Soy Consumption, but not Dairy Consumption, is Inversely
Associated with Fatty Acid Desaturase Activity in Young Adults

by
Melissa Gonzalez Soto

A Thesis
presented to
The University of Guelph

In partial fulfilment of requirements
for the degree of
Master of Science
in
Human Health and Nutritional Sciences

Guelph, Ontario, Canada
© Melissa Gonzalez Soto, August, 2021

ABSTRACT

SOY CONSUMPTION, BUT NOT DAIRY CONSUMPTION, IS INVERSELY
ASSOCIATED WITH FATTY ACID DESATURASE ACTIVITY IN YOUNG ADULTS

Melissa Gonzalez Soto

Advisor:

University of Guelph, 2021

Dr. David M. Mutch

Past evidence in animals showed that soy protein consumption suppressed delta6 desaturase (D6D) activity compared to casein, however the effects of soy protein
consumption on fatty acid desaturation remains poorly explored in humans. This thesis
investigated the association between the consumption of soy and dairy beverages and
foods with plasma fatty acid levels and estimated desaturase pathway activity in a
multiethnic Canadian population of young adults. Food frequency data and plasma fatty
acid data previously collected for the Toronto Nutrigenomics and Health Study were
analyzed. Significant inverse associations (p≤0.05) were found between soy consumption
and overall desaturation pathway activity. Plasma levels of omega-6 long-chain PUFAs,
as well as various estimates of desaturase pathway activity, were significantly lower in
individuals consuming soy compared to individuals consuming only fluid milk and dairy
products. Collectively, these findings suggest that soy consumption, but not dairy intake,
is inversely associated with desaturase pathway activity.
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1 Chapter one: Diet regulation of long-chain
polyunsaturated fatty acid synthesis: role of
macronutrients, micronutrients, and polyphenols on 5/6
desaturases and elongases 2/5
Presented as published:
Gonzalez-Soto M, Mutch DM. Diet Regulation of Long-Chain PUFA Synthesis: Role of
Macronutrients, Micronutrients, and Polyphenols on Δ-5/Δ-6 Desaturases and Elongases
2/5. Adv Nutr. 2021;12(3):980-94.

1.1 Abstract
Deficiencies in the omega-3 long-chain PUFA (LC-PUFA) eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA) are associated with increased risk for the
development of a plethora of diseases. While omega-3 LC-PUFA can be obtained by
consuming marine products, they are also synthesized endogenously via a biochemical
pathway regulated by the Δ5/Δ6 desaturase and elongase 2/5 enzymes. This narrative
review collates evidence from the past 40 years demonstrating that mRNA expression
and activity of desaturase and elongase enzymes are influenced by numerous dietary
components, including macronutrients, micronutrients, and polyphenols. Specifically, we
highlight that both the quantity and composition of dietary fats, carbohydrates and
proteins can differentially regulate desaturase pathway activity. Furthermore, desaturase
and elongase mRNA levels and enzyme activities are also influenced by numerous
micronutrients (folate, vitamin B12, vitamin A), trace minerals (iron, zinc) and polyphenols
(resveratrol, isoflavones). Understanding how these various dietary components
influence LC-PUFA synthesis will help further advance our understanding of how dietary
patterns, ranging from caloric excesses to micronutrient deficiencies, influence disease
risks.
1

1.2 Introduction
Diet-related chronic disease represents one of the strongest risks for morbidity and
mortality in Western countries(1). The Western diet is generally characterized as
hypercaloric, abundant in refined sugars, saturated fats, omega-6 PUFA (N6-PUFA) and
sodium content, while also being low in fibre, micronutrients and omega-3 PUFA (N3PUFA)(1, 2). This dietary pattern is associated with increased risk of obesity, diabetes,
and cardiovascular disease (3). The N3- and N6-PUFA content of the Western diet is of
interest given that different PUFA are not equivalent when it comes to their influence on
chronic disease risk(4).
The main dietary PUFA in general adult populations from industrialized countries
are α-linolenic acid (18:3n-3, ALA) and linoleic acid (18:2n-6, LA), which account for 0.021% and 3.1-8.6% energy (en) intake, respectively(5). Both ALA and LA are essential
dietary fats because humans lack the enzymes necessary for their synthesis(6). These
PUFA are substrates for the production of important long-chain PUFA (LC-PUFA), with
eicosapentaenoic acid (20:5n-3, EPA), docosapentaenoic acid (22:5n-3, DPAn-3) and
docosahexaenoic acid (22:6n-3, DHA) derived from ALA, and arachidonic acid (20:4n-6,
AA) derived from LA(7). LC-PUFA are critical bioactive molecules that serve as
constituents of cell membrane phospholipids, signaling molecules, and substrates for the
production of bioactive lipid mediators(8).
The conversion of ALA and LA into LC-PUFA occurs through a biochemical
pathway (hereon referred to as the desaturation pathway) that is regulated by desaturase
(Δ6 desaturase, D6D; Δ5 desaturase, D5D) and elongase (fatty acid elongase 2,
ELOVL2; fatty acid elongase 5, ELOVL5) enzymes. Studies have shown that the
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conversion of ALA into LC-PUFA occurs in both human infants and adults to a limited
extent(9), with estimates indicating <8% and <1% of ALA is converted into EPA and DHA,
respectively (9, 10). The low endogenous conversion of ALA into downstream LC-PUFA
places greater emphasis on obtaining EPA and DHA directly from the diet; however, less
than 20% of the global population consumes sufficient EPA and DHA(11). This is
germane since low levels of EPA and DHA in the body have been associated with an
increased risk of non-alcoholic fatty liver disease, neuropsychiatric disorders, and
cardiovascular disease, among other conditions (12-14). Due to the numerous diseases
associated with low EPA and DHA status, the desaturation pathway is of critical
importance as it represents the primary source for these LC-PUFA in most of the
population.
Many factors influence LC-PUFA synthesis, including sex, body weight, age,
alcohol consumption, smoking and genetics (reviewed in (15)); however, nutrients also
have the capacity to regulate the desaturation pathway. While much of the recent
discussion surrounding nutrient regulation of this pathway has focused on dietary N3- and
N6-PUFA, evidence over the past decades reveals that many other nutrients can directly
and/or indirectly regulate this pathway. This narrative review collates evidence showing
that macronutrients, micronutrients, and polyphenols are all capable of influencing the
desaturases and elongases controlling LC-PUFA synthesis. Whenever possible, we
address potential mechanisms by which nutrients influence desaturation pathway activity.
The prevailing complexity surrounding diet regulation of LC-PUFA synthesis reinforces
the need for continued investigations to further clarify how different nutrients regulate
essential fatty acid metabolism, and how this may contribute to chronic disease risk.

3

1.3 LC-PUFA synthesis
The conversion of essential fats into LC-PUFA occurs through a series of
desaturation and elongation steps (Figure 1). D6D and D5D are encoded by the fatty
acid desaturase 2 (Fads2) and fatty acid desaturase 1 (Fads1) genes, respectively(16).
While the primary tissue for LC-PUFA synthesis is the liver, Fads1 and Fads2 mRNA is
detected in most tissues (17). D6D and D5D are microsomal membrane-bound “frontend” desaturases that insert double bonds at specific positions in a fatty acid chain in a
reaction that requires molecular oxygen and three enzymes: NAD(P)H-cytochrome b5
reductase, cytochrome b5, and the desaturase(18, 19). ELOVL2 and ELOVL5 are
encoded by the Elovl2 and Elovl5 genes, respectively(20). Elovl2 was reported to be
highly expressed in rat liver, brain, lung and kidney, while Elovl5 appears to be expressed
more ubiquitously(21). Elongases extend a fatty acid by two carbons as part of four
sequential reactions that depend on fatty acyl CoA, malonyl CoA, and NAD(P)H(22). The
final step in the synthesis of DHA can occur through either a peroxisomal route(23) or
Fads2-mediated Δ4 desaturation in the endoplasmic reticulum (24).

1.4 Transcriptional Regulation of Desaturases and Elongases
A comprehensive discussion regarding the transcriptional regulation of LC-PUFA
synthesis is beyond the scope of the current review but is well-described in (25, 26).
Briefly, the regulation of desaturase and elongase gene expression involves several
transcription factors, including peroxisome proliferator activated receptor alpha (PPARα), sterol regulatory element binding protein-1c (SREBP-1c), retinoid X receptor (RXR),
4

and carbohydrate response element binding protein (ChREBP)(27, 28). Elucidating the
transcriptional regulation of LC-PUFA synthesis has been facilitated by using transgenic
mouse models and synthetic agonists. For example, Fads1 and Fads2 expression are
increased with SREBP-1c over-expression(29), as well as in mice treated with synthetic
PPAR-α agonists(21, 29, 30). Elovl5 mRNA levels are augmented with a PPAR-α agonist,
but not Elovl2(21). Considerable complexity surrounds the transcriptional regulation of
desaturases and elongases, as LC-PUFA produced through the desaturation pathway
feedback to suppress SREBP-1c and activate PPAR-α(25, 26). These transcription
factors act as sensors for many nutrients and related metabolites, intimating that
numerous dietary components can influence LC-PUFA synthesis.

5

Figure 1. The LC-PUFA synthesis pathway

1.5 Macronutrients
1.5.1 Lipids
The relationship between dietary fat and cardiometabolic health is of intense
interest(4, 31, 32), with growing recognition that different fatty acids have different
associations with health and disease. Since dietary oils used in feeding studies vary
significantly in their fatty acid composition, it is challenging to conclusively attribute
6

changes in desaturation pathway activity to a specific fatty acid. Nevertheless, research
shows that both the quantity of fat in the diet, as well as its composition, can influence
LC-PUFA synthesis.

1.5.1.1 High-fat diets
Several rodent studies report that desaturase and elongase expression and/or
activity are altered with a high-fat diet (HFD). Importantly, the studies discussed here used
the same oils when making HFDs and low-fat control diets (LFDs), thus minimizing
changes in fatty acid composition. However, a notable caveat is that increasing dietary
fat content can also change carbohydrate (CHO) and protein content in the diet;
macronutrients that also regulate LC-PUFA synthesis (see below).
Wang et al. (33) showed that hepatic Elovl5 mRNA was suppressed in male
C57BL/6 mice fed an HFD (~55% lard, ~5% soybean oil) for 10 weeks compared to an
LFD (~5% lard, ~5% soybean oil), with no change in desaturase expression. The HFDreduction in Elovl5 expression aligned with a lower liver AA:LA ratio. Similarly, Valenzuela
et al. (34) reported lower hepatic N3- and N6-PUFA in male mice fed an HFD (~55% lard,
~5% soybean oil) for 10 weeks compared to an LFD (~5% lard, ~5% soybean oil). Unlike
Wang and colleagues (33), Valenzuela et al. (34) showed that an HFD suppressed both
liver D5D and D6D activities. Differences in dietary CHO content (i.e., sucrose vs. starch)
in the LFDs may reconcile discrepancies between these studies; nevertheless, both
showed that an HFD generally suppressed the desaturation pathway. Critically, dietary
protein content was held constant in both studies, which eliminated a potential
confounder. In contrast, an HFD (71% fat) had no effect on FADS1 and ELOVL5 protein
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expression in rat white adipose tissue compared to a moderate fat diet (35% fat)(35).
These diets varied only in the amount of corn oil used, thus minimizing differences in fatty
acid composition. Together, this suggests potential tissue-specific regulation of
desaturases and elongases in response to an HFD. Finally, a randomized crossover trial
in postmenopausal women showed that 8 weeks of consuming an HFD (40% fat)
compared to a LFD (20% fat) suppressed D6D activity, as estimated with product-toprecursor ratios from plasma phospholipids(36). A notable strength of this trial was the
rigorous control of dietary fatty acid content due to the preparation of foods by trained
metabolic kitchen staff.
Collectively, these studies indicate that desaturation pathway activity is sensitive
to the quantity of fat in the diet. Given that an HFD is well-known to alter hepatic lipid
metabolism, studies targeting key transcription factors such as PPAR-α and SREBP-1c
will help further define the mechanisms underlying HFD-associated reductions in
desaturase and elongase activities.

1.5.2 Polyunsaturated Fats
Essential Fatty Acid Deficient Diets: It is well established that an essential fatty
acid deficiency (EFAD) promotes fatty acid synthesis and desaturation pathway activity.
Animals fed a diet devoid of all N3- and N6-PUFA show increases in mead acid, which is
a Δ6 desaturation product of oleic acid (37). Increased production of mead acid by D6D
occurs not only in the absence of competition from ALA and LA, but also the increase in
D6D activity caused by an EFAD. Using labelled LA (i.e., D6D substrate), D6D activity
was increased in liver microsomes isolated from rats fed an EFAD for 15 days from
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weaning(38). Similarly, De Schrijver and Privett (39) also reported that rats fed an EFAD
for 9 weeks had increased D5D and D6D activities compared to rats fed a safflowerenriched diet. Interestingly, the inclusion of hydrogenated coconut oil (rich in saturated
fats) did not influence the increased desaturase activities observed with an EFAD. Studies
such as these suggest that an EFAD may promote desaturation pathway activity to help
preserve the unsaturated-to-saturated fatty acid ratios in biological membranes.

1.5.2.1 Substrate Regulation of Desaturase Activity
N3- and N6-PUFA compete for desaturase pathway enzymes; however, D6D
appears to have greater affinity for ALA than LA(10). ALA supplementation increases EPA
and DPAn-3 content in blood and tissues in animal and human studies, while the
increases in DHA are smaller and less consistent(10). The conversion of ALA into LCPUFA is sensitive to dietary LA content. Specifically, high LA intake reduces N3-PUFA
content in circulation and tissues; however, the effect on desaturases and elongases is
less consistent. Kim et al.(40) reported that rats fed diets containing ALA (1% en) for 12
weeks had lower liver D5D, D6D, ELOVL2 and ELOVL5 protein content when the diet
contained high LA (24.5% en) versus low LA (9.1% en); however, desaturase activities
were not assessed. In contrast, Blanchard et al. (41) used activity assays to show that
rats fed diets containing ALA (0.6% en) had higher D6D activity with a trend for increased
D5D activity after 8 weeks of consuming a diet with 4.8% en from LA compared to a diet
with 2.5% en from LA, with no change in Fads1 and Fads2 mRNA. Similarly, Sheaff et al.
(42) reported higher desaturation pathway activity in rats fed a high-LA diet compared to
a low-LA diet. While these studies all showed that increased dietary LA reduced N3-PUFA
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content overall, the different conclusions regarding desaturation pathway activity
highlights the challenge of integrating gene/protein data with activity assays. Interestingly,
edible vegetable oils (e.g., soy and safflower) with lower LA content are being developed
and becoming more readily available(43). It is presumed that the consumption of these
low LA oils will increase N3-PUFA tissue content, but how they influence desaturation
pathway activity remains unknown.
Several studies have examined desaturation pathway activity when dietary LA is
held constant, but ALA levels vary. Igarashi et al.(44) reported that rats fed a diet
containing LA (2.6% en) but deficient in ALA (0.016% en) had increased hepatic Fads1,
Fads2, Elovl2 and Elovl5 mRNA expression after 15 weeks compared to rats fed a
sufficient amount of ALA (0.5% en). In agreement, the corresponding enzyme activities
were all increased in rats fed the ALA-deficient diet. In contrast, Tu and colleagues(45)
did not observe any effect on the expression of the above-mentioned genes in rats fed
diets with LA (1% en) but ranging in ALA content (0.2 – 2.9% en) after 21 days. This
suggests that the reprogramming of desaturase and elongase gene expression may
necessitate longer dietary challenges.

1.5.2.2 LC-PUFA Regulation of Desaturase Activity
Desaturases and elongases are also influenced through feedback regulation by
products of the desaturation pathway. Several studies provide evidence that EPA, DHA,
or a combination of both (i.e., fish oil) feeds back to inhibit this pathway at the level of
both gene expression and enzyme activity. Wang et al. (21) reported that male rats fed a
fish oil diet for 7 days had reduced Fads1 and Fads2 mRNA expression, with varying
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effects on Elovl2 and Elovl5 expression. Similarly, a dose-dependent suppression on
hepatic mRNA levels for Fads1, Fads2, and Elovl5 was noted in C57BL/6J mice fed diets
with a constant amount of ALA (5 wt%) and increasing amounts of EPA (1-7.5 wt%)(46).
Although not examined in these studies, it would be interesting to see if these effects are
mediated by PPAR-α and SREBP-1C. Other studies have also shown that the
consumption of pre-formed DHA feeds back to inhibit desaturation pathway activity.
Humans receiving an oral mixture of deuterated ALA and LA after consuming a DHA-rich
diet for 90 days showed lower levels of most desaturated and elongated N3- and N6-LCPUFA, suggesting a general suppression of desaturation pathway activity(47). Studies in
rats have shown a similar inhibition in response to increased DHA intake. For example,
Christiansen et al. (48) reported that rats fed a fish oil diet for 3 weeks had lower
microsomal D5D and D6D activity. Additionally, DeMar et al. (49) showed that deuterated
DHA content was reduced in male rats fed a milk formula containing deuterium-labeled
ALA + unlabeled DHA for 8 days compared to labeled ALA alone. Importantly, both
formulas had a similar percent fatty acid content for both ALA and LA that helped mitigate
the confounding effect of substrates on pathway activity. Interestingly, EPA content was
increased in rats fed DHA-supplemented milk, which aligns with other studies (50-52).
While this increase in EPA is commonly attributed to retroconversion from DHA, it was
recently shown that EPA conversion into DHA slows when preformed DHA is in the diet,
thus causing EPA to accumulate(53). It is notable that the effects of DHA supplementation
on fatty acid profiles differed across tissues (49), hinting at tissue-specific responses in
fatty acid desaturation and/or accretion.
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Fewer studies have examined whether the consumption of preformed AA also
inhibits the desaturation pathway, and the available evidence is less conclusive than that
observed with EPA/DHA. Trials in piglets fed diets varying in AA content have shown
little-to-no effect on hepatic desaturase and elongase gene expression, or pathway
activity(54, 55). This suggests that EPA and DHA are more potent feedback regulators of
the desaturation pathway compared to AA. However, more studies in rodents fed AAenriched diets are needed to better compare with results from N3 LC-PUFA feeding
studies.

1.5.3

Saturated and Monounsaturated Fats
Few studies have examined if other dietary fats modulate the desaturation

pathway. Dang et al.(56) showed that rats fed a diet supplemented with SFA (20%
partially hydrogenated coconut oil) for 1 month had significantly reduced D5D activity
compared to a non-purified diet (5% fat), as determined using liver microsomes incubated
with labelled DGLA (i.e., D5D substrate). However, it is important to note that the SFA
diet had very low levels of N3- and N6-PUFA compared to the non-purified diet, which
may confound the interpretation of these results. This is particularly important given in
vitro evidence that excess palmitate, in the context of low ALA and LA, competes for D6D
activity(57). Thus, the impact of SFA on LC-PUFA synthesis is minor in the presence of
adequate dietary ALA and LA but may exacerbate LC-PUFA deficiencies in the context
of an EFAD.
Picklo and Murphy(58) conducted a study where mice consumed HFDs (50% fat)
that varied in SFA and MUFA content, but had relatively constant ALA and LA. In
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comparison to an LFD (16% fat), the high SFA diet reduced liver Fads1, Fads2, Elovl2
and Elovl5 mRNA levels. In contrast, the high MUFA diet elevated Fads1 and Fads2
mRNA, with no effect on elongase gene expression. The high SFA diet increased ALA
hepatic phospholipid content, as well as EPA, DPAn-3, and DHA compared to the high
MUFA diet, which does not align with the gene expression results. Therefore, additional
studies in which fatty acid tracers are used to assess individual steps in the desaturation
pathway will help address this discrepancy between gene expression and fatty acid
composition.
Vessby et al. (59) conducted a 3-month randomized controlled trial to examine the
effect of MUFA versus SFA on desaturase activities (assessed using product-to-precursor
ratios based on serum fatty acids). Importantly, the isoenergetic diets were carefully
formulated to alter only the SFA and MUFA content, while keeping all other nutrients
relatively constant. Moderate HFDs (37% fat) composed of 17%, 14% and 6% of SFA,
MUFA, and PUFA for the SFA diet, respectively, and 8%, 23%, and 6% of SFA, MUFA,
and PUFA for the MUFA diet, respectively, were investigated. No changes in estimated
D5D and D6D activities were found with either diet, in relation to baseline estimates. In
contrast, individuals who received an EPA/DHA supplement showed a significant
reduction in estimated D6D activity and a significant increase in estimated D5D activity.
Thus, the effects of altering dietary SFA and MUFA content appears to be considerably
less impactful on desaturation pathway activity compared to PUFA; however, additional
studies are needed due to the known limitations of product-to-precursor estimates.
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1.5.4 Cholesterol
Several studies conducted in the late 80’s/early 90’s revealed that increases in
dietary cholesterol levels suppress LC-PUFA synthesis(60-65). In one of the first studies,
Leikin and Brenner(61) fed male rats a control diet or a control diet supplemented with
1% (w/w) cholesterol and 0.5% (w/w) cholic acid for either 2 or 21 days, and then
examined desaturase activities using labeled DGLA and LA. Dietary cholesterol
suppressed microsomal D5D activity, as reflected by lower levels of AA, at both 2 and 21
days, as well as impaired microsomal D6D activity at 2 days, as reflected by lower levels
of GLA. The cholesterol-induced suppression in desaturase activity was further reflected
in the AA/LA ratio, as well as in EPA and DHA levels. Additional studies investigated
whether desaturase enzyme activity was altered in male rats fed diets containing either
linseed oil (rich in ALA) or linseed oil with added cholesterol (2% w/w). The desaturation
rate of labeled DGLA in liver microsomes isolated from rats after 4 weeks of the
experimental diets revealed that added dietary cholesterol suppressed both D5D(64) and
D6D(63) activities. Interestingly, DHA content was also reduced; however, the increased
EPA levels further reinforces D6D's preference for ALA versus LA. An independent study
by this same group showed that microsomal results were similarly reflected in plasma and
tissue phospholipid fatty acid composition in rats fed a diet containing linseed oil with 2%
(w/w) cholesterol for 4 weeks(60). In accordance with cholesterol-supplementation
studies, a cholesterol-depleted diet showed the opposite effects, where liver microsomal
D5D and D6D activities were increased in conjunction with higher AA(66).
Collectively, these studies provide evidence that dietary cholesterol modulates LCPUFA synthesis; however, the precise mechanism of action remains equivocal. Brenner
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et al.(62) reported that both D5D and D6D activities were suppressed when 1% (w/w)
cholesterol was added to an essential fatty acid-deficient diet. However, no change in
Fads2 mRNA was found, and they did not report on Fads1 gene expression. Regardless,
an effect on desaturase gene expression remains plausible given that increased
cholesterol inhibits nuclear translocation of SREBP-1c (67, 68). It is equally plausible that
the excess dietary cholesterol affects the physical properties of membranes and
consequently

influences

ER-bound

desaturase

enzymes.

Irrespective

of

the

mechanism(s) at play, cholesterol's ability to suppress desaturase enzyme activity is
critical to consider as this has the potential to exacerbate cardiovascular risk, particularly
in the context of an EFAD.

1.5.5 Protein
Consumption of a high-protein diet decreases hepatic lipid accumulation by
inhibiting fatty acid synthesis (69, 70). Previous reports show that high dietary protein has
antisteatotic effects, mainly due to the reduction of lipogenic gene expression(71, 72).
Furthermore, several studies have reported that the type of dietary protein (e.g. soy,
casein) can differentially impact lipid metabolism. Compared to casein, soy protein
decreases Srebp-1 gene expression, as well as that of its target genes(73-76). However,
the effects of a high-protein diet on essential fatty acid metabolism remain poorly
described.
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1.5.5.1 High-protein diets
Mercuri et al.(77) recorded a decrease in microsomal D5D and D6D activities (as
determined using labeled fatty acids) in rat dams fed a low-protein diet (5% casein) during
pregnancy compared to a control diet (25% casein). Although fat content was held
constant between the diets, CHO content changed significantly (88% vs. 66% dextrin).
De Tomas et al.(78) extended this work and showed reduced D5D and D6D activities at
31 days of age in pups fed the same protein-deficient diet as dams. Using an alternate
approach, Peluffo and Brenner(79) observed that 1-yr consumption of a diet containing
≥35% protein increased D6D activity in rat liver microsomes compared to a diet containing
≤25% protein. Collectively, these results show that higher dietary protein promotes
desaturase activity. However, it is important to note that CHO intake changed in these
studies; thus, introducing a potential confounder in the interpretation of findings.
Protein-energy malnutrition in children has also been associated with reduced D5D
activity, although no effect was seen with D6D(80). These conclusions, which were based
on blood fatty acid product-to-precursor ratios, align with rodent studies. While this study
represents one of the first forays examining the effect of dietary protein on the
desaturation pathway in humans, several limitations are present, including differences in
body weight, the use of blood fatty acids to estimate desaturase activity, and the fact that
total energy intake was also lower in addition to the protein deficiency. Additional studies
in humans in which protein intake is reduced, but daily energy intake is maintained, will
prove insightful.
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1.5.5.2 Types of protein
Several studies have demonstrated that LC-PUFA synthesis is affected by the type
of protein consumed(81-86). For example, casein-fed rats have increased microsomal
D6D activity (as determined using labeled precursors), concomitant with lower LA, ALA,
DPAn-3 and DPAn-6, and higher DGLA, AA, and EPA in phospholipids, compared to soyfed rats(83, 85). Differences between casein and soy may arise from their amino acid
content. To determine if differences in methionine content could explain these differences,
Sugiyama and colleagues(87) found that supplementing a soy-based diet with Lmethionine restored the microsomal AA/LA ratio to that seen with casein. However, it
should be noted that desaturase activities were not measured in this study. It is well
known that methionine is limiting in soy(88), thus these findings suggest that the lesser
impact of soy on the desaturation pathway may relate, in part, to its amino acid content.
Separately, Shimada and colleagues(89) fed rats a diet with 10% casein supplemented
with either 0.43% L-methionine w/w, 0.34% L-cystine, 3% glycine or 0.43% L-methionine
+ 3% glycine for 14 days. Supplementation with L-methionine increased microsomal D6D
activity compared to a control casein diet. Supplementation with L-cystine and glycine
also increased D6D activity compared to the control, but to a lesser extent than that seen
with L-methionine. Interestingly, the D6D activation observed with L-methionine was
ablated in the L-methionine + glycine group, suggesting that glycine interferes with the
stimulatory ability of L-methionine. Peluffo et al. (90) also reported that different types of
amino acids influence D6D activity. Briefly, rats were fed diets containing 10% sunflower
oil, 25% of casein, and 65% of sucrose, where 20% of the casein was substituted for
phenylalanine, tyrosine or tryptophan. After 24 hrs, rats fed diets containing 5% casein
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and either 20% phenylalanine or tyrosine had lower hepatic microsomal D6D activities
compared to the 25% casein diet. Interestingly, rats fed a diet containing 5% casein and
20% tryptophan showed no difference in microsomal D6D activity compared to the control
casein group. Extending this work and conducting studies in animals fed sufficient ALA
to avoid any potential confounding effects of the N3-PUFA deficiency imparted by the use
of sunflower oil as the sole source of dietary fat are necessary.
Altogether, these findings suggest that LC-PUFA synthesis is modulated by dietary
protein, as well as specific amino acids. Future work should investigate if the effect of
different protein sources on desaturation pathway activity stems from the amino acid
content influencing desaturase and elongase protein translation.

1.5.6 Carbohydrates
The relationship between dietary CHO and fatty acid metabolism is well
established and supported by research showing that high CHO diets stimulate de novo
lipogenesis (DNL) (91-94). Dietary CHO regulates DNL by activating ChREBP, which
then translocates into the nucleus to stimulate lipogenic gene expression. This process
is rapid, as evidenced by increased fatty acid synthesis following a single high-CHO
meal(95). Evidence also suggests that the type of dietary CHO (i.e., fructose, sucrose,
starch) differentially impacts DNL(96); however, knowledge of how a high CHO diet
affects desaturation pathway activity remains incomplete.
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1.5.6.1 High Carbohydrate Diets
Drag et al.(97) investigated the impact of a high-CHO diet (68% sucrose) on
desaturase and elongase expression and activity in male rats compared to a standard
diet. Importantly, rats in both groups were weight-matched at time of euthanization to
avoid confounding effects related to differences in body weight. Elovl5 and Fads2 gene
expression were increased with the high-CHO diet, with no change in Elovl2 and Fads1.
While D6D activity increased in accordance with Fads2 mRNA, both ELOVL5 and D5D
activities decreased. Results from an independent study in mice also suggested that D6D
activity was increased with a high-CHO diet (comprised of a mixture of starch and
sucrose)(98). However, the authors of these two studies estimated enzyme activity using
product-to-precursor indices with hepatic fatty acids; an approach that is less accurate
than using fatty acid tracers. This may partially explain the discrepancy between gene
expression and enzyme activity. Further experiments using tracers and isolated liver
microsomes will help clarify the effects of a high-CHO diet on the desaturation pathway.

1.5.7 Types of Carbohydrates
Independent studies have demonstrated that sucrose inhibits hepatic desaturases.
For example, male rats that consumed 30% sucrose in their drinking water for 20 weeks
showed reduced D5D activity, as reflected by lower conversion of labeled DGLA into AA
in liver microsomes(99). A more recent study that also examined the effects of 30%
sucrose in drinking water in rats showed small, but statistically significant, reductions in
Fads1 and Elovl5 hepatic gene expression, but no change in Fads2 (100). While
supplementing drinking water with CHO helps avoid alterations in diet macronutrient
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composition, it remains difficult to conclusively attribute changes to CHO given that these
studies both reported metabolic changes in the sucrose-supplemented groups (e.g.,
increased insulin, adiposity and/or steatosis) that also alter desaturase expression and
activity. Future studies that supplement drinking water with equivalent amounts of
sucrose, glucose or fructose will help further define the independent effects of different
CHO.
To date, only a few studies have performed head-to-head comparisons of different
CHO on LC-PUFA synthesis. De Schrijver and Privett(39) evaluated the effects of 63.7%
sucrose or glucose on D5D and D6D activities in rats fed isocaloric diets varying in fat
content. After 9 weeks and irrespective of fat content, sucrose and glucose did not
differentially regulate desaturase activity in liver microsomes. In contrast, Hein et al.(101)
reported that a 62.5% sucrose-rich diet increased Fads1 and Fads2 hepatic gene
expression compared to an isocaloric diet containing starch as the CHO source. The
increase in Fads2 mRNA levels in rats fed the sucrose-rich diet was mirrored by an
increase in D6D activity; however, the increasing trend seen with D5D activity did not
achieve significance. Together, these results indicate that further head-to-head
comparative investigations into the effects of different dietary CHO on LC-PUFA synthesis
are warranted.

1.6 Micronutrients
1.6.1 Vitamin A
Vitamin A is an essential nutrient required for growth and development,
reproduction, and vision. Retinoic acid isomers are derivatives of vitamin A that activate
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RXR, which heterodimerizes with other nuclear hormone receptors, including PPARs, to
regulate gene expression. However, only a few studies have investigated if vitamin A
influences the desaturation pathway(102-107).
Alam et al.(107) fed rats a purified diet supplemented with either β-carotene
(vitamin A provitamin) or different amounts of 13-cis-retinoic acid. β-carotene had no
effect on D6D activity in liver microsomes, while a dose-dependent increase in D6D
activity was observed with 13-cis-retinoic acid. DGLA content in hepatic microsomes
increased with 13-cis-retinoic acid, consistent with increased D6D activity. In a separate
study, these same authors did not find a change in microsomal D6D activity in rats fed a
vitamin A deficient diet(106). It is not clear why rats consuming a vitamin A deficient diet
did not show the opposite effect in D6D activity as that found in rats supplemented with
13-cis-retinoic acid supplementation. A possible explanation is that the high dose of 13cis-retinoic acid may have caused lipidemic side-effects, as previously reported(108). In
the absence of additional biochemical investigations, it is difficult to interpret these
findings.
Independent work by Zolfaghari et al.(105) showed that hepatic Fads1 mRNA was
significantly reduced in rats fed a diet containing 4mg retinol (as retinyl palmitate)/kg diet
compared to a vitamin A-deficient diet. A subset of rats fed a vitamin A-deficient diet
received an intraperitoneal injection of 20µg all-trans-retinoic acid shortly prior to
euthanization. Interestingly, rats receiving two injections showed greater suppression of
Fads1 mRNA compared to rats receiving only a single injection; suggesting a dosedependent suppression of Fads1 gene expression by vitamin A. However, this study did
not measure hepatic fatty acid composition. This is notable since work by Zhou et al. (103)
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showed that vitamin A increased hepatic phospholipid D5D and D6D activities, as
assessed with product-to-precursor ratios. Direct comparisons between these studies are
not possible due to different measurement outcomes (gene expression vs. fatty acid
levels) as well as differences in experimental design (e.g., amount of vitamin A in the diet
and rat models used). Nevertheless, these intriguing reports reinforce the need to further
explore the role of vitamin A on desaturation pathway activity and determine whether
these effects are mediated by RXR.

1.6.2 Folate and Vitamin B12
Folate and vitamin B12 are important micronutrients in one-carbon metabolism,
where they function as the primary methyl donor for methylation of DNA, protein and
lipids. The effects of these nutrients on LC-PUFA synthesis is relevant since recent
reports show associations between DNA methylation in 5’ regulatory regions of human
FADS1 and FADS2 with estimated enzyme activities(109, 110). Increased Fads2
methylation was also shown to reduce hepatic D6D activity, and lower AA and DHA levels
in mice(111). Furthermore, Fads2 hypermethylation was associated with altered liver
phospholipid

content

in

conjunction

with

lower

phosphatidylethanolamine

N-

methyltransferase activity. Thus, investigating micronutrients that influence methylation
of desaturase genes is not only important with regards to LC-PUFA synthesis, but also
phospholipid production.
Only a few studies have examined the effect of these micronutrients on
desaturases and elongases. In all instances, these studies varied the amount of folate
and/or vitamin B12 in the maternal diet, and then examined desaturase enzymes in the
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mother and/or offspring. Results to date are equivocal. Burdge et al. (112) examined liver
fatty acid composition in offspring from rat dams fed diets containing either 1 or 5 mg folic
acid / kg diet from conception until delivery, with vitamin B12 levels held constant. All
offspring were fed the same diet containing 1 mg folic acid / kg diet until sacrifice at postnatal day 28. No differences related to maternal diet were found in offspring hepatic lipids;
however, the effects of varying dietary folic acid on the mothers themselves were not
investigated.
Wadhwani et al.(113) examined the effects of low and high folic acid (2 and 8 mg
folic acid / kg diet, respectively) in the presence or absence of vitamin B12 on liver fatty
acids and desaturase mRNA levels in rat dams. The authors showed that excess folic
acid in the absence of vitamin B12 caused increased D5D and reduced D6D liver activities
(based on product/precursor ratios), but decreased Fads1 mRNA levels with no effect on
Fads2. These results reinforce the disconnect between mRNA measurements and
desaturase activity. Finally, a recent mouse study fed both dams (starting 2 weeks before
mating) and offspring either a normal diet containing folic acid (2 mg/kg diet) and vitamin
B12 (25 µg/kg diet), or an unbalanced diet containing folic acid (8 mg/kg diet) and vitamin
B12 (5 µg/kg diet)(114). Offspring consumed the same diet as their mothers for 60 days.
Fads1 mRNA abundance was increased in dams fed the unbalanced diet (no effect on
Fads2 expression), but both D5D and D6D activities were lower. In contrast, offspring in
the unbalanced diet group showed increases in both D5D and D6D activities. The
discrepancy between mother and offspring may suggest a compensatory adaptation
occurred in offspring. Future studies should consider similar maternal diets but provide
all offspring with a common diet to elucidate any possible compensations in essential fatty
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acid metabolism. Importantly, none of these feeding trials examined the methylation
status of Fads1 and Fads2. Such measurements will help clarify whether folate and/or
vitamin B12 epigenetically regulate the desaturation pathway and may point to a
mechanism underlying heritability of LC-PUFA synthesis.

1.6.3 Zinc
Zinc (Zn) is an essential trace element required for the activity of >300 enzymes
involved in protein synthesis, fatty acid metabolism, and reproduction(115, 116). Due to
similarities between Zn deficiency and EFAD, interactions between Zn and desaturase
activity are relevant (117, 118). Discrepant findings from rodent and human studies exist
in the literature; however, an important limitation in some of the early work was the use
of Zn-free diets that impacted food intake(119, 120). Subsequent studies with rats forcefed Zn-deficient diets by intragastric tubes helped resolve these discrepancies and
showed that LC-PUFA synthesis is indeed impaired with Zn deficiency.
Several studies in the 80’s reported impaired LA metabolism in Zn-deficient
rats(121-123); however, the effect of Zn was dependent on essential fatty acid status.
Indeed, in the context of an EFAD, Zn supplementation had no effect on fatty acid
composition of plasma and liver(121). Interestingly, Zn-deficient rats administered
primrose oil (which contains GLA), but not safflower oil (which contains LA), showed
improvements in many of the changes observed with Zn deficiency. This suggests that
the outcomes on LC-PUFA synthesis associated with Zn deficiency may be circumvented
by providing a dietary source containing fatty acid products of D6D. Clejan et al.(122)
pair-fed rats either Zn-sufficient or Zn-deficient diets and examined liver microsomal
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desaturase activity. Although the authors did not report a change in D6D activity, D5D
activity was significantly impaired with Zn-deficiency. Finally, Ayala and Brenner(123)
showed that D6D and D5D activities were reduced in liver and testes microsomes isolated
from rats fed a Zn-deficient diet. Nearly a decade later, studies by Eder and
Kirchgessner(120, 124) expanded on the role of Zn in essential fatty acid metabolism
using a force-fed rat model to prevent Zn-deficiency associated hypophagia. An initial
study in which rats were fed Zn-deficient diets varying in fat content (coconut/safflower
vs. linseed) found no effect on desaturase activities(124). However, when rats were
initially fed Zn-deficient fat-free diets prior to the consumption of a Zn-deficient + 5%
safflower diet, desaturase activity was impaired. This implies that the outcomes seen with
Zn deficiency may be particularly important in the context of an EFAD.
The relationship between Zn and estimated desaturase activities has also been
alluded to in human studies. Yary et al.(125) reported that high serum Zn was associated
with low D5D and high D6D activities in men. Both Knez et al.(126) and Chimhashu et
al.(127) reported positive associations between plasma Zn and DGLA levels, and inverse
relationships between plasma Zn and the LA:DGLA ratio(126). Together, these separate
studies highlight the association between Zn and D6D activity, although the association
with D5D remains uncertain. Future clinical studies using stable isotope fatty acid tracers
coupled with Zn-supplementation will help further solidify the relationship between Zn and
LC-PUFA synthesis.
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1.6.4 Iron
Iron is an essential mineral involved in redox reactions, DNA synthesis and oxygen
transport(128). Desaturase enzymes are non-heme iron-containing enzymes(18, 129).
Okayasu et al.(18) reported that an iron-chelator reduced D6D activity; implying a catalytic
role for the non-heme iron. Given the global prevalence of iron deficiency(130),
investigations regarding the associations between iron and LC-PUFA synthesis have
widespread implications.
Studies in rats and humans have demonstrated that dietary iron status affects
desaturase activities. When rats were fed an iron-deficient diet (10 mg/kg) for 12 weeks,
the AA/LA ratio, as well as the D5D ratio (AA/DGLA), were lower in plasma, erythrocytes
and liver phospholipids compared to control (35 mg/kg) and iron-supplemented (250
mg/kg) rats(131). Additional studies by independent groups (132-134) generally report
similar outcomes; indicating an iron deficiency impairs LC-PUFA synthesis. Results from
iron-deficient children(135) and adults(136), compared to age-matched controls, by-inlarge agree with findings from rat studies. Moreover, when iron-deficient children were
provided iron-fortified soup for 15 weeks, erythrocyte levels of N3 LC-PUFA increased to
levels comparable to age-matched controls, showing that iron supplementation can help
to rescue impaired desaturase activity(135). Interestingly, reductions in estimated
desaturase activities and blood fatty acids in these human studies were detected in N3PUFA and not N6-PUFA. A plausible explanation may lie with the more variable levels of
N6-PUFA in participant’s diets compared to N3-PUFA that would make it harder to detect
significant differences. Irrespective, these studies reinforce the essential role of iron as a
critical cofactor of desaturase enzymes.
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1.7 Polyphenols
Polyphenols are a large group of bioactive phytochemicals found abundantly in
foods such as fruits, vegetables, whole grains, chocolate, tea and wine(137, 138). While
initial interest in polyphenols focused on their antioxidant activity, these molecules also
regulate signaling pathways, gene expression, and energy metabolism(139, 140).
Evidence shows that polyphenols can regulate LC-PUFA synthesis directly or indirectly,
depending on the molecule. Results from in vivo and in vitro studies suggest that these
effects may occur via regulation of PPAR-α activity.

1.7.1 Resveratrol
Resveratrol (RSV) is a type of stilbene found in the skin and seeds of grapes, as
well as in red wine(141). Few studies have investigated the effects of RSV on the
desaturation pathway. Kuhn et al. (142) treated HepG2 cells with RSV (40 µM) and
showed significant increases in Fads1 and Fads2 mRNA. However, D5D protein was
slightly reduced and no change was seen for D6D protein levels after 24 hrs. Interestingly,
when HepG2 cells were co-treated with RSV and ALA, trends for reduced Fads1 and
Fads2 gene and protein expression were observed compared to ALA alone. Importantly,
levels of EPA and DHA were significantly reduced with this dual treatment. This suggests
that RSV, which is known to bind PPAR-α(143) may mimic the transcriptional feedback
inhibition noted with EPA and DHA. Future studies should consider using PPAR-α
agonists to determine if RSV suppression of LC-PUFA synthesis occurs through this
transcription factor. Importantly, current knowledge regarding the effect of RSV on
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desaturases stems from cell culture studies, thus the relevance (if any) to humans is
unclear. This is notable since little evidence exists showing RSV bioactivity in
humans(144), and its bioavailability is influenced by both the food matrix and microbial
metabolism(145).

1.7.2 Anthocyanins
Anthocyanins (ACN) are water-soluble pigments found in the flesh, skin and roots
of many plants and vegetables, such as pomegranates, berries, and beets(146). Past
observational studies report increases in N3 LC-PUFA status following the consumption
of wine (which is rich in ACN)(147, 148). However, few studies have investigated whether
these increases are related to ACN content.
In a comprehensive study, Vauzour et al. (147) reported no effect of ACNs on EPA
and DHA levels in HepG2 cells, as well as in rodent and human investigations. HepG2
cells were treated with ALA (50µM) with or without various ACNs (5µM): delphinidin-3-Oglucoside (D3G), cyanidin-3-O-glucoside, malvidin-3-O-glucoside or their metabolites,
gallic acid, syringic acid or p-coumaric acid. While cells treated with ALA showed
increased Fads2 expression and corresponding increases in EPA, pre-treatment with
D3G reduced Fads2 mRNA levels and EPA content. None of the other ACNs had any
impact on these primary outcomes. In the same study, the authors fed rats a diet
containing rapeseed oil (rich in ALA) supplemented with a mixture of ACNs extracted from
blueberries and saw no effect on serum or liver N3-PUFA content or hepatic Fads2 gene
expression. Finally, plasma fatty acids were analyzed from a previous randomized,
placebo-controlled trial examining the effects of an ACN-rich elderberry extract in post-
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menopausal women(149); however, no differences in N3-PUFA were found(147).
Collectively, the cell culture work suggested that only D3G inhibited Fads2 mRNA levels
and EPA content, but these effects were lost in vivo. This study highlights the challenge
of translating in vitro findings using purified compounds to in vivo contexts where ACNs
are part of a complex food matrix.
Gallegos et al.(150) separately reported that rats fed a chia-oil enriched diet (ALA
enriched) supplemented with ACNs extracted from purple corn had no effect on hepatic
EPA, DHA and AA levels. Although liver Fads1 mRNA was reduced in the ACNsupplemented group compared to control, with no effect seen on Fads2 levels, both the
product-precursor ratio estimates for D5D and D6D activities were increased with ACNsupplementation. Interestingly, these authors also examined the expression of Ppar-α
and Srebp-1c and their results suggest that PPAR-α may have a dominant effect on
Fads2 expression, while SREBP-1c may have a greater influence on Fads1 expression.
This suggests potential differences in the transcriptional regulation of desaturase genes.
Together, these studies suggest that our understanding of ACN regulation of LC-PUFA
synthesis remains incomplete, but the limited evidence available indicates that more work
is necessary before making any human dietary recommendations.

1.7.3 Isoflavones
Isoflavones are a class of molecules that are rich in legumes such as soybean,
mung beans and green beans. Isoflavones are also referred to as phytoestrogens due to
their structural similarities to 17β-estradiol and their ability to interact with the estrogen
receptor (ER)(151). The effect of isoflavones on LC-PUFA synthesis has been studied
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due to their potent estrogenic activity(152). Similar to RSV, isoflavones are thought to
bind PPAR-α to induce its transcriptional activity(153-155).
Kuhn et al.(156) conducted a series of in vitro experiments to investigate the
effects of different isoflavones on Fads1 and Fads2 (but not elongases) gene expression
in cell lines corresponding to liver (HepG2), muscle (C2C12) and adipose (3T3-L1). Only
quercetin increased Fads1 mRNA in HepG2 cells; however, Fads2 mRNA levels were
strongly affected by fenretinide (reduction) and genistein (increase). Interestingly, both
quercetin and fenretinide induced Ppar-α gene expression, indicating that their divergent
effects on desaturase gene expression are not solely mediated by PPAR-α. In C2C12
cells, apigenin, luteolin, genistein, and fenretinide all reduced Fads1 expression, with
similar reductions in Fads2 expression also seen with apigenin and luteolin. Finally, both
Fads1 and Fads2 mRNA was increased by pratensein and fenretinide in differentiated
3T3-L1 adipocytes. These results suggest that different tissues may respond differently
to these isoflavones, which makes it difficult to appreciate how these molecules will
compete with one another to influence whole-body LC-PUFA synthesis. It is also notable
that the isoflavone concentrations used in this study were supraphysiological. Further, as
seen with other nutrients, effects at the mRNA level did not always translate to effects at
the protein and/or enzyme activity levels.
A recent study in chickens showed that the inclusion of isoflavones in a linseed oil
(ALA rich) enriched diet increased EPA and DHA content in breast muscle compared to
a linseed oil diet alone(157). In conjunction, Fads2 and Elovl2 gene expression was also
higher in the isoflavone-supplemented chickens compared to controls, with no difference
seen in Fads1 or Elovl5 mRNA levels. These in vivo findings using soybean (which is rich
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in genistein, daidzein and glycitein) differ from the previously discussed in vitro study, but
supplementation with a mixture of isoflavones is more reflective of the human diet.

1.8 Concluding Remarks
In conclusion, this paper demonstrates that numerous components of the diet can
regulate desaturases and elongases (Appendix Table 5), identifies important
methodological limitations, and highlights considerations for population health. Different
nutrients can affect desaturation pathway activity through various mechanisms including
the regulation of gene expression, enzyme activity, and methylation (Figure 2).
Consequently, this underlines the importance of obtaining several measurement
outcomes to fully appreciate how dietary components regulate LC-PUFA synthesis. This
is particularly pertinent given that many of the studies presented here show that changes
in gene expression often do not align with changes in enzyme activities. Further, since
many nutrients are capable of regulating LC-PUFA synthesis, careful consideration must
be made when designing rodent diets to minimize differences in composition. Finally, as
illustrated with the case of resveratrol, findings from in vitro studies may have limited
relevance for humans due to various issues including nutrient bioavailability and the use
of supraphysiological doses.
Despite these challenges, this line of investigation is clearly important to continue
due to its implications for human health and disease. Humans do not consume nutrients,
but rather diets whose nutrient composition varies according to the foods eaten. Thus, it
becomes critical to study LC-PUFA synthesis in the context of nutrient deficiencies and
excesses. Indeed, the global prevalence of micronutrient deficiencies could have an
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underappreciated impact on LC-PUFA synthesis, exacerbating deficiencies in these
important fatty acids that are widely related to chronic disease risks. Moreover, HFDs
deficient in EPA and DHA (e.g., the typical Western diet) may exaggerate this deficiency
by inhibiting the endogenous production of these important N3 LC-PUFA. Given the
important changes in dietary patterns that have arisen over the past 40 years, it is crucial
that we continue to advance our understanding regarding diet regulation of LC-PUFA
synthesis.

Figure 2. Summary of potential mechanisms by which various dietary
components regulate LC-PUFA synthesis
Arrows represent activation, while flat lines indicate inhibition. For simplicity, only N6-PUFA
desaturation is shown.
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2 Chapter two: Rationale, Research Objectives and
Hypothesis
2.1 Rationale
The Western dietary pattern is characterized by being high in omega-6 fatty acids
and deficient in the omega-3 LC-PUFA EPA and DHA (3). Individuals who consume this
type of diet generally rely on the endogenous synthesis of EPA and DHA, of which low
levels have been associated with a higher risk of a myriad of chronic diseases (12-14).
However, the desaturation pathway is regulated by numerous dietary factors that can
impact its efficiency in a positive or negative way. Interestingly, the type of protein
consumed can regulate LC-PUFA synthesis differentially (e.g. casein versus soy protein).
Past evidence in animals showed that consumption of soy protein decreased LC-PUFA
synthesis by suppressing hepatic microsomal D6D activity in comparison to casein (a
dairy protein); however, this has yet to be explored in humans. As such, the aim of this
thesis was to investigate differences in plasma fatty acids and estimated desaturation
activities in individuals who consumed either soy, dairy or both.

2.2 Objectives
The primary objective of this thesis was to investigate the association between soy
beverage and fluid milk consumption with plasma fatty acids and estimated desaturase
pathway activity in a multiethnic Canadian population of young adults. The secondary
objective was to determine if the consumption of soy and dairy foods in general are also
associated with plasma fatty acids and estimated desaturase pathway in young adults.
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2.3 Hypothesis
It was hypothesized that individuals who consumed soy beverage and foods with or
without dairy would have lower markers of desaturation pathway activity as well as lower
LC-PUFA levels compared to those who consumed only dairy (either fluid milk alone or
total dairy foods).
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3 Chapter three: Soy consumption, but not dairy
consumption, is inversely associated with fatty acid
desaturase activity in young adults
Presented as published:
Gonzalez-Soto M, Abdelmagid SA, Ma DWL, El-Sohemy A, Mutch DM. Soy
Consumption, but Not Dairy Consumption, Is Inversely Associated with Fatty Acid
Desaturase Activity in Young Adults. Nutrients 2021;13(8):2817.

3.1 Abstract
Endogenous production of long-chain polyunsaturated fatty acids (LC-PUFA) is
regulated by delta-5 and delta-6 desaturases (D5D, D6D). Past research using hepatic
rat microsomes showed that soy protein consumption suppressed desaturase activity
compared to casein (a dairy protein). The effects of soy and dairy consumption on
desaturase pathway activity remain poorly explored in humans. The objective of this
analysis was to investigate the association between soy and dairy consumption with
plasma fatty acids and estimated desaturase pathway activity in a multiethnic Canadian
population of young adults. We analyzed data from men (n=319) and women (n=764)
previously collected for the Toronto Nutrigenomics and Health Study. Dietary intake (by
food frequency questionnaire) and plasma fatty acids (by gas chromatography) were
analyzed. The relationships between soy and dairy consumption with estimated
desaturase activities were assessed by Pearson’s correlation and multivariate linear
regression. Participants were then grouped according to consumption of soy beverage
and fluid milk, as well as total soy and dairy, to further investigate desaturase activities.
Significant inverse associations (p≤0.05) were found between soy beverage and total soy
consumption and overall desaturation pathway activity, as well as D6D activity
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specifically. These associations remained significant in multivariate models accounting
for covariates. When participants were grouped based on soy beverage and fluid milk
intake, as well as their total soy and total dairy consumption habits, plasma levels of GLA,
DGLA, and AA, as well as various estimates of desaturase pathway activity, were
significantly lower in individuals consuming soy (with or without dairy) compared to
individuals consuming only fluid milk and dairy products. In conclusion, soy consumption,
but not dairy intake, is inversely associated with desaturase pathway activity. These
findings warrant further investigation but suggest that high soy consumption may impair
the endogenous production of LC-PUFA. These findings may have importance for public
health nutrition, since LC-PUFA participate in many biologically relevant processes.

3.2 Introduction
Fluid milk is a rich source of nutrients such as protein, fat, vitamins and minerals (158).
Despite this, fluid milk intake has declined among North Americans over the past decade,
while the consumption of other dairy foods (e.g. cheese and yogurt) has grown (159, 160).
This can be due, in part, to the wide availability and popularity of plant-based alternatives
to fluid milk, such as soy beverage (159, 161). Additionally, changes in consumer
preferences are often attributed to general concerns about the saturated fatty acid content
of milk and the association between these fats and cardiovascular risk, among others
(159, 162). However, recent meta-analyses report a neutral association between fluid
milk consumption and clinical outcomes such as stroke, coronary heart disease and type
2 diabetes (163-165). Moreover, soy protein intake has been reported to improve overall
lipid profiles through different pathways (166). While the hypocholesterolemic and
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hypotriglyceridemic effects of increased soy consumption are well documented, evidence
suggests that soy protein may inhibit delta-6 desaturase (D6D) activity, a key enzyme
involved in long-chain polyunsaturated fatty acid (LC-PUFA) endogenous synthesis.
LC-PUFA are bioactive molecules that constitute cell membrane phospholipids, serve
as important signalling molecules, and are precursors for the production of bioactive lipid
mediators (8). LC-PUFA are obtained from dietary sources or synthesized endogenously
in the human body from essential fatty acids (i.e., linoleic acid, LA; α-linolenic acid, ALA).
However, this conversion occurs to a limited extent, with tracer studies indicating <8%
and <1% of ALA is converted to eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), respectively (9, 10). In addition to D6D, delta-5 desaturase (D5D) and the
elongation of very long chain fatty acids proteins 2 (ELOVL2) and 5 (ELOVL5) are also
required to synthesize LC-PUFA. These enzymes are influenced by numerous dietary
factors, such as macronutrients, micronutrients and polyphenols (167), as well as by nondietary factors including sex, BMI, waist circumference, age, smoking and alcohol
consumption (15).
Past studies in rats showed that soy protein consumption impaired D6D activity
compared to casein (83, 85). Specifically, it was shown that D6D activity, assessed by
the conversion of radiolabelled LA into γ-linolenic acid (GLA), was reduced in hepatic
microsomes isolated from rats consuming a soy-supplemented diet compared to a
casein-supplemented diet. While intriguing, the translatability of these in vitro results to
humans is unclear due to the fact that microsomes are cellular artifacts enriched in
endoplasmic reticulum proteins, but absent of cytoplasmic proteins (168).
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The primary objective of this analysis was to determine if the consumption of soy
beverage and fluid milk was associated with plasma fatty acid levels and estimated
desaturase activities in a cohort of young healthy adults. As a secondary objective, we
conducted a broader analysis to evaluate if the intake of dairy foods in the presence or
absence of soy foods was associated with fatty acid levels and estimated desaturase
activities.

3.3 Methods
3.3.1 Subjects and methods
3.3.1.1 Study Population
The present study used data previously collected from the cross-sectional Toronto
Nutrigenomics and Health (TNH) study. Participants (n=1,630) between the ages of 20
and 29 years were recruited from the University of Toronto between 2004 and 2010.
Individuals were excluded from the analysis if fatty acid data (n=451) and soy/dairy food
consumption data (n=96) were missing (Figure 1). The protocol for the TNH study was
approved by the University of Toronto and University of Guelph Research Ethics Boards.
Written informed consent was obtained from all participants.

3.3.2 Dietary intake assessment
The Toronto-modified Willett food frequency questionnaire (FFQ) was used at one
time point to collect information about diet and beverage intake over the preceding month.
The original FFQ was modified to include foods that contribute to the glycemic index of
the diet and to assess the consumption of caffeine, as previously described (169). For the
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purpose of the present analysis, FFQ data related to the total caloric intake (kcal/d), total
omega-3 intake (calculated by summing dietary ALA + EPA + 22:5n-3 (DPA) + DHA),
total omega-6 intake (calculated by summing dietary LA + AA), fish oil supplement use,
and consumption of fluid milk (skim milk, 1% milk, 2% milk, whole milk and flavoured
milk), soy beverage, as well as total soy and total dairy foods were considered. Total soy
included tofu, soybean and soy beverage servings, while total dairy comprised fluid milk
(skim milk, 1% milk, 2% milk, whole milk and flavoured milk), cream, ice cream, yogurt,
cheese, and butter servings. For simplicity, the intake of soy beverage, fluid milk, soy
foods and dairy foods was converted into servings per month (when appropriate) by
multiplying it by 30 (the average number of days in a month) (Appendix Table 6).

3.3.2.1 Fluid Milk versus Soy Beverage Analysis
For our primary analysis, study participants were divided into four different groups
depending on their fluid milk and soy beverage consumption habits (i.e., servings per
month). Individuals that consumed 1 or more servings of fluid milk (equivalent to 8 oz or
240 mL) per month and no servings of soy beverage were designated the “Milk” group
(n=671; mean intake= 30.629.3 servings). Individuals that consumed 1 or more servings
of soy beverage (equivalent to 8 oz or 240 mL) per month and no fluid milk servings were
designated the “Soy” group (n=71; mean intake= 22.525.8 servings). Individuals that
consumed both fluid milk and soy beverage (i.e., at least 1 serving per month of each)
were designated the "Both" group (n=269; mean intake fluid milk= 24.825.4 servings;
mean intake soy beverage = 11.915.3 servings), while individuals that consumed less

39

than 1 serving per month of fluid milk and soy beverage were designated the “No
consumption” group (n=72).

3.3.2.2 Total Dairy and Total Soy Analysis
For our secondary analysis, study participants were divided into four different
groups depending on their total dairy and total soy food consumption habits (i.e., servings
per month). The “Dairy” group (n=401) comprised individuals who consumed 1 or more
servings per month of any type of dairy (mean intake= 72.244.8 servings). The “Both”
group (n=663) comprised individuals who consumed 1 or more servings per month of any
type of dairy and 1 or more servings per month of any type of soy food (mean intake
dairy= 62.143.4 servings; mean intake soy= 15.122.2 servings). The number of
individuals that consumed no dairy foods and only soy foods (n=15), or neither dairy foods
nor soy foods (n=4) were too low to consider in our analyses. Therefore, our secondary
analysis only examined the “Dairy” and “Both” groups.

3.3.3 Anthropometric and clinical measurements
Anthropometric measurements were obtained from all study participants by a
trained professional, as previously described (169). Body mass index (BMI) was
calculated using the weight (kg) and height (m) of the participant. Waist circumference
was measured twice to the nearest 0.1 cm at the midpoint between the lower ribs and the
iliac crest and the mean was calculated. A third measurement was done if the difference
between the first two was 1 cm. Blood samples were obtained from participants following
a 12-hour overnight fast. Plasma was extracted and analyzed for biochemical markers
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such as glucose, insulin, cholesterol (total, HDL and LDL), triglycerides and high
sensitivity C-reactive protein (hs-CRP).

3.3.4 Plasma fatty acid analysis
Total fatty acids were extracted from plasma samples collected after an overnight
fast and analyzed by gas chromatography, as previously described (170). C17:0 was
used as an internal standard to measure fatty acid concentration. Relative fatty acid data,
expressed as a percentage of total fatty acid content, was used to estimate fatty acid
desaturase

and

elongase

activities

using

product-to-precursor

ratios.

Only

polyunsaturated fatty acid data is reported in the present manuscript. The ratios of
GLA/LA (18:3n-6/18:2n-6), arachidonic acid (AA)/di-homo-ɣ-linolenic acid (DGLA) (20:4n6/20:3n-6), DGLA/GLA and adrenic acid/AA (22:4n-6/20:4n-6) were used to estimate
D6D, D5D, ELOVL5 and ELOVL2 activities, respectively. Furthermore, the AA/LA and the
EPA/ALA ratios were used to estimate the overall activity of the desaturation pathway.

3.3.5 Statistical analysis
All analyses were conducted using JMP statistical software V14.0.0 (SAS Institute,
Cary, North Carolina). The Shapiro-Wilk test was used to assess covariates for normality.
We first ran exploratory correlations between servings per month for fluid milk, soy
beverage, total soy and total dairy with estimated enzyme activities using a Pearson’s
correlation test. Multivariate linear regression was then used to model the relationships
between fluid milk, soy beverage, total soy and total dairy servings per month and
estimated enzyme activities to account for the following variables known to influence fatty
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acid desaturation: sex, BMI, waist circumference, age, ethnicity, total caloric intake and
fish oil supplementation (15). Plasma ALA and LA concentrations (as measured by gas
chromatography) were included in our models to account for potential differences in
essential fatty acid intake. For subgroup analyses, differences in fatty acid levels and
ratios were assessed using an ANCOVA with a Tukey post-hoc analysis for our primary
analysis (i.e., fluid milk vs. soy beverage) and a Student’s t-test for the secondary analysis
(i.e., total dairy vs. total dairy/total soy). Models for fatty acid sub-group analyses included
the following covariates: sex, BMI, age, waist circumference, ethnicity, total caloric intake,
and omega-3 supplementation. Models for fatty acid ratio sub-group analyses included
the aforementioned covariates, as well as plasma ALA, LA and DHA levels (g/ml). Data
are reported as mean  standard deviation. A p-value ≤ 0.05 was considered statistically
significant.

3.4 Results
3.4.1 Correlations between beverage and dairy foods consumption and
desaturation indices
A total of 1,083 participants (n=764 women and n=319 men) were included in the
present analysis (Figure 3). We first performed exploratory analyses to determine if the
consumption of soy beverage, fluid milk, total soy and total dairy intake was correlated
with estimated enzyme activities. Weak but statistically significant inverse correlations
were observed between soy beverage intake and the AA/LA ratio (R 2=0.0125; p=0.0002;
Figure 4A) and estimated D6D activity (R2=0.0064; p=0.0083; Figure 4B). No significant
relationships were found between soy beverage intake and estimated D5D, ELOVL2 or
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ELOVL5 activities. After adjusting for confounding variables in a multivariate model, the
relationship between soy beverage consumption and AA/LA estimated activity, as well as
with D6D, remained statistically significant (p≤0.05). A weak inverse correlation was found
between fluid milk intake and estimated D5D activity (R2=0.0113; p=0.0005; Figure 4C);
this relationship remained significant after adjusting for confounding variables (p=0.0010).
Weak but statistically significant positive correlations were also found between fluid milk
intake and estimated D6D activity (R 2=0.0053; p=0.0163) and the EPA/ALA ratio
(R2=0.0054; p=0.0153); however, these relationships were lost in a model accounting for
covariates (p0.05). No associations were found with fluid milk intake and estimated
elongase activities. Similar to soy beverage, significant inverse correlations between total
soy and the AA/LA ratio (R2=0.0181; p<0.0001; Figure 4D) and estimated D6D activity
(R2=0.0099; p=0.0010; Figure 4E) were found. Both relationships remained significant
after accounting for confounding variables (p≤0.05). No other associations were found
with total soy intake and estimated enzyme activities. Similar to fluid milk, an inverse
correlation was also found between total dairy intake and estimated D5D activity
(R2=0.0279; p=<0.0001; Figure 4F), which remained significant after adjusting for
confounding variables (p<0.0001). A positive correlation was also observed between total
dairy intake and estimated D6D activity (R 2=0.0057; p=0.0132); however, this relationship
was lost after accounting for confounding variables (p=0.2247). No associations were
found with total dairy intake and estimated elongase activities.
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3.4.2 Influence of Fluid Milk and Soy Beverage Consumption on Plasma Fatty
Acids and Related Ratios
Considering the weak but statistically significant correlations identified in our
exploratory analyses, we next conducted our primary analysis to investigate if relative
plasma fatty acids and estimated enzyme activities differed in individuals categorized
based on their fluid milk and/or soy beverage consumption habits. Small significant
differences in age (p=0.0468), BMI (p=0.0058), waist circumference (p=0.0056) and total
caloric intake (p=0.0127), were observed when comparing beverage consumption groups
(Table 1). The dietary omega-6/omega-3 ratio determined from FFQ data was borderline
significant between groups (p=0.0539). ALA (p=0.0254) and LA (p=0.0036) plasma levels
(µg/mL), as determined by gas chromatography, differed between groups (Table 1),
where subjects in the “Soy” group had the highest LA plasma levels compared to the
other groups; however no pairwise differences in ALA levels were identified with the posthoc analysis. The plasma LA/ALA ratio was borderline significant (p=0.0451), although
no pairwise differences were observed.
Relative (%) plasma levels of ALA and omega-6 PUFA differed significantly
between groups (Table 2). Individuals consuming soy beverage with or without fluid milk
(“Soy” and “Both” groups) had higher plasma levels of ALA (0.830.27% and 0.790.22%,
respectively) compared to individuals consuming only fluid milk (0.720.26%), as well as
higher levels of LA (34.173.65% and 33.423.87%, respectively) compared to
individuals consuming only fluid milk (31.813.94%) and individuals without beverage
consumption (31.785.09%). ALA and LA levels were similar between individuals in the
“Milk” and “No Consumption” groups, and between individuals in the “Soy” and “Both”
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groups. No significant differences were observed with EPA between the groups.
Individuals consuming soy beverage had the lowest DHA levels (1.420.54% ) compared
to the rest of the groups. Plasma levels of GLA were lower in individuals in the “Both”
group (0.300.16%) compared to those in the “Milk” group (0.340.16%), while DGLA
and AA levels were similar between individuals in the “Soy” and “Both” groups, and were
significantly lower than levels observed in individuals in the “Milk” and “No consumption”
groups.
We next examined estimates of overall desaturation pathway activity using both
omega-3 and omega-6 PUFA. The AA/LA ratio was significantly lower in individuals in the
“Both” group compared to individuals in the “Milk” and “No Consumption” groups,
suggesting a general suppression in desaturation pathway activity. This same ratio was
also marginally lower in the “Soy” group compared to the “Milk” and “No Consumption”
groups. Since we were unable to consistently detect all n-3 PUFA intermediates in the
desaturation pathway, we used LA, GLA, DGLA, and AA to estimate individual desaturase
and elongase activities. Estimated D6D activity was significantly lower in individuals in
the “Both” group compared to individuals in the “Milk” and “No Consumption” groups,
which aligned with results concerning the overall pathway (i.e., AA/LA). No differences
were observed in estimated D5D, ELOVL2 and ELOVL5 activities. Collectively, these
observations suggest that soy beverage consumption but not milk consumption may be
associated with reduced desaturation pathway activity. We also confirmed that these
results were generally reflected in both Caucasians and East Asians subsets of the TNH
population (Appendix Tables 7, 8).
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3.4.3 Fatty acid levels and desaturation indices by total dairy and soy
consumption groups
In a secondary analysis, we investigated relative plasma fatty acids and estimated
enzyme activities in individuals categorized based on total dairy and total soy intake.
Similar to the observations from our primary analysis, significant differences were found
in BMI (p<0.0001), waist circumference (p<0.0001), hs-CRP (p=0.0269) and LDL
(p=0.0082) values between groups, where individuals consuming only dairy had higher
values compared to individuals consuming both dairy and soy (Table 3). HDL levels were
also different between groups, where individuals in the “Both” group had higher levels in
plasma (p=0.0192). No significant difference between the two groups was observed for
the dietary omega-6/omega-3 ratio based on FFQ data. ALA (p=0.0057) and LA
(p=0.0003) plasma levels (µg/mL) were higher in individuals in the “Both” group compared
to those in the “Dairy” group, while the LA/ALA ratio was significantly higher in individuals
in the “Dairy” group (p=0.0301).
Relative (%) plasma fatty acids also differed between individuals in these two
groups (Table 4). Individuals in the “Both” group had significantly higher levels of ALA,
DHA, and LA compared to individuals in the “Dairy” group. In contrast, GLA, DGLA and
AA were all lower in individuals in the “Both” group compared to the “Dairy” group. No
differences in EPA levels were observed between the two groups (Table 4).
Estimates for overall desaturation pathway activity were also significantly different
between groups. The AA/LA ratio were significantly lower in individuals in the “Both” group
compared to the “Dairy” group. No statistically significant differences were found in the
EPA/ALA ratio between groups. Estimated D6D activity was also lower in individuals in
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the “Both” group compared to those in the “Dairy” group. No statistically significant
differences in estimated D5D, ELOVL2 and ELOVL5 activities were found. We also
confirmed that these results were generally reflected in both Caucasians and East Asians
subsets of the TNH population (Appendix Tables 9, 10).

TNH total population (n=1,630)

Excluded (n=547)
 Fatty acid data missing (n= 451)
 Beverage and dairy consumption
data missing (n=96)

Total population for analysis (n= 1,083)
 Women (n= 764)
 Men (n= 319)

Figure 3. CONSORT diagram. Subject inclusion and exclusion criteria.
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Figure 4. Relationships between soy beverage, fluid milk, total soy and total dairy intake with estimated desaturase
activities.
Pearson’s correlation was used to initially explore the relationships between soy beverage, fluid milk, total soy and total dairy intake
with estimated desaturase activities. A) monthly servings of soy beverage and the AA/LA ratio, B) monthly servings of soy beverage
and estimated D6D activity, C) monthly servings of fluid milk and estimated D5D activity, D) monthly servings of total soy and the
AA/LA ratio, E) monthly servings total soy and estimated D6D activity, and F) monthly servings of total dairy and estimated D5D
activity. N=1,083 participants.
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Table 1. General characteristics of the population by beverage intake subgroups
p-value

F: 195 (72.5%)
M: 74 (27.5%)

Group “No
consumption”
(n=72)
F: 48 (66.7%)
M: 24 (33.3%)

91
145

27
28

-

4

13

9

-

4
Bioclinical markers
23.302.76a
22.113.02a,b
72.506.95a,b

20

8

-

22.412.32b
22.242.99b
72.427.88b

22.882.64a,b
22.784.19a,b
74.5410.44a,b

0.0468
0.0058
0.0056

0.910.34

0.930.44

0.950.40

0.8052

1.423.00

0.921.46

0.992.18

1.092.06

0.0852

4.230.77

4.240.79

4.170.70

4.180.73

4.390.82

0.1738

2.230.64

2.250.66

2.140.55

2.180.60

2.340.70

0.1044

1.570.39

1.550.39

1.610.41

1.590.38

1.620.41

0.2331

4.780.43

4.780.37

4.830.97

4.760.35

4.830.46

0.5653

48.4835.66

48.3328.90

43.3523.59

48.8149.10

53.6842.21

0.3906

2,015659a

1,748629b

0.0127

Variables

Total population
(n=1,083)

Group “Milk”
(n=671)

Group “Soy”
(n=71)

Group “Both”
(n=269)

Sex

F: 764 (70.5%)
M: 319 (29.5%)

F: 466 (69.4%)
M: 205 (30.6%)

Caucasian
East Asian
South
Asian
Other

459
396

305
196

F: 55 (77.5%)
M: 16 (22.5%)
Ethnicity
36
27

125

99

103

70

Age (yrs)
BMI (kg/m2)
WC (cm)
TAG
(mmol/L)
hs-CRP
(mg/L)
Total
cholesterol
(mmol/L)
LDL
(mmol/L)
HDL
(mmol/L)
Glucose
(mmol/L)
Insulin
(pmol/L)

22.72.5
22.763.49
73.878.96

22.662.47a,b
23.033.62a
74.529.32a

0.940.45

0.950.47

1.26 2.68

-

Dietary intake (FFQ)
Total kcal
per day

1,956647

1,963637a

1,877673a,b
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Omega6/Omega-3
(g)

10.2215.52

9.839.27a

15.0747.16b

10.1412.94a,b

9.302.67a,b

0.0539

ALA and LA plasma concentrations (gas chromatography)
LA (18:2n6)
(g/mL)
ALA
(18:3n3)
(g/mL)
LA/ALA
(g/mL)

609.05168.74

596.36170.97a

663.73145.15b

622.74163.45a,b

622.27176.19a,b

0.0036

14.387.22

13.907.38

16.126.30

15.006.87

14.797.54

0.0254

47.4915.57

48.3416.26

45.2914.75

45.5912.67

48.9218.74

0.0451

Results are expressed as means  SDs. Differences between groups were determined using an ANCOVA and post-hoc Tukey HSD
test (JMP V14). Abbreviations: BMI, body mass index; WC, waist circumference; TAG, triglycerides; hs-CRP, high sensitivity-Creactive protein; LDL, low-density lipoprotein; HDL, high-density lipoprotein.
2
Values in each row sharing the same superscript letter are not significantly different from one another.
1
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Table 2. Plasma polyunsaturated fatty acid levels and ratios by beverage intake subgroups
% value
Fatty acid

Total
population
(n=1,083)

Group “Milk”
(n=671)

Group “Soy”
(n=71)

Group “Both”
(n=269)

Group “No
consumption”
(n=72)

p-value5

Plasma fatty acids3
ALA
(18:3n-3)
EPA
(20:5n-3)
DHA
(22:6n-3)
LA
(18:2n-6)
GLA
(18:3n-6)
DGLA
(20:3n-6)
AA
(20:4n-6)
AA/LA
EPA/ALA
D5D
D6D
ELOVL2
ELOVL5

0.750.26

0.720.26a

0.830.27b

0.790.22b

0.740.33a,b

<0.0001$

0.610.43

0.590.38

0.540.33

0.650.54

0.680.54

0.0643

1.560.54

1.540.51a,b

1.420.54b

1.630.58a

1.660.59a

0.0047

32.364.08

31.813.94a

34.173.65b

33.423.87b

31.785.09a

<0.0001$

0.330.16

0.340.16a

0.310.15a,b

0.300.16b

0.320.15a,b

0.0043

1.230.36

1.270.37a

1.140.30b

1.150.33b

1.160.37b

<0.0001$

6.201.40

6.351.41a

5.901.38b

5.871.37b

6.251.20a,b

<0.0001$

0.210.12a
0.900.80
5.962.68
0.01160.0123a
0.04190.0765
4.212.30

<0.0001$
0.9766
0.0862
0.0004$
0.4262
0.1374

0.200.07
0.890.69
5.482.05
0.01060.0066
0.04810.0734
4.572.85

Product-to-precursor ratios4
0.200.08
0.190.05a,b
0.180.05b
0.880.63
0.880.52
0.890.83
5.402.04
5.722.12
5.521.86
a
a,b
0.01110.0062
0.00990.0053
0.00930.0057b
0.04930.0747
0.05820.0747
0.04440.0693
4.502.58
4.442.38
4.903.61
a

Results are expressed as means  SDs. Differences between groups were determined using an ANCOVA and post-hoc Tukey HSD
test (JMP V14).Abbreviations: D5D, delta-5 desaturase; D6D, delta-6 desaturase; ELOVL2, Elongation Of Very Long Chain Fatty
Acids Protein 2; ELOVL5, Elongation Of Very Long Chain Fatty Acids Protein 5.
2
Values in each row sharing the same superscript letter are not significantly different from one another.
3
Covariates included in the model for fatty acids: sex, BMI, age, waist circumference, ethnicity, total caloric intake, omega-3
supplementation
1
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4

Covariates included in the model for ratios: sex, BMI, age, waist circumference, ethnicity, total caloric intake, omega-3
supplementation, plasma ALA, LA and DHA levels (g/ml).
5
The $ symbol indicates results that remained significant after Bonferroni correction for multiple testing (p=0.05 / 13 tests = 0.004)
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Table 3. General characteristics of the population by total dairy and total soy intake
Variables
Sex
Caucasian
Asian
South Asian
Other
Age (yrs)
BMI (kg/m2)
WC (cm)
TAG (mmol/L)
hs-CRP (mg/L)
Total cholesterol (mmol/L)
LDL (mmol/L)
HDL (mmol/L)
Glucose (mmol/L)
Insulin (pmol/L)
Total kcal per day
Omega-6/Omega-3 (g)
LA (18:2n6) (g/mL)
ALA (18:3n3) (g/mL)
LA/ALA (g/mL)

Group “Dairy”
(n=401)
F: 267 (66.6%)
M: 134 (33.4%)
Ethnicity
448
214
391
53
124
76
99
57
Bioclinical markers
22.632.45
22.602.42
22.793.50
23.403.79
73.878.96
75.6410.03
0.940.45
0.950.48
1.27 2.71
1.522.97
4.230.77
4.270.78
2.240.64
2.300.65

Total population
(n=1,064)
F: 751 (70.6%)
M: 313 (29.4%)

1.570.39

1.540.39

Group “Both”
(n=663)
F: 484 (73%)
M: 179 (27%)

p-value
-

234
338
48
42

-

22.642.47
22.423.26
72.868.12
0.940.43
1.122.53
4.210.77
2.190.63

0.7936
<0.0001
<0.0001
0.7270
0.0269
0.2070
0.0082

1.590.39

0.0192

4.780.44
4.780.37
4.780.47
48.6335.77
51.0532.27
47.1737.67
Dietary intake (FFQ)
1,958644
1,950669
1,962628
9.839.85
9.683.94
9.9212.10
ALA and LA plasma concentrations (gas chromatography)
608.08168.92
583.86170.35
622.73166.47
14.277.09
13.506.93
14.737.15
47.6115.49
48.9916.93
46.7814.50

0.8169
0.0756
0.7671
0.6419
0.0003
0.0057
0.0301

Results are expressed as means  SDs. Differences between groups were determined using an ANCOVA and Student’s t-test (JMP
V14). Abbreviations: BMI, body mass index; TAG, triglycerides; WC, waist circumference; hs-CRP, high sensitivity-C-reactive protein;
LDL, low-density lipoprotein; HDL, high-density lipoprotein.
1
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2

Values in each row sharing the same superscript letter are not significantly different from one another.

Table 4. Plasma polyunsaturated fatty acids and ratios by total dairy and total soy intake
Fatty acid

ALA (18:3n-3)
EPA (20:5n-3)
DHA (22:6n-3)
LA (18:2n-6)
GLA (18:3n-6)
DGLA (20:3n-6)
AA (20:4n-6)
AA/LA
EPA/ALA
D5D
D6D
ELOVL2
ELOVL5

% value
Total population
Group “Dairy”
(n=1,064)
(n=401)
Plasma fatty acids3
0.740.25
0.710.28
0.610.43
0.600.39
1.570.52
1.490.50
32.324.06
31.533.98
0.330.16
0.350.17
1.230.36
1.300.36
6.201.40
6.591.41
Product-to-precursor ratios4
0.200.07
0.210.07
0.890.68
0.930.63
5.482.02
5.452.05
0.01060.0066
0.01170.0076
0.04840.0738
0.05000.0705
4.592.86
4.452.78

Group “Both”
(n=663)

p-value5

0.760.23
0.620.45
1.620.54
32.804.02
0.310.15
1.180.35
5.981.34

0.0009$
0.4991
<0.0001$
<0.0001$
<0.0001$
<0.0001$
<0.0001$

0.190.07
0.860.71
5.502.01
0.00990.0058
0.04670.0758
4.672.90

<0.0001$
0.0824
0.7042
<0.0001$
0.5918
0.2250

Results are expressed as means  SDs. Differences between groups were determined using an ANCOVA and Student’s t-test (JMP
V14). Abbreviations: D5D, delta-5 desaturase; D6D, delta-6 desaturase; ELOVL2, Elongation Of Very Long Chain Fatty Acids Protein
2; ELOVL5, Elongation Of Very Long Chain Fatty Acids Protein 5.
2
Values in each row sharing the same superscript letter are not significantly different from one another.
3
Covariates included in the model for fatty acids: sex, BMI, age, waist circumference, ethnicity, total caloric intake, omega-3
supplementation
4
Covariates included in the model for ratios: sex, BMI, age, waist circumference, ethnicity, total caloric intake, omega-3
supplementation, plasma ALA, LA and DHA levels (g/ml).
5
The $ symbol indicates results that remained significant after Bonferroni correction for multiple testing (p=0.05 / 13 tests = 0.004).
1
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3.5 Discussion
In the present study, we report that soy intake, irrespective of dairy consumption, is
inversely associated with overall desaturase pathway activity, as well as with estimated
D6D activity. Our initial exploratory correlation analyses showed that soy consumption is
inversely associated with desaturase activity. These observations were supported by both
our primary analysis comparing soy beverage and fluid milk intake, as well as our
secondary analysis comparing total dairy intake with and without the consumption of soy
foods. Furthermore, we also observed that fluid milk intake, as well as total dairy intake,
were inversely associated with estimated D5D activity; however, this relationship was not
found in any of our subgroup analyses and therefore not considered further.
A major strength of our primary analysis was that we could create 4 distinct groups of
individuals based on their fluid milk and beverage consumption habits (i.e., fluid milk only,
soy beverage only, both, and neither). This showed that the consumption of soy
beverage, but not fluid milk, was associated with a reduction in estimated D6D activity.
This was particularly evident when comparing the two largest subgroups (i.e., “Milk” vs.
“Both”). We recognize that fluid milk is not the only source of dairy in the diet, and that
there are other sources of soy protein as well; therefore, our secondary analysis
compared individuals consuming any type of dairy with and without any type of soy. This
secondary analysis aligned with our initial findings, and also showed that the inclusion of
soy foods in a diet containing dairy foods is associated with a reduction in estimated D6D
activity. Additionally, we also show that these findings were generally reflected in the two
largest ethnic subsets in the TNH cohort (i.e., Caucasians, n=459; East Asians n=396),
albeit with less statistical significance due to the smaller sample sizes. Interestingly, the
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reduction in estimated D6D activity seen in the whole population may be driven by the
stronger reduction by soy beverage in East Asians compared to Caucasians. When
statistical significance in the ethnic subset analyses was not achieved, trends aligned with
observations from the full cohort analyses. Collectively, these findings may have
important implications for public health nutrition, in particular for individuals who consume
plant-based alternatives to dairy and have diets low in omega-3 LC-PUFA.
To the best of our knowledge, this is the first cross-sectional cohort study to assess
the relationship between soy intake and estimated desaturase activities in humans. Past
animal studies suggest that soy protein consumption decreases LC-PUFA synthesis by
inhibiting D6D activity. Brandsch et al. (84) fed rats diets containing either soy or casein
as a source of protein. Higher microsomal LA levels concomitant with lower microsomal
levels of DGLA, AA and a lower AA/LA ratio were observed in rats fed soy compared to
rats fed casein, suggesting a suppression in the LC-PUFA desaturation pathway activity.
In two independent studies, Ikeda et al. (85) and Koba et al. (83) both reported
suppressed microsomal D6D activity (measured using radiolabeled fatty acids) and lower
levels of LC-PUFAs such as EPA and AA in hepatic microsomes isolated from rats fed
soy compared to casein. Together, this evidence suggests that soy protein consumption
decreases LC-PUFA synthesis through a reduction in D6D activity compared to casein
consumption.
Although comparative research regarding the effects of soy protein and dairy (more
specifically casein) on lipid metabolism exists, the effects of soy and dairy on desaturation
pathway activity in humans remain poorly described. To the best of our knowledge, only
one study examined the impact of soy protein and casein supplementation on plasma
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fatty acids in humans. Specifically, Gooderham et al. (171) studied the effects of a soy
protein isolate and a casein supplement on plasma phospholipid fatty acid profiles in 20
young male adults randomly allocated to each treatment (60 g/d for 28 days). Plasma
levels of AA trended lower in subjects supplemented with soy protein isolate compared
to those given the calcium caseinate supplement, but no significant difference was seen
in estimated overall desaturation pathway activity. It is difficult to directly compare the
outcomes from a short-term intervention with a small sample size (n=10 per supplement
group) with our cross-sectional cohort analysis, since the first is assessing
supplementation while the second is assessing general dietary patterns. Nevertheless,
the trend for the reduction in AA levels observed during the wash-out period after soy
supplementation in the intervention trial may suggest a longer-lasting regulation of the
desaturation pathway that aligns with our findings.
Although the present investigation provides no mechanistic insight, the suppressive
effects of soy on desaturase activity may be mediated at the transcriptional level via the
sterol regulatory element binding protein-1 (SREPB-1). Indeed, soy protein has been
previously reported to regulate the expression of key transcription factors controlling lipid
metabolism, such as SREBP-1, liver X receptor (LXR) and peroxisome proliferator
activated receptor  (PPAR-)(172). These transcription factors control fatty acid
desaturase 1 (Fads1) and 2 (Fads2) gene expression (28). Fads1 and Fads2 genes
encode the desaturase enzymes D5D and D6D, respectively (16, 166). Rats fed a soy
protein diet for 160 days experienced a decrease in hepatic Srebp-1c mRNA expression,
concomitant with a decrease in Fads1 and Fads2 gene expression, compared to rats fed
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a casein diet (173). Thus, our results may stem from the transcriptional regulation of
desaturase genes.
Another possible explanation for the differential effects of soy and casein consumption
on the desaturation pathway may relate to differences in amino acid composition. Unlike
casein, soy protein is limiting in methionine, an essential amino acid (174). Sugiyama et
al. (87) reported that supplementation of a soy protein diet with L-methionine restored the
microsomal AA/LA ratio to that observed in a casein-based diet. Further, Shimada et al.
(89) found that supplementation of a casein-based diet with L-methionine increased
microsomal D6D activity compared to a control casein diet. We examined methionine
intake using FFQ data in all subjects, but did not find a consistent pattern between groups
(in either our primary or secondary analyses) that aligned with differences in estimated
D6D activity (data not shown); however, measuring methionine levels in circulation will
provide greater clarity around this potential explanation for our findings.
The aforementioned mechanisms provide potential explanations for why LC-PUFA
levels are lower in subjects who consume soy irrespective of fluid milk and/or dairy food
intake. Further elucidation using stable isotope fatty acid tracers to study LC-PUFA
synthesis in subjects who consume soy beverages/foods or soy protein isolates will help
clarify the relationship between soy consumption and fatty acid flux through the D6D/D5D
pathway. Moreover, measuring hepatic desaturase mRNA and protein expression, as well
as transcription factors known to regulate the desaturation pathway, will provide further
mechanistic insights regarding the relationship between soy and D6D activity.
The design of the cross-sectional TNH study is potentially limited by the narrow age
range of the participants, since individuals were between the ages of 20 and 29 years old.
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Although our findings may not be generalizable to the entire population, these results set
the stage for future research on fatty acid desaturation regulation by the consumption of
soy foods, which should include individuals from different age groups. Another limitation
of the cross-sectional study is the use of an FFQ to obtain dietary intake data from
subjects, which are prone to inaccurate reporting. For example, food intake may be
underestimated, especially if participants are not familiar with portion sizes and cooking
measurements (e.g., cups, millilitres or ounces). Furthermore, previous findings suggest
that dietary recall declines quickly, and that the information provided by individuals
generally comes from memories of their typical diet which can be influenced by shortterm memories (175). Nevertheless, FFQs are a validated tool that can be readily used
in large-scale studies, such as the TNH study. The present study is also limited by using
plasma fatty acids to estimate enzyme activities. This is notable since plasma fatty acids
reflect both dietary intake and endogenous production. Except for ALA and LA (i.e.,
essential fatty acids), it is not possible to definitively know the origin of other fatty acids
measured in plasma without using tracers. Soy beverage contains more LA and ALA
(176) than bovine milk (177). Thus, the higher plasma ALA and LA levels found in
individuals consuming soy beverage compared to milk/dairy may simply reflect
differences in the essential fatty acid content of soy beverage and milk/dairy. Past
research showed that higher ALA and LA intake increases desaturation activity and that
the LA/ALA ratio in the diet is important (167). We accounted for LA and ALA plasma
concentrations in our multivariate models, and findings from our primary and secondary
analyses indicate that despite individuals consuming soy having higher plasma ALA and
LA, estimated D6D activity using product-to-precursor ratios was lower compared to
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individuals consuming milk/dairy. While we acknowledge that product-to-precursor ratios
are not a direct measure of enzymatic activity, a previous report suggests that these
estimates generally align with those obtained using radiolabeled fatty acids (178). As
such, our results, in conjunction with past research in rodent models, suggest that
increased soy intake suppresses D6D activity. Future clinical trials using labeled essential
fatty acids are needed to definitively conclude whether D6D activity is suppressed with
soy. Moreover, future studies are necessary to elucidate which component of soy (e.g.,
soy protein, lower methionine content, isoflavones, etc.) may be responsible for
suppressing D6D activity.
In conclusion, we report an inverse association between soy intake and estimated
desaturase activities and omega-6 LC-PUFA levels. With the growing popularity and
availability of plant-based milks, many consumers have moved away from consuming
fluid milk. Indeed, soy beverage is a common plant-based alternative in the market, a
compound annual growth rate estimated at ~6% by 2025 (179). Consequently, we
anticipate that our findings may have important ramifications for public health nutrition.
Indeed, these findings are particularly important given that the Western diet is deficient in
omega-3 LC-PUFA such as EPA and DHA, but high in omega-6 LC-PUFA (180). Low
levels of EPA and DHA in the body have been associated with an increased risk of nonalcoholic fatty liver disease, neuropsychiatric disorders, and cardiovascular disease,
among other conditions (12-14). Consequently, individuals consuming soy on a regular
basis may benefit from increasing omega-3 LC-PUFA in their diets to offset reductions in
endogenous production. These results highlight the importance of continued research
regarding the role of soy on LC-PUFA synthesis.
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4 Chapter four: Integrative discussion
4.1 Discussion
As highlighted in Chapter 3, this thesis investigated the association of soy and dairy
beverage and food consumption with markers of LC-PUFA synthesis and plasma fatty
acid levels. The results of our primary analysis showed that individuals who consumed
soy beverage, had lower levels of omega-6 PUFA and lower markers of desaturation
pathway activity (i.e. D6D activity and the AA/LA ratio). Furthermore, results from our
secondary analysis showed that the same observations from our primary analysis were
also present when comparing individuals consuming dairy foods with and without soy
foods. Collectively, these results show that the intake of soy, but not dairy, is associated
with reduced desaturation activity. Since the present analysis is a cross-sectional study
and no causal relationships can be drawn, the following discussion will propose further
research approaches that will help define the role of soy and dairy foods in the
endogenous synthesis of LC-PUFA. Additionally, the potential clinical implications of this
thesis will be discussed.
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4.1.1 Investigating which component of soy and dairy foods regulates the
desaturation pathway

Previous studies in rats investigated the effect of a soy protein diet on desaturation
activity compared to a casein diet. However, these studies used protein isolates (i.e. soy
protein and casein) while the present analysis looked at total soy and dairy. Apart from
being a rich source of protein, soy also contains vitamins, minerals, fatty acids (mainly
LA), carbohydrates, fibre and isoflavones (181); therefore, defining which nutritional
component affects the desaturation pathway remains challenging. The two main
components of soy that have been extensively researched for their potential regulatory
effect on lipid metabolism are protein and isoflavones. A recent meta-analysis reported a
significant decrease in total cholesterol and LDL cholesterol levels in subjects that
consumed soy protein for approximately 6 weeks (182). Similarly, low cholesterol levels
have been found in rats fed a soy protein diet compared to casein-fed rats (173). Although
it is believed that soy protein and isoflavones act synergistically to regulate lipid
metabolism, several studies have reported that isoflavone supplementation in animals
does not have a significant impact on bio-clinical markers (e.g. TAG and cholesterol
levels) and mRNA expression of genes involved in fatty acid synthesis (e.g. Fads1 and
Fasn) compared to supplementation with isoflavone-eliminated soy protein (183, 184).
Additionally, as outlined in Chapter 1, the effects of isoflavones on whole-body LC-PUFA
synthesis are not clear. Based on this evidence, future studies in animals should compare
the effects of soy protein and isoflavone-free soy protein diets on desaturase activity to
investigate which component of soy (i.e. isoflavones or protein) is responsible for changes
in fatty acid levels and desaturation activity.
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Dairy products are a rich source of vitamins, minerals, fatty acids, carbohydrates,
and protein (80% in the form of casein and 20% as whey) (185). It is important to note
that in the majority of animal studies, a casein-based diet is used as a control and the
reported results are relative to this protein; therefore, baseline fatty acid levels are
unknown and conclusions about casein effects on the desaturation pathway cannot be
easily made. In addition, the effects of whey on desaturase activity are unknown.
Townsend et al. (186) found no differences in the hepatic mRNA expression of lipogenic
genes (i.e. Srebp-1c, Fasn, Dgat2, ACC1) after feeding rats either skim milk powder or
casein as a source of protein. These results support our observations on the potential
neutral effect of dairy on the desaturation pathway (specifically on the AA/LA ratio and
D6D activity) and suggest there are no differences between casein and a mix of both
dairy proteins (from skim milk powder) with regards to lipogenic gene expression. Future
studies comparing mice fed different sources of protein, such as casein, whey and soy,
will help clarify the role of these proteins on the desaturation pathway. Considering the
weak but statistically significant inverse correlations found between estimated D5D
activity and fluid milk intake, as well as with total dairy intake, future studies should also
measure D5D activity to further explore the relationship between dairy consumption and
this enzyme.
Moreover, soy protein and dairy proteins differ in their amino acid content, as soy
protein is deficient in the essential amino acid methionine. As outlined in this thesis,
existing evidence in animals shows that supplementation of a soy protein diet with
methionine restores the AA/LA hepatic microsomal ratio to that observed with a caseinbased diet. To determine if the differences in fatty acids observed between subjects who
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consume soy and those who consume dairy stem from differences in amino acid content,
future animal studies should compare desaturation activity in mice fed a soy protein diet
(deficient in methionine), a methionine supplemented soy protein diet or a casein-based
diet with adequate levels of methionine. Adult mice should be used for this type of study
since methionine is required for normal development and a diet deficient in this amino
acid may affect the growth and overall health of the animals.

4.1.2 Exploring the impact of soy and dairy components on gene and protein
expression

To provide mechanistic insight on how soy influences fatty acid desaturation, the
expression of desaturases and elongases at both the gene and protein levels should be
investigated. As discussed in Chapter 3, soy protein consumption regulates the
expression of transcription factors that modulate both Fads1 and Fads2 gene expression.
However, as described in the first chapter, not all the changes in gene expression
translate into differences at the protein level. Therefore, future studies should consider
measuring gene and protein expression of transcription factors involved in the regulation
of desaturases and elongases (i.e. Ppar-α, Srebp-1c, Rxr and Chrebp), as well as the
expression of Fads1, Fads2, Elovl2 and Elovl5, in mice fed soy protein or casein.
Furthermore, an SREBP-1 knockout mouse model could be used to determine if the
suppression in Fads1 and Fads2 gene expression observed in previous studies occurs
through this transcription factor.
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4.1.3 Potential clinical implications of a reduction in LC-PUFA synthesis

As previously discussed in this thesis, the endogenous synthesis of LC-PUFA in
humans is highly inefficient; hence these fatty acids must be obtained from the diet.
Although omega-6 fatty acids and ALA are widely consumed due to the high presence of
vegetable oils in the diet, EPA and DHA consumption in developed countries does not
meet the FAO/WHO dietary recommendations (5). Low levels of these fatty acids in the
body are associated with an increased risk of a myriad of chronic diseases (12-14);
therefore, a reduction in desaturation activity in subjects consuming a diet deficient in
EPA and DHA could be detrimental. For example, the Western diet and the vegan diet
are known to be deficient in EPA and DHA (187). As reviewed in Chapter 1, existing
evidence suggests that due to its high fat content, the Western diet suppresses LC-PUFA
synthesis. Thus, consumption of soy combined with a Western dietary pattern might
exacerbate the reduction in desaturation activity. Moreover, the only vegan source of EPA
and DHA is algae, so unless vegans consume omega-3 supplements from algae, the
endogenous synthesis of omega-3 LC-PUFA represents the primary source of EPA and
DHA. Hence, a reduction in the desaturation pathway could result in low levels of these
fatty acids. Future studies in subjects consuming a Western diet or a vegan diet should
consider measuring plasma omega-3 LC-PUFA levels to determine if desaturation activity
is affected with soy consumption.
As previously outlined in Chapter 1, LC-PUFA synthesis is regulated by several nondietary factors including body weight and genetics, among others. Several studies have
reported an inverse association between BMI and EPA and DHA levels (15). Moreover,
genetic variation in the FADS genes is associated with altered desaturation activity and,
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consequently, lower levels of LC-PUFA (15, 170). Although no studies have investigated
the potential interaction of soy consumption and the aforementioned factors, all these
factors may interact to influence desaturation activity, which may result in lower levels of
LC-PUFA. Thus, this area of research is highly topical to population health and warrants
further investigation to determine if soy consumption can interact with non-dietary factors
to influence LC-PUFA synthesis.

4.2 Conclusions
In conclusion, this thesis presented evidence that soy consumption, irrespective of
dairy intake, is inversely associated with estimated desaturation pathway activity and
plasma fatty acid levels. Further investigation is required to define which component in
soy is responsible for suppressing the desaturation pathway to provide insight into the
underlying mechanism behind this effect. Additionally, these findings may have relevance
to Registered Dietitians and other healthcare professionals to ensure that patients with a
regular consumption of soy include sufficient dietary sources (or supplements) of EPA
and DHA to avoid potential negative health outcomes stemming from low levels of omega3 LC-PUFA in the body.
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APPENDICES

Table 5. Summary table

DIET FACTOR

OUTCOME ON DESATURATION PATHWAY
Protein
Enzyme
mRNA
expression
Activity

References
33 – 36

High-fat diet

 Elovl5

-

 D5D, D6D

Essential fatty
acid deficiency

-

-

 D5D, D6D

38 – 39

↔ Fads1 ↔
Fads2

 D5D
 D6D
 ELOVL2
 ELOVL5

 D6D

40 – 42

-

 D5D
 D6D
 ELOVL2
 ELOVL5

44

High-LA

High-ALA

EPA and DHA

AA

SFA

MUFA

 Fads1
 Fads2
 Elovl2
 Elovl5
 Fads1
 Fads2
↔ Elovl2
↔ Elovl5

-

-

-

 Fads1
 Fads2
 Elovl2
 Elovl5
 Fads1
 Fads2
↔ Elovl2
↔ Elovl5

 D5D
 D6D
↔ desaturation
pathway

21, 46 – 49
54 – 55

-

↔ D5D
↔ D6D

56, 58 – 59

-

↔ D5D
↔ D6D

56, 58

 D5D
 D6D
 D5D
 D6D

Cholesterol

↔ Fads2

-

High-protein diet

-

-

Casein
(compared to
soy)

-

-

 D6D

81-86

HCD

↔ Fads1
 Fads2
↔ Elovl2
 Elovl5

-

 D6D
 D5D
 ELOVL5

97 – 98

80

61 – 66
77 – 79

Sucrose
Sucrose
(compared to
starch)
Vitamin A
(13-cis retinoic
acid)
Vitamin A
(retinol)
Folate$
(in dams)

 Fads1
↔ Fads2
 Elovl5
 Fads1
 Fads2

-

 Fads1

 D5D

99 – 100

-

 D6D

101

-

 D5D
 D6D

103, 107

-

-

105

↔ Fads1
↔ Fads2

-

Zinc (deficiency)

-

-

Iron (deficiency)

-

-

 Fads1
 Fads2
↔ Fads1
↔ Fads2

 D5D
↔ D6D

-

142

-

↔ D5D
↔ D6D

147, 150

-

-

156 - 157

Resveratrol
Anthocyanins
Isoflavones
(quercetin,
fenretinide)

↔ Fads1
↔ Fads2

$

↔ D5D
 D6D
 D5D
 D6D
 D5D
 D6D

112 – 114
121 – 124
131 – 135

Studies vary the amount the folate and vitamin B12 in the diet, which may contribute to
the discrepant results in the literature.  indicates an increase,  indicates a decrease,
and ↔ indicates a lack of consistency in the literature or no effect reported, and “-“
indicates measurements weren’t made in the cited studies.
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Table 6. Monthly servings calculation
Willett FFQ options

Servings per day

Servings per month

Never
Less than once per month
1-3 glasses per month
1 glass per week
2-4 glasses per week
5-6 glasses per week
1 glass per day
2-3 glasses per day
4 or more glasses per day

0
0.02
0.08
0.14
0.43
0.8
1
2.5
4.5

0
0.6
2.4
4.2
12.9
24
30
75
135

1

(Servings per day x 30)

The number of servings per month and week were transformed into the number of servings per
day by taking the median value for the response in the Willet FFQ and dividing that by 30 (the
average number of days in a month). For example: for a response of less than once per month,
a value of 0.5 per month was assumed and then divided by 30. This yielded 0.0166666667 which
was rounded to 2 decimal places, or 0.02. To calculate servings per month, the servings per day
values were multiplied by 30.
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Table 7. Plasma polyunsaturated fatty acid levels and ratios by beverage intake subgroups in Caucasians

% value
Fatty
acid

Total Caucasians
(n=459)

Group “Milk”
(n=305)

Group “Soy”
(n=36)

Group “Both”
(n=91)

Group “No
consumption”
(n=27)

p-value5

Plasma fatty acids3
ALA
(18:3n-3)
EPA
(20:5n-3)
DHA
(22:6n-3)
LA
(18:2n-6)
GLA
(18:3n-6)
DGLA
(20:3n-6)
AA
(20:4n-6)

0.720.26

0.700.33

0.790.24

0.760.16

0.670.21

0.0815

0.580.40

0.570.34

0.560.44

0.600.41

0.640.43

0.7790

1.460.52

1.460.48a

1.230.55a

1.460.55a

1.760.53b

0.0006$

31.343.76

30.783.38a

33.424.06b

32.473.32b

31.073.85a,b

<0.0001$

0.350.14

0.350.14

0.380.16

0.340.14

0.290.15

0.0808

1.370.36

1.410.38

1.250.29

1.320.33

1.300.36

0.0168

6.241.30

6.351.32

5.901.42

6.001.35

6.331.19

0.0513

0.200.05a,b
0.760.68
5.461.99
0.00980.0059
0.04090.0501
4.643.69

0.0063
0.5009
0.2475
0.1910
0.1779
0.4936

4

AA/LA
EPA/ALA
D5D
D6D
ELOVL2
ELOVL5

0.200.05
0.870.65
4.881.75
0.01140.0054
0.04380.0691
4.642.84

Product-to-precursor ratios
0.210.05
0.190.05a,b
0.190.05b
0.870.62
0.970.66
0.870.66
4.821.72
5.081.36
4.821.57
0.01160.0051
0.01190.0056
0.01070.0046
0.04530.0920
0.06140.0621
0.03270.0322
4.701.93
3.932.87
4.722.44
a

Results are expressed as means  SDs. Differences between groups were determined using an ANCOVA and post-hoc Tukey HSD
test (JMP V14). Abbreviations: D5D, delta-5 desaturase; D6D, delta-6 desaturase; ELOVL2, Elongation Of Very Long Chain Fatty
Acids Protein 2; ELOVL5, Elongation Of Very Long Chain Fatty Acids Protein 5.
2
Values in each row sharing the same superscript letter are not significantly different from one another.
1
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3

Covariates included in the model for fatty acids: sex, BMI, age, waist circumference, ethnicity, total caloric intake, omega-3
supplementation
4
Covariates included in the model for ratios: sex, BMI, age, waist circumference, ethnicity, total caloric intake, omega-3
supplementation, plasma ALA, LA and DHA levels (g/ml).
5
The $ symbol indicates results that remained significant after Bonferroni correction for multiple testing (p=0.05 / 13 tests = 0.004)
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Table 8. Plasma polyunsaturated fatty acid levels and ratios by beverage intake subgroups in East Asians

% value
Fatty
acid

Total East Asians
(n=396)

Group “Milk”
(n=196)

Group “Soy”
(n=27)

Group “Both”
(n=145)

Group “No
consumption”
(n=28)

p-value5

Plasma fatty acids3
ALA
(18:3n-3)
EPA
(20:5n-3)
DHA
(22:6n-3)
LA
(18:2n-6)
GLA
(18:3n-6)
DGLA
(20:3n-6)
AA
(20:4n-6)
AA/LA
EPA/ALA
D5D
D6D
ELOVL2
ELOVL5

0.770.24

0.730.22a

0.810.24a,b

0.800.25b

0.790.25a,b

0.0208

0.650.49

0.640.40

0.490.60

0.700.54

0.680.44

0.2472

1.760.52

1.780.48

1.620.55

1.780.57

1.590.50

0.1670

33.364.43

32.924.12

35.093.72

33.894.38

32.064.95

0.0128

0.270.17

0.290.17a,b

0.210.14a

0.250.17a,b

0.330.20b

0.0181

1.040.30

1.060.34

1.000.27

1.010.27

1.090.31

0.3003

5.821.33

5.911.44

5.641.40

5.721.23

5.841.25

0.5298

0.230.16b
1.020.67
6.172.15
0.01410.0110b
0.03340.0729
4.092.85

0.0168
0.4560
0.6661
<0.0001$
0.7552
0.0618

0.180.10
0.930.77
6.022.15
0.00890.0081
0.04670.0674
5.053.29

Product-to-precursor ratios4
0.180.05
0.180.05a,b
0.170.04a
0.900.69
0.820.94
0.970.80
5.922.31
6.382.11
6.071.99
0.00930.0066a,b
0.00680.0046a,b
0.00760.0068a,b
0.04850.0591
0.04630.0601
0.04690.0761
4.772.08
5.672.49
5.495.32
a,b

Results are expressed as means  SDs. Differences between groups were determined using an ANCOVA and post-hoc Tukey HSD
test (JMP V14). Abbreviations: D5D, delta-5 desaturase; D6D, delta-6 desaturase; ELOVL2, Elongation Of Very Long Chain Fatty
Acids Protein 2; ELOVL5, Elongation Of Very Long Chain Fatty Acids Protein 5.
2
Values in each row sharing the same superscript letter are not significantly different from one another.
1
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3

Covariates included in the model for fatty acids: sex, BMI, age, waist circumference, ethnicity, total caloric intake, omega-3
supplementation
4
Covariates included in the model for ratios: sex, BMI, age, waist circumference, ethnicity, total caloric intake, omega-3
supplementation, plasma ALA, LA and DHA levels (g/ml).
5
The $ symbol indicates results that remained significant after Bonferroni correction for multiple testing (p=0.05 / 13 tests = 0.004)
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Table 9. Plasma polyunsaturated fatty acids and ratios by total dairy and total soy intake in Caucasians

Fatty acid

ALA (18:3n-3)
EPA (20:5n-3)
DHA (22:6n-3)
LA (18:2n-6)
GLA (18:3n-6)
DGLA (20:3n-6)
AA (20:4n-6)
AA/LA
EPA/ALA
D5D
D6D
ELOVL2
ELOVL5

% value
Group “Dairy”
(n=214)
Plasma fatty acids3
0.720.26
0.690.28
0.580.40
0.600.39
1.470.51
1.460.50
31.253.70
30.723.61
0.340.14
0.350.14
1.380.36
1.390.37
6.251.30
6.531.26
Product-to-precursor ratios4
0.200.05
0.210.05
0.880.65
0.920.65
4.881.76
5.001.85
0.01140.0054
0.01180.0055
0.04380.0692
0.04340.0749
4.652.86
4.652.91

Total Caucasians
(n=448)

Group “Both”
(n=234)

p-value5

0.740.20
0.570.43
1.480.55
31.743.59
0.340.15
1.360.30
6.011.39

0.0632
0.4459
0.7894
0.0032$
0.4842
0.4641
<0.0001$

0.190.05
0.840.66
4.781.46
0.01100.0052
0.04430.0495
4.682.75

<0.0001$
0.1099
0.1821
0.1292
0.8793
0.9210

Results are expressed as means  SDs. Differences between groups were determined using an ANCOVA and Student’s t-test (JMP
V14). Abbreviations: D5D, delta-5 desaturase; D6D, delta-6 desaturase; ELOVL2, Elongation Of Very Long Chain Fatty Acids Protein
2; ELOVL5, Elongation Of Very Long Chain Fatty Acids Protein 5.
2
Values in each row sharing the same superscript letter are not significantly different from one another.
3
Covariates included in the model for fatty acids: sex, BMI, age, waist circumference, ethnicity, total caloric intake, omega-3
supplementation
4
Covariates included in the model for ratios: sex, BMI, age, waist circumference, ethnicity, total caloric intake, omega-3
supplementation, plasma ALA, LA and DHA levels (g/ml).
5
The $ symbol indicates results that remained significant after Bonferroni correction for multiple testing (p=0.05 / 13 tests = 0.004)
1
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Table 10. Plasma polyunsaturated fatty acids and ratios by total dairy and total soy intake in East Asians

Fatty acid

ALA (18:3n-3)
EPA (20:5n-3)
DHA (22:6n-3)
LA (18:2n-6)
GLA (18:3n-6)
DGLA (20:3n-6)
AA (20:4n-6)
AA/LA
EPA/ALA
D5D
D6D
ELOVL2
ELOVL5

% value
Group “Dairy”
(n=53)
Plasma fatty acids3
0.760.23
0.720.21
0.660.50
0.660.43
1.760.52
1.630.49
33.324.40
32.474.56
0.270.17
0.310.18
1.040.30
1.110.32
5.821.32
5.731.33
Product-to-precursor ratios4
0.180.10
0.200.13
0.930.77
0.990.68
6.002.07
5.692.11
0.00890.0081
0.01180.0094
0.04680.0678
0.05390.0678
5.043.31
5.012.57

Total East Asians
(n=391)

Group “Both”
(n=338)

p-value5

0.770.24
0.660.57
1.780.55
33.484.07
0.270.15
1.030.27
5.841.30

0.1593
0.9318
0.0552
0.1172
0.0905
0.0614
0.5811

0.180.04
0.920.88
6.052.01
0.00840.0057
0.04590.0681
5.054.04

0.1270
0.4995
0.1910
0.0016$
0.4239
0.9318

Results are expressed as means  SDs. Differences between groups were determined using an ANCOVA and Student’s t-test (JMP
V14). Abbreviations: D5D, delta-5 desaturase; D6D, delta-6 desaturase; ELOVL2, Elongation Of Very Long Chain Fatty Acids Protein
2; ELOVL5, Elongation Of Very Long Chain Fatty Acids Protein 5.
2
Values in each row sharing the same superscript letter are not significantly different from one another.
3
Covariates included in the model for fatty acids: sex, BMI, age, waist circumference, ethnicity, total caloric intake, omega-3
supplementation
4
Covariates included in the model for ratios: sex, BMI, age, waist circumference, ethnicity, total caloric intake, omega-3
supplementation, plasma ALA, LA and DHA levels (g/ml).
5
The $ symbol indicates results that remained significant after Bonferroni correction for multiple testing (p=0.05 / 13 tests = 0.004)
1
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