table shows baseline means and 95% confidence intervals for key FAs and FA ratios. 
The baseline data for both oil consumption periods (visit 2 and visit 5) was used since the
 washout period was successful (Supplemental Table 1). FA values are presented as % of
 total FAs. The p-values are from tests of whether that FA or ratio differed by genotype. 
The bold values highlight the FAs and ratios that showed significant differences by genotype 
at baseline.
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Table 4.  Evidence of a Gene-Diet Interaction for Borage Oil

Borage Oil Soybean Oil

Fatty
Acid

rs174537
Genotype

Change in % of total FAs 4-week fold-change Change in % of total FAs 4-week fold-change

Estimate 95% CI Estimate 95% CI Estimate 95% CI Estimate 95% CI
LA GG -1.66 (-1.94, -1.37) 0.95 (0.92, 0.99) 1.05 (0.75, 1.36) 1.02 (0.97, 1.07)
 GT -2.16 (-2.33, -1.97) 0.94 (0.92, 0.96) 1.19 (0.97, 1.41) 1.03 (0.99, 1.06)
 TT -2.65 (-2.96, -2.31) 0.93 (0.92, 0.97) 1.32 (0.92, 1.75) 1.04 (0.98, 1.11)

GLA GG 0.80 (0.67, 0.97) 3.01 (2.42, 3.74) 0.03 (0.02, 0.04) 1.07 (0.97, 1.11)
 GT 0.96 (0.85, 1.09) 4.21 (3.63, 4.88) 0.00 (0.00, 0.00) 0.99 (0.94, 1.03)
 TT 1.09 (0.85, 1.39) 5.89 (4.42, 7.86) -0.02 (-0.01, -0.02) 0.93 (0.88, 0.97)

DGLA GG 0.80 (0.69, 0.91) 1.57 (1.38, 1.79) -0.08 (-0.09, -0.07) 0.94 (0.87, 1.02)
 GT 1.46 (1.34, 1.58) 1.94 (1.78, 2.12) -0.10 (-0.10, -0.09) 0.94 (0.89, 1.00)
 TT 2.38 (2.03, 2.79) 2.41 (2.03, 2.85) -0.12 (-0.13, -0.11) 0.95 (0.85, 1.05)

ARA GG 1.38 (1.27, 1.50) 1.19 (1.17, 1.27) -0.07 (-0.07, -0.07) 1.00 (0.94, 1.07)
 GT 1.12 (1.06, 1.19) 1.18 (1.13, 1.24) -0.26 (-0.25, -0.27) 0.98 (0.94, 1.02)
 TT 0.90 (0.80, 1.02) 1.18 (1.08, 1.28) -0.37 (-0.33, -0.41) 0.95 (0.88, 1.04)

EPA GG -0.10 (-0.08, -0.12) 0.79 (0.68, 0.92) -0.01 (-0.01, -0.01) 1.01 (0.88, 1.16)
 GT -0.05 (-0.05, -0.06) 0.85 (0.77, 0.94) 0.00 (0.00, 0.00) 0.99 (0.90, 1.09)
 TT -0.02 (-0.01, -0.02) 0.92 (0.75, 1.12) 0.00 (0.00, 0.00) 0.97 (0.80, 1.17)

DPA GG -0.03 (-0.03, -0.03) 0.94 (0.87, 1.02) 0.00 (0.00, 0.00) 1.03 (0.97, 1.10)
 GT -0.01 (-0.01, -0.01) 0.97 (0.92, 1.03) 0.00 (-0.01,0.01) 0.99 (0.95, 1.03)
 TT 0.00 (0.00, 0.00) 1.01 (0.90, 1.12) -0.01 (-0.01, 0.01) 0.95 (0.88, 1.03)

DHA GG -0.06 (-0.07, -0.05) 0.95 (0.88, 1.02) -0.10 (-0.11, -0.09) 0.92 (0.85, 0.99)
 GT -0.04 (-0.05, -0.04) 0.96 (0.91, 1.01) -0.05 (-0.05, -0.04) 0.96 (0.91, 1.01)
 TT -0.02 (-0.03, -0.02) 0.98 (0.88, 1.08) 0.00 (0.00, 0.00) 1.00 (0.90, 1.10)

This table shows changes from baseline for important n-3 and n-6 PUFA and LC-PUFA over the course of this study for both oils. 
Differences between week 4 and week 0 FA values and 95% confidence intervals (CIs) were estimated from the mixed-effects models 
using all subjects (n=64). Fold-change values and CIs were computed for all individuals that completed both supplementation periods 
and having data for both time points (n=53). Bold highlights the values for GLA and DGLA on BO, the main focus of this study. For 
GLA, similar increases in % of total FAs were seen across genotypes (an increase of ~1% of total FAs). The fold-change values varied 
substantially, but these differences were not significant (p=0.0024) at our conservative alpha. In contrast, the increase in DGLA as % of 
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total FAs varied by the number T alleles (p=0.0002) reflecting the gene-diet interaction. ARA levels varied by genotype at baseline and 
increased by about 18% in all three genotypes. We did not observe meaningful changes with SO supplementation.         
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Table 5   Impact of Botanical Oil Supplementation on Cardiometabolic and Inflammatory Biomarkers 

  GG  GT  TT

Serum Analyte supplement Week 0 Week 4  Week 0 Week 4  Week 0 Week 4

Triglyceride soybean oil 70.4 (4.3) 70.1 (6.4)  78.1 (4.9) 77.4 (5.4)  94.5 (27.2) 90.6 (16.5)

 borage oil 63.9 (3.1) 70.5 (6.2)  78.2 (4.5) 85.5 (9.4)  91.9 (15.7) 76.4 (12.7)
          

Total cholesterol soybean oil 167.1 (5.9) 167.3 (8.4)  168.5 (5.7) 165.1 (5.5)  165.0 (5.7) 164.6 (6.6)

 borage oil 165.5 (7.1) 163.3 (6.7)  175.6 (6.2) 173.1 (5.7)  162.4 (3.9) 159.8 (6.4)
          

HDL soybean oil 65.4 (3.3) 64.7 (3.4)  58.3 (3.1) 59.3 (3.0)  57.8 (3.1) 61.9 (4.1)

 borage oil 65.9 (3.9) 68.0 (4.0)  60.1 (3.1) 64.7 (3.8)  58.8 (5.9) 61.5 (4.7)
          

LDL soybean oil 86.6 (5.2) 89.4 (6.0)  94.5 (5.1) 90.5 (4.6)  88.4 (6.8) 84.5 (6.9)

 borage oil 87.0 (6.0) 81.0 (4.4)  99.8 (5.7) 91.4 (4.3)  85.3 (7.2) 82.9 (7.3)
          

VLDL soybean oil 14.0 (0.80) 14.4 (1.3)  15.7 (1.0) 15.4 (1.1)  18.9 (5.5) 18.3 (3.3)

 borage oil 12.7 (0.6) 14.3 (1.3)  15.7 (0.9) 17.1 (1.9)  18.3 (3.2) 15.4 (2.6)
          

Glucose soybean oil 88.4 (1.3) 87.0 (1.2)  89.5 (1.2) 89.4 (1.2)  85.5 (1.3) 86.1 (0.7)

 borage oil 88.7 (1.3) 87.6 (1.5)  89.0 (1.0) 91.2 (1.3)  86.1 (2.0) 89.0 (1.8)
          

hsCRP soybean oil 0.8 (0.3) 0.5 (0.2)  3.8 (2.0) 1.2 (0.3)  0.9 (0.4) 0.7 (0.2)

 borage oil 0.5 (0.1) 0.6 (0.1)  1.4 (0.3) 1.1 (0.2)  1.8 (1.1) 4.6 (3.8)

Measurements of a standard lipid panel, glucose and C-reactive protein (high sensitivity CRP) were made in fasting serum at all intervention visits.  

Data (mean, se) are presented for baseline (week 0) and after four weeks of oil supplementation. The 0 and 4 week values were not significantly 

different (paired t-test, by genotype) for any of the markers measured. 
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FIGURE LEGENDS

Figure 1. Omega 6 PUFA Pathway

The PUFA metabolic pathway consists of alternating desaturation (FADS) and carbon 

chain elongation (ELOVL) steps. The fatty acids in the administered in botanical oil 

supplements (LA and GLA) enter the pathway as shown. The bioactive lipids derived 

from DGLA and ARA are indicated. The omega 6 (n-6) side of the pathway is shown but

the same enzymes utilize omega-3 (n-3) substrates (not shown) in a competitive 

manner. Bioactive lipid mediators derived from n=6 PUFAs are indicated in dashed 

boxes. 

Figure 2. Recruitment and Study Design

A. The recruitment and retention summary is shown for this nutritional intervention 

study.  B. The study design is that of a double-blind, randomized crossover type. 

Participants were stratified by the FADS SNP rs174537 genotype (GG, GT, TT). After 

the consenting and screening process, eligible subjects (of each genotype) were 

randomized to begin four weeks consumption of either daily soybean or borage oil 

capsules, followed by an eight week washout period and then another four weeks 

consumption of the opposite oil. Participant genotype and oil consumption order were 
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Figure 3. Time course of serum n-6 PUFA levels after botanical oils 

supplementation. 

This figure shows the changes in circulating n-6 PUFAs upon soybean oil (blue) or 

borage oil (red) supplementation over the course of the four week study period by 

rs174537 genotype. Points represent the estimated mean values from the mixed-

models and bars represent 95% confidence intervals. For both GLA and DGLA, BO 

supplementation resulted in dramatic increases from baseline values (both p<1 x 10-11). 

For GLA, values at week 4 were similar across genotypes (p=0.80), while for DGLA they

varied significantly (8.05 x 10-7). GLA and DGLA values at two and four weeks were also

significantly different from the corresponding values for SO at weeks 2 and 4 (all p<1 x 

10-6). For ARA, changes were modest and initial baseline differences by genotype were 

carried forward such that the initial ordering (GG > GT > TT) was preserved. 


