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Abstract

The consumption of linoleic acid (LA, w—6 18:2), the most common w—6 polyunsaturated fatty
acid (PUFA) in the Modern Western diet (MWD), has significantly increased over the last century
in tandem with unprecedented incidence of chronic metabolic diseases like obesity and type 2
diabetes mellitus (T2DM). Although an essential fatty acid for health, LA was a very rare fatty
acid in the diet of humans during their evolution. While the intake of other dietary macronutrients
(carbohydrates like fructose) has also risen, diets rich in w—6 PUFAs have been promoted in

an effort to reduce cardiovascular disease despite unclear evidence as to how increased dietary
LA consumption could promote a proinflammatory state and affect glucose metabolism. Current
evidence suggests that sex, genetics, environmental factors, and disease status can differentially
modulate how LA influences insulin sensitivity and peripheral glucose uptake as well as insulin
secretion and pancreatic beta-cell function. Therefore, the aim of this review will be to summarize
recent additions to our knowledge to refine the unique physiological and pathophysiological roles
of LA in the regulation of glucose homeostasis.
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[1] Introduction

The global prevalence of obesity and type 2 diabetes mellitus (T2DM) has tripled
since 1975 [1, 2]. Although their underlying molecular pathophysiology is not yet fully
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understood, obesity and T2DM are often associated with diet-mediated disturbances in
glucose and lipid metabolism [3, 4]. The Modern Western diet (MWD), which is commonly
enriched in fat, salt, and refined sugar, has been implicated in the pathogenesis of these
chronic metabolic “civilization” diseases [5-7]. Globalization and advances in agricultural
technology throughout the 201" century have helped drive the constituents of the MWD,

but advocacy efforts by influential health associations in the 1970s, which were founded on
earlier landmark studies throughout the 1960s, have also led to unprecedented changes in the
quantity and quality of fat content in the MWD [5, 7, 8-14]. In particular, the substitution
of saturated fats for w—6 PUFAs (mainly linoleic acid (LA, w—6 18:2)), has been advocated
by the American Heart Association (AHA) [8-10], United States Department of Agriculture
(USDA) [12], American Diabetes Association (ADA) [13], and the National Institutes of
Health (NIH) [14], largely based on evidence generated by the first comparative population-
based study to relate diet and cardiovascular disease, The Seven Countries Study (SCS).

The SCS was initiated in 1958 by Ancel Keys and examined 12,763 males, 40-59 years

of age, in multiple countries (seven were chosen for the final analysis) over 25 years in
order to determine the connections of both lifestyle and anthropometric measures to the risk
of developing or dying from cardiovascular disease (CVD) [15-18]. The study found that
CVD-associated death rates were relatively low in countries where saturated fat comprised
less than 10% of total calories consumed (Japan and Italy), but significantly greater in
countries where saturated fat consumption was more than 30% of the diet (United States,
Canada, and Australia) [15-18]. Considering these results, Keys and his colleagues later
published contentious epidemiologic data concluding that diets rich in saturated fatty acids
(SFAs) lead to an increase in blood cholesterol levels and CVD-associated mortality, while
diets high in monounsaturated fats (MUFASs) and PUFAs (i.e., the Mediterranean diet)
reduce CVD-related deaths [15-20].

Keys’ epidemiologic data provided a foundation for what eventually became known as

the “diet-heart” hypothesis. The diet-heart hypothesis proposes that particular dietary
components increase blood cholesterol levels and that an elevated blood cholesterol
concentration is causally linked to an increased risk of coronary heart disease (CAD) [9].

In 1961, the Central Committee for the Medical and Community Program of the AHA
formally identified SFAs as the “dietary component” responsible for CAD, citing “evidence
from many countries suggests a relationship between the amount and type of fat consumed,
amount of cholesterol in the blood, and the reported incidence of coronary artery disease”
[9]. Justifying their decision with Keys’ studies among others [21-23], the AHA committee
called for the replacement of dietary SFAs with common vegetable oils rich in w—6 PUFAS
(corn, cotton, and soya) as a means of preventing atherosclerosis and decreasing the risk of
heart attacks and strokes [9].

In the years that followed, epidemiologic studies, interventional clinical trials, and meta-
analyses aimed to validate the diet-heart hypothesis [24-33]. Nearly all of these studies
found evidence that the replacement of SFAs with w—6 PUFASs could lower serum
cholesterol, yet data concerning the effect of the dietary substitution on clinical end points
remain controversial [32-33]. In the United States, CVD-associated mortality has steadily
decreased from 588.8 deaths per 100,000 people in 1950 to 163.6 deaths per 100,000 people
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in 2018 [34, 35], but the prevalence of diagnosed diabetes increased from 0.93% in 1958

to 12.00% in 2016 [34], and the percentage of Americans who are obese (BMI = 30) has
starkly risen from 13.3% in 1960 to 42.4% in 2018 [37]. The question remains as to whether
the change in the dietary fat quantity or quality or a combination of both accounts for the
increased prevalence of obesity and T2DM. As for increasing an individual’s dietary intake
of certain species of PUFAs there is conflicting evidence on the effect that these dietary
PUFAs have on the pathogenesis of obesity and T2DM [38-41].

Historically, the ratio of dietary w—6 PUFA to w—3 PUFA (w—6: w—3) has been used

an indicator to measure risk associated with the development of some chronic metabolic
disorders [42]. A greater dietary w—6: w—3 ratio has generally corresponded with the
stimulation of inflammatory pathways that are prothrombotic and proaggregatory, while a
lower w—6: w—3 ratio is thought to lead to the dominance of anti-inflammatory resolvins,
protectins, and maresins [43]. Evolutionary studies have estimated that the n-6: n-3 ratio
of the human diet was historically 1:1, but advocacy efforts throughout the 20t century by
health agencies to increase w—-6 PUFA consumption [8-14] have resulted in an increase in
the modern Western diet w—6: w—3 ratio to an average of 10: 1 [44].

Several reviews have proposed reducing the w—6: w—3 ratio as a primary preventive measure
to protect against various cancers, CVD, TD2M, obesity, as well as other chronic metabolic
disorders [45-49]. In general, the studies referenced by these reviews have provided
promising data on a variety of benefits associated with lower w—6: w—3 ratio diets, but it is
clear additional research is needed. For example, studies from India evaluating the effects

of diets with different w—6: w—3 ratios on insulin action found that a lower w—6: w-3 ratio
(6:1) could reduce the prevalence of T2DM [50]. Similarly, the Lyon Heart Study, which
compared a Cretan Mediterranean diet (LA:ALA, 4:1) to the Step 1 AHA Diet (control,
<30% of total energy derived from total fat, 7-10% of total energy from SFAs) found that
lower w—6: w—3 ratio diets led to a 70% decrease in total mortality [51]. While these

RCTs provide some evidence that lowering the dietary w—6: w—3 ratio could be an effective
preventative measure against the development of metabolic disorders or premature death,
few studies have examined an upper limit of intake of dietary w—3 PUFAs. Studies that

have reported the overconsumption of w—3 PUFAs indicate both potential deleterious and
beneficial effects such as increased serum glucose [52], significantly decrease coagulation
[53], and reduce blood pressure [54]. Taken together, it is possible the consumption of
specific dietary PUFA species may indeed be governed by the Goldilocks Principle, whereby
moderation of w—6 PUFA and w—3 PUFA intake produces optimal metabolic effects.

Linoleic acid (LA; w6, 18:2), an essential fatty acid, has become the most abundant
PUFA in the MWD. Since 1960, the average intake has steadily risen from 2.7 g/day

to approximately 4.9 g/day to 21.0 g/day (~4-10% of total dietary calories) in Western
countries [42, 55-58]. Over the last century, changes in the consumption of other

dietary fatty acids such as arachidonic acid (AA; »—6, 20:4), eicosapentaenoic acid,
docosapentaenoic acid, and docosahexaenoic acid have been unremarkable, but some like
a-linoleic acid have risen (from 0.39% to 0.72% of energy). Regardless, increases in LA
intake have been the most substantial compared to other dietary fatty acids [42]. Although
LA is an essential fatty acid to form our skin vapor barrier [59], LA was an exceptionally
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rare fatty acid in the diet during human evolution as evidenced by a human’s ability to
dramatically concentrate low levels of dietary LA [61]. While a daily intake of LA around
1 to 2% of total dietary calories is sufficient to prevent the development of essential fatty
acid deficiency [59, 60], the over 10-fold increase in LA consumption since the mid-20t
century has prompted further research as to how LA could impact long-term health through
its metabolic effects on pancreatic beta-cell function and peripheral glucose uptake. Thus,
the aim of this review will be to summarize recent findings that characterize the unique
physiological and pathophysiological roles of LA in the regulation of glucose homeostasis.

[2] Molecular Evidence for the Role of Linoleic Acid in Glucose

Metabolism

2.1 Normal Glucose Homeostasis

Under normal fasting conditions (10-12 hours post-meal), circulating glucose levels are
kept constant through the balance of endogenous glucose production in the liver and kidney
with systemic glucose uptake and utilization (glucose disposal) [62]. Glucagon partially
facilitates glucose production, while insulin mediates glucose uptake in insulin-sensitive
tissue [62-64]. In the former, glucagon plays a key role in sustaining plasma glucose by first
stimulating hepatic glycogenolysis and then later gluconeogenesis during prolonged periods
of fasting [64]. Glucose disposal, in contrast, is partitioned such that the majority (~75%)

of whole-body glucose is taken up by insulin-independent tissues like the brain, liver, and
gastrointestinal tract, and the remaining glucose (~25%) is disposed of by insulin-dependent
peripheral tissues (mostly skeletal muscle) [62, 63]. An increase in plasma glucose during
the postprandial state stimulates pancreatic beta-cells to secrete insulin, which reduces
circulating glucose by antagonizing glucagon secretion and promoting the majority of
insulin-mediated glucose uptake to occur in the skeletal muscle (80-90%) [64—66]. While
there are several other glucoregulatory hormones involved in this equilibrium, insulin, in
particular, plays a critical role in the maintenance of normal physiologic blood glucose levels
in the fasting and fed states.

Different macronutrients (i.e., fatty acids, amino acids, and sugars) can stimulate beta-

cells to secrete insulin, but glucose serves as the principal secretagogue [67]. As such,

the current model for glucose-stimulated insulin secretion (GSIS) is that extracellular
glucose is transported through GLUT1 or GLUT2 where intracellularly it is irreversibly
phosphorylated by glucokinase in a rate-limiting, ATP-dependent reaction. Glucokinase is a
specialized hexokinase because of its higher Ky, for glucose than others in the hexokinase
family and it is expressed only in the liver and beta-cell [68]. With the higher K, for
glucose, glucokinase functions as the primary glucose sensor in mammals and regulates the
rate of glucose entry into the glycolytic pathway [69, 70]. Glucose-6-phosphate produced by
glucokinase in the beta-cell is metabolized by glycolysis to yield ATP, which increases the
cytoplasmic ATP/ADP ratio and leads to depolarization of the plasma membrane, causing
influx of extracellular calcium, and exocytosis of insulin granules [67, 70]. Through the
complex interplay of these molecular processes alongside others like filamentous actin
(F-actin) cytoskeletal remodeling, GSIS functions as a critical regulatory mechanism in the
balance of whole-body glucose levels.
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Certain non-esterified fatty acids (NEFAS) are capable of stimulating insulin secretion and
changes in plasma NEFA levels have been shown to directly affect pancreatic beta-cell
function. In classic experiments, McGarry et. a/was the first to demonstrate circulating
NEFAs are essential for basal insulin secretion and the maintenance of normal GSIS [70].
These findings have been confirmed /n vitroand in vivo, whereby reports have determined
an acute increase in plasma NEFAs (<48 hours, 500-800 pmol/L) either enhances [71-
73] or has no effect on GSIS [74, 75]. Paradoxically, chronically elevated plasma NEFA
levels (>48 hours, 500-800 pumol/L) impair insulin secretion, although this effect is
dependent on the composition of NEFAs in the blood [62, 63, 76, 77]. Unfortunately, the
underlying molecular mechanisms by which acute increases in NEFA levels enhance GSIS
or chronically elevated NEFA levels impair GSIS are not completely understood.

While plasma NEFAs appear to augment or impair insulin release in a temporal manner,
the physiological responses are differentially affected by the type of NEFA species in terms
of chain-length and degree of unsaturation. For example, acute exposure (40-minutes),
McGarry et al. showed that the insulinotropic potency of NEFAs increases with their degree
of saturation, where stearate (SA, 18:0) and palmitate (PA, 16:0) nearly doubled insulin
output from perfused rat pancreata when compared to oleate (OA, 18:1) and linoleate (LA,
18:2) [71]. Further, long-chain NEFA species like PA could stimulate nearly four times as
much insulin secretion than short-chain NEFA species like octanoate (OcA, 8:0). Thus, the
insulinotropic potency of NEFAs is greatest for long chain SFAs, followed by long chain
FAs with increasing desaturation (SFAs > MUFAs > PUFAs), and then short chain FAs (Cg
or less).

Later experiments examining the effects of short-term NEFA exposure on GSIS agree

with McGarry et al. 1999 [72, 73], but others show that the long-term insulinotropic
potency of dietary FAs is also species-dependent [72—74]. Using rats fed either a low-fat,
lard diet (SFA/MUFA), or soybean oil (SO) diet (53% LA) for 4-weeks, Dobbins et. a/
found that insulin secretion by hyperglycemic clamp was enhanced in the lard-fed rats

and impaired in the SO-fed rats [77]. The negative effects of soybean oil diet on insulin
secretion have also been observed in diabetic (Goto-Kakizaki) and normal Wistar rats, where
only 7-days of SO diet feeding impaired GSIS in both groups [78]. Similarly, /n vivo
human studies show that obese males ingesting SO shakes over 24-hrs had impaired GSIS
during hyperglycemic clamp [79], but these aforementioned studies should be considered
with a disclaimer. Historical references to dietary components such as lard or canola oil
inaccurately reflected the fatty acid composition of dietary oils, but now this is no longer
the case. With commercial analytical services being so inexpensive, the authors hope that
the field moves towards defining the exact fatty acid composition of nutritional components
in nutritional experiments as well as the level of oxidized species and other impurities.
Regardless, current evidence indicates the duration of exposure and specific composition of
dietary FAs, including chain-length, degree of unsaturation, and concentration, can either
potentiate or diminish insulin secretion.

Besides their role in GSIS, small amounts of dietary FAs and many of their downstream
metabolites like oxylipins have species-dependent properties that can yield auxiliary effects
on the regulation of membrane structure and fluidity, chemical mediation, intracellular
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signaling pathways, gene expression, immune signaling and activation, as well as
inflammatory responses that may further modulate glucose homeostasis [79]. Additional
research will be needed to clarify the complex biochemical relationships between dietary
FAs and whole-body glucose homeostasis, but it is clear that dietary FAs can positively

or negatively impact glucose metabolism in both normal and disease states. Thus, it is
critical to determine if the increased consumption of certain FAs in the diet, like LA as

is currently advocated in nutritional guidelines endorsed by health agencies like the AHA
(2017 Presidential Advisory) [8], USDA (Dietary Guidelines for Americans, 2020-2025)
[12], and ADA (Lifestyle Management: Standards of Medical Care in Diabetes-2019) [13],
have potential adverse or unintended physiological consequences.

2.2 Metabolism of Linoleic Acid, Bioactive Oxidized Linoleic Acid Metabolites, and

Eicosanoids

In human cells, unesterified intracellular LA can be 1) activated by the rate-limiting
ATP-dependent long-chain acyl-CoA synthetase (ACSL)-mediated thioesterification with
coenzyme A (CoA) [80-82], 2) converted to oxidized LA metabolites (OXLAMS) by
lipoxygenases (5-, or 12/15-LOX), cytochrome P450s (CYP-2C, 2J, 2E, 4A, or 4F), and
epoxide hydrolases [83-85], or 3) converted to AA and other w—6 PUFAs by a series of
desaturases and elongases [82] (Figure 1). Linoleoyl-CoAs generated by ACSL activity are
generally channeled towards p- and w-oxidation or esterified into complex lipids depending
on cellular energy demands and environmental cues [82]. OXLAMs produced by oxylipin-
producing enzymes can play a role in inflammation, pain perception, gene regulation,

and oxidative stress responses [86]. Finally, LA-derived AA can contribute to intracellular
eicosanoid production, which mediates cellular signaling in multiple pathological and
physiological processes [87, 88].

In the initial event of LA metabolism, all 5 ACSL isoforms (ACSL1, -3, -4, -5, —6) have
the potential to catalyze the synthesis of linoleoyl-CoA, although /n vitro evidence suggests
ACSLS6 has a greater substrate preference for LA than the other ACSLs [80]. As primarily
membrane bound proteins, ACSL isoform cellular location and substrate preference provide
an indication as to how and where their FA substrates will be channeled towards or

away from specific pathways [82]. ACSL isoforms are ubiquitously expressed, but ACSL
enzymes differ in their tissue and cellular expression. For example, ACSL1 is predominantly
found in the liver, ACSL3 in the testis, ACSL4 in the brain, adrenal glands and other

steroid producing organs, ACSL5 in the small intestine, and ACSL6 in both the brain and
gonads [81]. At the cellular level, ACSL1, -5, and -6 are primarily associated with the
mitochondria, plasma membrane, and cytoplasm, while ACSL3 is found in the endoplasmic
reticulum (ER) and ACSL4 in both peroxisomes and ER [80, 81]. Among its many

fates in this pathway, linoleoyl-CoA can be esterified into complex lipids (phospholipids,
triglycerides, and cholesterol esters), degraded in peroxisomes, mitochondria, and the ER for
energy production, or used to regulate gene expression and other cellular processes [82].

Like LA-CoA metabolites, bioactive OXLAMSs can be channeled towards multiple metabolic
fates and their concentrations in the blood are directly proportional to dietary LA
consumption [83]. The first class of bioactive OXLAMs consists of the LOX-derived 9-
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and 13 hydroxy-octadecadienoic acid (9- and 13-HODE) and 9- and 13-oxo-octadecadienoic
acid (9- and 13-0xoODE), which appear to play a role in inflammatory responses and

have been mechanistically linked to CVD, non-alcoholic steatohepatitis (NASH), elevated
LDL levels, and chronic pain [83]. A recent study also implicated these species as

potent antagonists of insulin signaling through the FOXO family of transcription factors
[84]. Besides HODEs, epoxyoctadecamonoenoic acids (EpOMEs) and their downstream
diols, dihydroxyoctadecenoic acids (DiHOMES), are another clinically significant family of
bioactive OXLAMs [85, 86, 91]. In the former, CYP enzymes, which are selective, but by
no means specific in producing epoxides over other oxylipin metabolites, convert LA to

the LA epoxides 9,10-epoxyoctadecenoic acid (9,10-EpOME) and 12,13-epoxyoctadecenoic
acid (12,13-EpOME) [91] These epoxides are known as leukotoxin and isoleukotoxin
respectively [90-92]. EpOMEs can participate in the induction of inflammation and immune
reactions, but as previously mentioned can also be rapidly metabolized into DiHOMEs by
soluble epoxide hydrolase (SEH) and microsomal epoxide hydrolase (mEH) [93]. Epoxide
hydrolases vary dramatically with species and tissue, but ultimately sEH appears to be the
major hydrolytic enzyme involved in the production of DIHOMEs from EpOMEs, while
mEH plays a more significant role in the epoxidation of FAs in only certain tissues [93].

DiHOMEsS have been studied for their involvement in neutrophil respiratory bursts,
chemotaxis, tissue injury, as well as pain in both human and animal models [85, 86, 89-91].
Despite their cytotoxic properties when present in the blood at high concentrations (>100
uM) for extended periods of time (>2 hours), DIHOMES have species-specific effects on
the body, some of which could have important regulatory functions in glucose homeostasis
[90, 91]. For example, /in vivo experiments have shown that 12-,13-DiHOME increases
NEFA uptake into brown adipose tissue (BAT), and that its plasma concentration negatively
correlates with serum glucose in humans, while positively correlating with improved
peripheral glucose uptake in mice [94]. On the contrary, recent studies studying adipogenesis
and thermogenesis have referred to oxylipins of LA with terms such as adipokines,
lipokines, and thermokines [91], Thus it may not be clear from this nomenclature that the
aforementioned chemokines described in the literature are actually produced from LA. It is
apparent that further research is needed to better understand the complex biological roles
that OXLAMs may play in glucose homeostasis.

Lastly, a small amount of unesterified LA (0.2-10%) can be converted to AA through the
action of desaturases (delta-6, delta-5) and elongase-5 [95]. This poor rate of conversion
may be result of LA partitioning into other pathways, but competition of LA with other
w—3 PUFAs (a-linoleic acid, stearidonic acid, and eicosapentaenoic acid) may be also
responsible, as they serve as substrates for a shared supply of intracellular elongases

and desaturases. While relatively little LA is metabolized to AA, several studies have
found that diets rich in LA can still significantly raise plasma AA-derived bioactive lipids
[96-98], which is important as AA serves as the parent molecule for all inflammatory
eicosanoids [99]. Once AA is converted to prostaglandins, leukotrienes, and epoxides

by COX, LOX, and CYP respectively, the AA-derived metabolites function as potent
signaling molecules by regulating vasodilation and vasoconstriction, ion channel activation,
angiogenesis, mitogenesis, inflammatory responses, and hormone secretion across multiple
cell types [99]. Thus, through this final pathway, the biosynthesis of AA potentially links
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dietary LA intake to the wide array of downstream metabolic consequences associated with
the generation of eicosanoids.

Like other oxylipins, eicosanoids have a wide range of physiological tissue-specific effects
that can influence glucose homeostasis. For example, CYP-derived AA metabolites like
epoxyeicosatrienoic acids (EETs) have been shown to impair beta-cell insulin secretion
[100]. Although it is not yet entirely clear how this occurs, we have previously shown that
AA or LA exposure in INS 832/13 (rat) insulinoma beta-cells specifically reduces ACSL4
expression and impairs GSIS by as much as 30% through the resulting accumulation of
unesterified EETSs. Further, recent studies have also found that prostaglandins like PGE, can
promote peripheral insulin resistance through multiple molecular mechanisms in different
tissues, including adipocytes via the PGE,-EP4 axis [101] and skeletal muscle through the
overstimulation of sympathetic nerves by the ventromedial hypothalamus [102, 103]. While
many other eicosanoids affect glucose metabolism, EETs and prostaglandins are becoming
potential indicators to measure the effects of AA on the pathogenesis of diseases like T2DM
and obesity.

In sum, the molecular actions of both OXLAMSs and LA-derived AA metabolites provide
considerable /n vitro and in vivo evidence that dietary LA can potently affect glucose
homeostasis. Coincidently, the concurrence of increasing trends in the consumption of
LA and the worsening epidemic of chronic metabolic disease is not circumstantial, but
rather linked to direct changes in the diet that have emerged as a result of nutrition
advocacy efforts since the 1960s. Epidemiologic studies, meta-analyses, and clinical trials
[15-33] have outlined the potential unintended consequences of diets substituting SFAs
with w—6 PUFAs, like LA, but the role that LA plays in either maintaining or disrupting
glucose metabolism is still unclear. The discordance between findings from /in vitro and
rodent models and those of human epidemiologic studies has created confusion as to the
potential beneficial or deleterious effects of LA on glucose homeostasis. While rodents
have been extremely valuable to the molecular and mechanistic research these models do
not necessarily translate to complex heterogenous human populations. Thus, one must use
caution when applying findings and making dietary recommendations from any study as
it pertains to the quantitative dietary patterns that drive modern human metabolic disease.
Next, through the lens of T2DM, we review recent clinical evidence specifically focusing
on the effects of dietary LA on peripheral glucose uptake, insulin resistance, and beta-cell
function.

[3] Clinical Evidence for the Role of Linoleic Acid in Glucose Metabolism

3.1 Peripheral Glucose Uptake and Insulin Resistance

Elevated fasting blood glucose (= 126 mg/dL after 8 hours of no caloric intake or 2-hour
glucose = 200 mg/dL during an oral glucose tolerance test) and glycated hemoglobin (A1C
= 6.5%) levels are diagnostic of diabetes mellitus [104]. Similar to the aforementioned
studies examining the molecular effects of LA-derived metabolites, clinical trials have not
reached a consensus as to how dietary LA affects blood glucose levels in either the fasting
or fed state. Recently, a cross-sectional analysis of the Hoorn Study (n=667) found that
unesterified serum LA was inversely associated with fasting glucose 2 hours after a 75-gram
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oral glucose challenge, but not with HbA1C in both non-diabetic and diabetic subjects [105].
However, when individuals with T2DM were excluded from the prospective analysis (n =
257), circulating LA was not associated with fasting or post-load glucose levels [105]. These
differential associations suggest that dietary LA may exert a protective effect on fasting and
postprandial glucose levels in individuals with T2DM, but not in subjects without diabetes.

To further complicate the relationship between dietary LA and blood glucose levels, a
cross-sectional, population-based analysis of an all-male cohort diagnosed with metabolic
syndrome (n = 1337) found that the effects of dietary LA on blood glucose levels are
dependent upon which variant of the fatty acid desaturase-1 gene (FADS1) is expressed
[106]. FADSI encodes FADS1, an enzyme that is critical for the conversion of intracellular
LA to AA, as it catalyzes the final desaturation of both w—3 and w—6 PUFAS at the delta-5
position to generate EPA and AA respectively [107]. In their analysis, Lankinen et al.

found that individuals with either the rs174550-TT (n = 444) or rs174550-TC (n= 648)
genotypes (less desaturase activity) had lower fasting glucose levels on average than those
with a rs174550-CC (n= 245) genotype (more desaturase activity) in response to dietary
intervention with LA (P < 0.001) [106]. While this study is the first of its kind to determine
that the relationship between blood glucose levels and dietary LA can be affected by a
common intron variant in a desaturase, current evidence suggests that the role of dietary LA
in mediating blood glucose levels is complex and is likely modulated by multiple factors like
diabetes status, genetics, and other environmental factors.

Another defining feature of T2DM is insulin resistance in both the liver and skeletal muscle
[62, 63]. While the complete molecular mechanisms behind the development of hepatic and
peripheral insulin resistance are not completely understood, current evidence suggests that
insulin resistance is, in part, the result of complex insulin-induced transcriptional changes

in the liver, skeletal muscle and adipose tissue (i.e., FOXO, CREB, and PGC-1a) that alter
the expression of insulin receptors as well as key enzymes involved in gluconeogenesis like
phosphoenolpyruvate carboxykinase 1 (PCK1) and glucose-6-phosphatase (G6PC) [108—
110]. /n vitroand in vivo experiments using rats have shown that induced hyperinsulinemia
by long-term administration (>2 weeks) of insulin can decrease the number of insulin
receptors on target tissues and thus diminish cellular insulin sensitivity [111, 112].

These reports have also been confirmed in humans, whereby Rizza et a/. found that
prolonged hyperinsulinemia (40 hours) reduced glucose utilization and glucose metabolism
at submaximal and maximally effective plasma insulin concentrations [113]. Taken together,
studies in rodents and humans indicate that hyperinsulinemia serves as the primary driver of
insulin resistance [110-114].

Numerous studies have aimed to determine the role of LA in hyperinsulinemia and
peripheral glucose uptake, yet the current clinical evidence is often divergent. In terms of

the beneficial effects of LA, recent surveys of epidemiologic studies have found that higher
levels of LA in the diet (determined by assessing feeding interventions) or blood (plasma or
serum levels, erythrocyte phospholipids, and cholesterol esters) are associated with a lower
risk of developing T2DM and improved insulin sensitivity [115-119]. In a systematic review
and meta-analysis of the Cohorts for Heart and Aging Research in Genomic Epidemiology
(CHARGE) Fatty Acids and Outcomes Research Consortium (FORCE), a pooled analysis
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of 39,740 non-diabetic individuals from 20 prospective cohort studies determined that all
measured biomarkers of LA compartmentalization (phospholipids, total and serum plasma,
cholesterol esters, and adipose tissue composition) were associated with a lower risk of
developing T2DM (risk ratio per interquintile range 0.65, 95% CI 0.60-0.72, p<0.0001)
[115]. Further, these associations of measured biomarkers of LA compartmentalization with
T2DM were not significantly changed by age, BMI, sex, race, aspirin use, w—3 PUFA levels
in the blood, or variants of the FADS gene.

The findings of the CHARGE/FORCE studies on the benefits of LA intake are supported
by other systematic reviews and meta-analyses [116, 117]. In the European Prospective
Investigation into Cancer and Nutrition (EPIC)-Interact study [116], the analysis of 12,132
incident T2DM cases and 15,919 subcohort participants from eight European countries
found that plasma LA was inversely associated with the risk of developing T2DM (0.80;
95% CI 0.77-0.83). Similarly, a recent systematic review and dose-response meta-analysis
of prospective cohort studies found that for every 5% increase in energy from dietary

LA intake, the risk of developing T2DM decreases by 10% [117]. However, the results
from 9 cohorts (22,639 cases of T2DM) were largely driven by the findings of the

Health Professionals Follow-Up Study [118,119] (exclusion from the analysis led to a

loss of significance), the authors’” examination of LA tissue levels in 27 cohorts (18,458
cases of T2DM) provided clearer evidence that increased LA compartmentalization is
protective against the pathogenesis of T2DM [117]. This meta-analysis suggests that there
are unlikely to be harmful effects from increasing dietary LA. However, given inconsistent
findings from dietary LA intake and difficulties in interpreting LA biomarker studies (LA
compartmentalization), conclusions from these epidemiologic analyses regarding a role of
increasing LA in the diet for the prevention of T2DM need to be made with caution.

Besides the inverse relationship between dietary LA intake and the incidence of T2DM,
some studies have also measured the effects of dietary PUFA on insulin sensitivity. Using
102 RCTs with data on 4660 total participants, Imamura et a/. determined that replacement
of 5% dietary energy from carbohydrates with 5% energy with PUFA reduced fasting insulin
by 1.6 pmol (0.4, 2.8; p=0.015) [120], although these investigators did not specify which
PUFA species were measured in these studies and assumed that “90%+ of total PUFA” was
LA. Fasting hyperinsulinemia is frequently used as a surrogate measure of insulin resistance
and has been shown to be predictive of developing T2DM in multiple populations [121-
124]. Although this review was able to show increased dietary PUFA could decrease insulin
resistance, the study was substantially limited by its inability to implicate a specific PUFA
species to this effect and as such, could have overestimated the benefits of the substituting
dietary carbohydrates with LA.

The preceding reports provide evidence in favor of a beneficial role of LA in glucose
homeostasis, but numerous studies have also reported that LA contributes to insulin
resistance and decreased peripheral glucose uptake in animal models and humans [125-129].
A recent study by Deol et al. compared the effects of four isocaloric diets (high-fat [40%
total kcal] coconut oil diet rich in SFAs [36% kcal, 4% SO], high-fat [40% total kcal] SO
diet rich in LA [19% kcal SO, 21% kcal coconut oil], high-fat [40% total kcal] coconut oil
diet with fructose [25.9% kcal fructose, 36% kcal coconut oil, 4% SO], and high-fat [40%
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total kcal] SO diet with fructose [25.9% kcal fructose, 19% kcal SO, 21% kcal coconut
oil]) on the pathogenesis of T2DM and obesity in C57/BL6 mice [125]. After 20 weeks, the
investigators examined glucose tolerance and insulin sensitivity by a glucose tolerance test
(GTT) and insulin tolerance test (ITT), respectively and found that mice on the high-fat diet
with fructose did not have impaired glycemia (fasting blood glucose level > 200 mg/dL),
while mice fed the high-fat SO diet were hyperglycemic. Additionally, mice on the high-fat
coconut oil diet with fructose were less tolerant to glucose than the controls on a standard
low fat, high fiber chow diet and mice fed the high-fat SO diet were glucose intolerant and
insulin resistant [125]. The authors concluded that SO, which is 55% LA (18:2) [126], is
more obesogenic and diabetogenic than fructose or coconut oil in mice [127]).

These results have been confirmed in other mouse studies, where investigators determined
that diets enriched in SO led to excessive weight gain, higher levels of fasting blood glucose
and insulin, increased levels of tumor necrosis factor-a, interleukin 6, high-sensitivity C-
reactive protein, and reduced mRNA expression of cytoplasmic proteins that transmit signals
from the insulin and insulin-like growth factor-1 receptors to produce a cellular response
(insulin receptor substrate 1/2) [127]. Similarly, reports in other species have found that
LA-enriched SO diets contribute to insulin resistance by disrupting the PI3K/AKT pathway
in large yellow croaker fish [128] or by simultaneously increasing PPARy gene expression
alongside the suppression of adiponectin expression in the adipocytes of broiler chickens
[129]. When all considered, these studies underscore the complexity of insulin resistance
and demonstrate that multiple molecular mechanisms may contribute to reduced cellular
insulin sensitivity in peripheral tissues.

In humans, several studies have examined LA-enriched (SO) diets for their effects on
insulin resistance [130-132]. Nowotny et a/. found that oral administration of a single

dose of soybean oil (100 mL) could reduce whole-body insulin sensitivity (measured by
hyperinsulinemic-euglycemic clamp) in the same timeframe and to a similar extent as

an energy and composition-matched IV lipid-heparin infusion [130]. Other studies, like
Naughton et al. and Kim et al., focus on the effects of LA on biomarkers of insulin
resistance. For instance, Naughton et a/. reported that LA-enriched diets lead to increased
levels of resistin, an adipokine that decreases insulin sensitivity in obese individuals

[131], while Kim et al. found that LA-enriched diets in healthy, non-diabetic subjects
increase apolipoprotein B [132], another biomarker of insulin resistance [133]. Finally, some
studies, like Zulkiply et al., found that in young to middle-aged, non-diabetic participants
(n=333) LA-enriched diets have no significant associations with fasting insulin [1.72pmol/L
(-11.39,14.84) p=0.80] [134].

The combination of conflicting reports illustrates the need for additional large and
rigorously-conducted RCTs like the Minnesota Coronary Experiment [135] and Sydney
Diet Heart Study [136] in order to specifically evaluate the effects of dietary LA on

the pathogenesis of T2DM. As historical meta-analyses and epidemiologic studies were
frequently poorly controlled or based upon unreliable methodology (i.e. food diaries), well-
controlled interventional RCTs could better inform current nutritional guidelines and clarify
how dietary LA and other individual w—6 PUFAs affect insulin resistance and peripheral
glucose uptake in individuals with and without T2DM.
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3.2 Beta-Cell Function and Insulin Secretion

Beta-cell viability and the molecular mechanisms that regulate insulin secretion are
compromised in individuals with T2DM [137]. Although multiple studies have sought to
evaluate the relationship between dietary LA and insulin secretion [138-142], a consensus
has not yet been made as to how LA affects this critical arm of glucose homeostasis.

Like other regulatory mechanisms in glucose metabolism, GSIS can be affected by sex
[143], genetic variants [144], and environmental factors [145], however, no studies to

date have been able to evaluate the role of LA in GSIS and account for these variables.
Regardless, several reports do agree that acute (<24 hours) and chronic (=24 hours) LA
exposure differentially affect GSIS. Acute LA exposure (up to 90 minutes), although not
as insulinotropic as other dietary FAs like PA or OA, can still augment GSIS as insulin
secretion is more than double in human, rat, and mouse infused islets [139, 140, 146]. The
underlying molecular mechanism is not completely understood, but the current hypothesis
is that short-term LA exposure enhances GSIS by activating the G-protein coupled receptor,
GPR40, that increases intracellular calcium in the beta-cell resulting in augmented insulin
secretion [147, 148]. In contrast, chronic LA exposure impairs insulin secretion [100,

141, 144] and is thought to be a result of the accumulation of intracellular unesterified
LA-derived metabolites [100, 149].

While the effects of increased unesterified LA-derived metabolites in beta-cells are not
well understood, studies have argued that such changes could either enhance or impair
insulin secretion [100, 149-151]. In terms of improving insulin secretion, Yaney et al.
2003 proposed that exposure to NEFAs like LA could increase intracellular concentrations
of LA-CoAs and other complex lipids like diacylglycerols in beta-cells that would affect
enzymes like protein kinase C or the exocytotic machinery [150]. Conversely, other studies
have found that prolonged LA exposure increases the concentration of intracellular oxylipins
that impair insulin secretion [100, 149]. Santoro et al., for instance, found that 5-, 8-, 9-,
11-HETE and 9-, 13-HODE significantly decrease insulin secretion in obese adolescents
with T2DM [149]. Similarly, we have shown that metabolites generated by the conversion
of LA to AA also impair GSIS by specifically downregulating ACSL4 expression, which
subsequently results in the accumulation of intracellular CYP450 metabolites like EETs
[100]. Our efforts to unveil the molecular mechanisms behind this process have also led to
our recent discovery that LA and other PUFASs can reduce human ACSL 4 transcription
through PPAR response element (PPRE)-dependent transrepression of PPARa in vitro
(unpublished data). Despite these new findings, additional studies are still needed to fully
elucidate the exact role that LA plays in regulating insulin secretion and beta-cell function.

In summary, T2DM is a multifactorial disease defined by both insulin resistance in

multiple tissues (skeletal muscle, adipocytes, and liver) and beta-cell dysfunction. There

is a considerable body of evidence that increased dietary LA intake could help prevent the
development of metabolic abnormalities, but the benefits may depend on an individual’s
genetics and environment. To the contrary, it is possible that the increased consumption

of LA could accelerate the pathogenesis of T2DM by decreasing insulin sensitivity and
compromising insulin secretion from beta-cells. As hyperinsulinemia is the primary driver of
insulin resistance, elevated plasma LA levels from the diet could potentially lead to systemic
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insulin resistance by disrupting the regulation and expression of key gluconeogenic genes in
hepatic and peripheral tissues. Furthermore, the generation of OXLAMSs and other oxylipins,
either directly through the action of COXs, LOXs, and CYP450s or indirectly via the
conversion of LA to AA, could also perpetuate intracellular oxidative stress and low-grade
inflammation in the beta-cell that not only progressively disrupts GSIS, but induces beta-cell
dysfunction. Given these possibilities, a reappraisal of optimal levels of dietary LA intake
may be needed to determine what levels would more effectively reduce the incidence of
T2DM and other chronic metabolic diseases.

[4] Conclusions

Over the course of recent decades, our understanding of dietary fats has improved
dramatically, but there is still much we do not yet understand about how PUFAs affect
human health. This review summarizes the current knowledge concerning the dynamic
physiological and pathophysiological roles of LA in the regulation of glucose homeostasis
(Figure 2). By examining how LA affects insulin sensitivity and peripheral glucose uptake
and insulin secretion /n vitroand in vivo, we show through both animal models and human
studies that the biological effects of dietary LA on glucose metabolism are both temporally-
and dose-dependent and can be further modulated by numerous individual factors such as
sex, genetics, environmental conditions, and disease status.

It is known that small amounts of LA in the diet is essential, but it is becoming increasingly
apparent that over consumption of LA can have deleterious effects. Clinical studies continue
to show that different people consuming the same diets can exhibit divergent and sometimes
unintended metabolic outcomes in terms of dietary responsiveness. As such, it is imperative
that the field moves toward better defining the temporal and dose-dependent relationships
associated with LA intake. A myriad of molecular and mechanistic research in cell and
rodent models has advanced our understanding of the biological effects of various FAs, but
some quantitative diet studies in animals have been a source of considerable confusion over
the years. To address these confounders, quantitative and qualitative diet studies in humans
would be the most appropriate to pursue. Such studies would not only clarify the critical
aforementioned relationships concerning LA intake, but also provide insight on how human
variability shapes the integration of dietary LA into health and disease.

Moving forward, it is now clear that the current trends in the consumption of LA are
unparalleled and are largely a result of changes in dietary guidelines throughout the 20t
century that were based on evidence generated by the SCS. While the substitution of SFAs
with PUFAs like LA in the diet was recommended to reduce the incidence of CAD and
CVD in Western countries, there are many tenets of the diet-heart hypothesis that remain
contentious and are not easily translatable to the pathogenesis of other chronic metabolic
diseases. A direct, yet unintended consequence of nutritional guidelines solely informed
by the diet-heart hypothesis could be that the existing levels of dietary LA intake are
compromising critical regulatory mechanisms in glucose metabolism by promoting insulin
resistance in multiple tissues, and progressively reducing beta-cell insulin secretion. As a
result, it is unmistakable that more effort should be taken to shift the paradigm on dietary fat
consumption.
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Regardless of what future findings may indicate on the relationship between heart disease,
glucose regulation, and dietary LA intake, there is significant molecular and clinical
evidence that the species-specific metabolic effects of LA and other dietary fats are
dependent on the individual who consumes them. As such, the use of reductionist dietary
recommendations that generalize the role of SFAs, MUFAs, and PUFAs in the body could be
exacerbating, rather than alleviating, the current epidemic of chronic metabolic diseases.
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Highlights

Linoleic acid (LA, »—6 18:2) is an essential fatty acid that accounted for
1-2% of total energy intake in the pre-industrial revolution human diet.
Since the mid-20™ century, the consumption of LA in Western civilizations
has increased 10-fold in tandem with unprecedented incidence of chronic
metabolic diseases like obesity and type 2 diabetes mellitus (T2DM).

Epidemiologic studies, meta-analyses, and clinical trials have outlined the
potential benefits and unintended consequences of diets substituting SFAs
with LA.

Well-controlled interventional randomized control trials are needed to better
inform current nutritional guidelines and clarify how dietary LA and other
individual -6 PUFAs affect insulin resistance and peripheral glucose uptake
in individuals with and without T2DM.
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Figure 1: Metabolic Fates of Intracellular Non-esterified Linoleic Acid
Intracellular metabolism of non-esterified linoleic acid (LA). Abbreviations: phospholipase

A2 (PLA)), acyl-CoA synthetase long-chain (ACSL), linoleoyl-CoA (LA-CoA),

oxidized linoleic acid metabolites (OXLAM), lipoxygenase (LOX), cyclooxygenase
(COX), cytochrome P450 (CYP450), 9-hydroxyoctadecadienoic acid (9-HODE), 13-
hydroxyoctadecadienoic acid (13-HODE), 13-hydroperoxyoctadecadienoic acid (HPODE),
epoxyoctadecamonoenoic acids (EpOMES), soluble epoxide hydrolase (SEHS),
dihydroxyoctadecenoic acids (DiIHOMES), arachidonic acid (AA).
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The Metabolic Effects of Linoleic Acid on Insulin Sensitivity and Secretion

Prostaglandins Leukot Essent Fatty Acids. Author manuscript; available in PMC 2022 December 01.

Chronicexposure
(=48 hours)
HETE and HODE
synthesis
Accumulation of
intracellularEETs
Sex-dependent



	Abstract
	Introduction
	Molecular Evidence for the Role of Linoleic Acid in Glucose Metabolism
	Normal Glucose Homeostasis
	Metabolism of Linoleic Acid, Bioactive Oxidized Linoleic Acid Metabolites, and Eicosanoids

	Clinical Evidence for the Role of Linoleic Acid in Glucose Metabolism
	Peripheral Glucose Uptake and Insulin Resistance
	Beta-Cell Function and Insulin Secretion

	Conclusions
	References
	Figure 1:
	Figure 2:

