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Unhealthy diets are major contributors to the global burden of non-communicable 
diseases, particularly cardiovascular disease and metabolic syndrome, where 
dietary fat quality plays a critical role. Among dietary fats, linoleic acid (LA)—the 
predominant omega-6 polyunsaturated fatty acid—has been at the center of a long-
standing and evolving controversy. Initially promoted for its cholesterol-lowering 
properties, LA later became the focus of debate due to hypotheses suggesting pro-
inflammatory and oxidative effects, which led to conflicting interpretations of its 
metabolic impact and inconsistent dietary guidelines over time. This review traces 
the origins and progression of this controversy, examining how shifts in biochemical 
understanding, experimental design, and population dietary patterns have shaped 
current perspectives on LA and cardiometabolic health. By integrating evidence 
from biochemical, preclinical, and human studies, we clarify the mechanistic and 
clinical bases underlying LA’s actions and re-evaluate its role in lipid metabolism, 
inflammation, and glucose regulation. Overall, most human evidence supports 
beneficial associations between LA exposure and cardiometabolic outcomes, 
though heterogeneity across studies underscores the relevance of dietary context, 
genetic background, and metabolic status. Understanding how the controversy 
emerged and evolved is essential to refine current recommendations for dietary 
fat and disease prevention.
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1 Introduction

Non-communicable diseases (NCDs) are currently major causes of morbidity and 
mortality representing a large proportion of the overall economic healthcare burden worldwide 
(1). Even worse, these diseases (mainly obesity, diabetes, cancer, as well as, cardiovascular, 
respiratory, and neurodegenerative conditions) are increasing in most world regions, currently 
representing ≈70% of all annual deaths (1). Specifically, cardiovascular diseases (CVDs) are 
the leading cause of death globally, accounting for at least 19 million lives each year (1). 
Metabolic Syndrome (MetS), a cluster of cardiometabolic risk factors, is linked to a two-fold 
higher risk of cardiovascular disease and a five-fold greater risk of type 2 diabetes (T2D) (2). 
Its global prevalence ranges from 12.5% to more than 40% in some Latin American countries 
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(3, 4), with increasing burden particularly in youth and young adults, 
rising current and future healthcare and economic costs.

Central obesity is considered the key pathophysiological driver, 
promoting insulin resistance via adipose tissue dysfunction (5, 6). 
Excess free fatty acids and pro-inflammatory cytokines from visceral 
fat led to ectopic fat deposition, inflammation, and impaired insulin 
signaling. This cascade triggers hyperinsulinemia, atherogenic 
dyslipidemia, and endothelial dysfunction, thereby amplifying 
cardiometabolic risk (5–7).

Among the modifiable factors, an unhealthy diet is the most 
relevant risk factor for the development of MetS and NCDs. For 
instance, an aggregate of dietary subcomponents was more 
significantly associated with chronic disease burden than either 
physical inactivity or high body mass index in US population (8). 
Whereas unhealthy diets adversely affect human health, healthy 
nutrient and food intake can prevent various NCDs (9). In this 
context, the definition of a healthy diet is constantly evolving, 
reflecting our growing understanding of the roles of different foods, 
nutrients, and dietary combinations in health (10, 11). A clear example 
of this evolution are the recommendations for fat intake. For several 
decades, many dietary guidelines emphasized reducing total fat intake 
(12). Now, strong evidence supports that the type of fat (i.e., saturated, 
trans, monounsaturated and polyunsaturated fatty acids) is more 
relevant to cardiovascular health than total fat intake (13). In fact, the 
Mediterranean diet is considered the healthiest dietary patterns today 
(14), and it encourages moderate consumption of “healthy fats” 
provided by olive oil and fish (15, 16).

Overall, the current epidemiological situation calls out an urgent 
need for further study of the relationship between eating patterns, 
with particular emphasis in fat intake, and the prevention of MetS and 
other chronic diseases. Among dietary fats, linoleic acid (LA)—the 
most abundant omega-6 polyunsaturated fatty acid in the human 
diet—warrants particular attention (17). Thus, LA plays a significant 
role in overall fat intake. However, its impact on cardiometabolic 
health remains controversial, with studies suggesting both beneficial 
and potentially adverse effects depending on dietary context, dose, 
and metabolic state.

In this review, we explore the controversial role of linoleic acid in 
cardiometabolic health by examining its metabolism and bioactive 
derivatives, key molecular pathways, and evolving dietary 
recommendations in relation to current intake patterns. We address 
the debate over its protective versus detrimental effects by integrating 
evidence from biochemical, preclinical, observational, and 
intervention studies in humans.

2 Linoleic acid metabolism and its 
derivatives: the origin of the 
controversy

Accumulating evidence suggests that the health effects of dietary 
fats vary depending on both specific fatty acids and food sources (13). 
Dietary fatty acids are conventionally grouped by the presence or 
absence of carbon–carbon double bonds. Fatty acids with no double 
bonds are saturated (SFAs), those with one double bond are 
monounsaturated (MUFAs), and those with two or more double 
bonds are polyunsaturated (PUFAs). PUFAs can be further subdivided 
by the position of the first double bond at the third (ω-3) or sixth 

(ω-6) carbon from the methyl end of the hydrocarbon chain. While a 
high intake of SFA is associated with an increased risk of 
cardiometabolic diseases, evidence suggests that the intake of PUFAs 
has beneficial roles in human health (17–20).

In most diets, PUFAs present in the highest amounts are linoleic 
acid (LA, 18:2ω-6) and α-linolenic acid (ALA, 18:3ω-3) (21, 22). LA 
and ALA (the shortest-chained ω-6 and ω-3 fatty acids, respectively) 
are not synthesized by the human body and so are regarded as 
essential fatty acids (18). Because they are produced in plants, LA and 
ALA are mainly found in high proportions in oily foods of plant 
origin, such as many seeds, nuts, and plant oils (17). Endogenously, 
LA can be partially converted into several other ω-6 PUFAs including 
arachidonic acid (AA) (23) (Figure 1). These longer ω-6 PUFAs are 
also present in small amounts in foods such as eggs, poultry, and other 
meats. Similarly, ALA can to some extent be enzymatically converted 
into more complex ω-3 fatty acids, such as eicosapentaenoic acid 
(EPA), and docosahexaenoic acid (DHA; Figure 1). However, these 
conversions occur in low quantities in humans (24, 25), such that 
tissue and circulating levels of EPA and DHA are mostly determined 
by their direct dietary intake, mostly in fish and shellfish, with smaller 
amounts present in eggs, red meats and poultry (17, 26).

PUFAs are also precursors of bioactive metabolites, such as 
eicosanoids and docosanoids (Figure 1). In general, many eicosanoids 
derived from ω-6 PUFA, particularly those originating from 
arachidonic acid, exhibit pro-inflammatory and pro-thrombotic 
properties (e.g., prostaglandins and leukotrienes) (23); however, 
certain ω-6–derived eicosanoids, such as those derived from dihomo-
γ-linolenic acid, exert anti-inflammatory effects (27). In contrast, 
eicosanoids and docosanoids derived from ω-3 PUFA are 
predominantly anti-inflammatory (e.g., protectins or resolvins) (23). 
Beyond these classical mediators, ω-3 and ω-6 PUFAs are major 
precursors of a broader family of oxidized lipid metabolites, 
collectively known as oxylipins. Oxylipins play critical roles in the 
regulation of inflammatory pathways, vascular homeostasis, and 
energy metabolism. These bioactive mediators arise through both 
enzymatic pathways, involving cyclooxygenases, lipoxygenases, and 
cytochrome P450 enzymes, as well as non-enzymatic mechanisms 
driven by oxidative stress (28).

The relative production of oxylipins and their impact on 
cardiometabolic health depends both on the fatty acid of origin and 
on the enzymatic pathways involved in their formation (29). While 
oxylipins derived from ω-3 fatty acids, such as EPA and DHA, 
generally exert anti-inflammatory and protective effects, those 
originating from ω-6 PUFAs tend to promote inflammation and 
oxidative stress (28, 29) (Figure 1).

Among the subset of oxylipins derived from ω-6 PUFAs, oxidized 
linoleic acid metabolites (OXLAMs) have attracted particular 
attention. OXLAMs such as 9-hydroxyoctadecadienoic acid 
(9-HODE), 13-hydroxyoctadecadienoic acid (13-HODE), 
epoxyoctadecenoic acid (EpOMEs) and their hydrolized metabolites, 
dihydroxyoctadecenoic acid (DiHOMEs), have been associated with 
different physiological effects (28). While 9-HODE has been linked to 
vascular injury, 13-HODE appears to exert protective roles in both 
atherosclerosis and metabolism. In vascular biology, 13-HODE has 
been associated with anti-atherogenic effects through the reduction of 
endothelial adhesion and stimulation of prostacyclin synthesis (30). 
In addition, it contributes to metabolic regulation by improving lipid 
and glucose homeostasis in metabolic syndrome and diabetes (31). 
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These actions are further supported by anti-inflammatory properties, 
including the suppression of NF-κB signaling and modulation of 
T-cell IL-2 production (32). Meanwhile, although EpOMEs may 
initially serve protective roles, their conversion to DiHOMEs has 
largely been linked to cytotoxic pathways involved in pulmonary and 
cardiotoxicity, as well as inflammation. Nevertheless, at low 
physiological concentrations, 12,13-DiHOME has emerged as a 
beneficial lipokine, enhancing fatty acid uptake and oxidation in 
brown adipose tissue and skeletal muscle during cold exposure and 
exercise, lowering circulating triglycerides, improving lipid 
metabolism and insulin sensitivity, and contributing to vascular 
repair—without adverse cardiovascular effects (33, 34).

Given that mammals lack the enzymatic capacity to synthesize 
LA de novo, tissue levels of LA and its oxidized metabolites are likely 
influenced by dietary intake (35, 36). Importantly, synthesis of 

long-chain PUFAs and their derivatives from both dietary LA (ω-6 
precursor) and ALA (ω-3 precursor) share the same enzymatic 
system and can compete for this biochemical pathway (23, 37). Based 
on this theoretical competition between ω-6 PUFAs and ω-3 PUFAs 
and the pro-inflammatory effects of eicosanoids and oxidized 
metabolites derived from ω-6 PUFAs, a group of scientists proposed 
the notion of lowering the dietary ω-6:ω-3 ratio, including 
recommendations to lower LA intake (38–42). In fact, this viewpoint 
has been extensively popularized in many books and media (43, 44). 
However, accumulating evidence indicates that the proposed 
enzymatic competition between ω-6, specially LA, and ω-3 PUFAs 
does not translate into a functionally relevant antagonism under 
typical dietary conditions in humans, challenging the notion that 
dietary LA is inherently pro-inflammatory or pro-atherogenic (45–
47). Moreover, the conversion of dietary LA to harmful derivatives 

FIGURE 1

Metabolism and proposed pathophysiological roles of omega-6 and omega-3 fatty acids. Linoleic acid (LA, 18:2 n-6) and α-linolenic acid (ALA, 18:3 
n-3) are the essential precursors of the ω-6 (blue) and ω-3 (orange) families, respectively. Through sequential desaturation and elongation steps—
catalyzed by shared enzymes such as Δ6-desaturase and elongase—LA is converted to arachidonic acid (AA), whereas ALA gives rise to 
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Both LA and ALA can also undergo direct enzymatic or non-enzymatic oxidation, 
generating diverse bioactive oxylipins. In the figure, green boxes indicate potential beneficial effects on cardiometabolic health, while red boxes denote 
those linked to increased cardiometabolic risk as reported in the literature.
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may be influenced by the prevailing oxidative and inflammatory state 
(48, 49).

Although the ω-6/ω-3 ratio has been questioned due to its limited 
ability to capture metabolic variability among individual fatty acids, it 
remains a topic of debate in the literature. Historically, population-
level interventions such as the North Karelia Project demonstrated 
substantial reductions in serum cholesterol and cardiovascular 
mortality following comprehensive lifestyle changes, notably the 
replacement of saturated fat–rich foods with vegetable oils 
characterized by a more favorable ω-3/ω-6 profile and increased fish 
consumption (50, 51). However, these benefits cannot be attributed 
solely to changes in ω-6/ω-3 ratio, as they occurred alongside major 
reductions in saturated fat consumption and other lifestyle 
modifications.

Within this population-based and epidemiological context, 
contemporary research has examined dietary and circulating ω-6/ω-3 
ratios as integrative markers of PUFA balance and cardiometabolic 
risk. Several reviews and observational studies report associations 
between lower ratios and more favorable inflammatory and 
cardiometabolic profiles, supporting its use as a descriptive indicator 
of lipid quality (52, 53). In parallel, both ω-6 and ω-3 PUFAs are 
widely recognized as essential for human health; however, modern 
Western dietary patterns are characterized by a marked imbalance 
favoring ω-6 intake, underscoring the need to raise awareness among 
both the general population and health professionals to promote a 
healthier balance (54). Accordingly, the ω-6/ω-3 ratio remains widely 
used in nutritional and cardiovascular research, although its optimal 
value and contextual applicability remain controversial (54, 55). 
Large-scale cohort studies suggest that the ω-6/ω-3 ratio functions 
primarily as a descriptive biomarker rather than a mechanistic 
determinant of cardiovascular risk, with both omega-6, particularly 
LA, and omega-3 fatty acids individually showing inverse associations 
with mortality (56, 57). This distinction underscores the need to 
interpret the ratio within a broader biological context and to 
reconsider the view of dietary LA as inherently harmful, as evidence 
discussed later does not support an association with adverse 
cardiometabolic health outcomes (58, 59).

Consequently, recent literature increasingly favors analyses 
focusing on individual fatty acids. In line with this perspective, clinical 
and lipidomic studies indicate that cardiometabolic effects depend on 
specific fatty acid species, their lipid compartmentalization, and their 
conversion to bioactive mediators, rather than on global PUFA ratios 
(60). Thus, while the ω-6/ω-3 ratio may retain descriptive value, it 
should be interpreted cautiously and complemented by species-level 
and mechanistic analyses.

3 Dietary linoleic acid: intake and 
historical recommendations

Dietary linoleic acid (LA) is the most abundant PUFA in modern 
diets, providing about 6% of daily energy in the average US diet (14 g 
in a diet of 2000 kcal/day), roughly 10 times higher than ALA and 100 
times higher than long-chain PUFAs such as AA, EPA, and DHA (61). 
However, recommendations for ω-6 PUFA intake remain debated, 
largely due to concerns that high LA consumption may favor AA 
synthesis and its inflammatory derivatives at the expense of EPA and 
DHA (62). However, intakes above 2% of calories do not significantly 

increase AA levels, as its production saturates at low LA intake (24, 
25). Consequently, conversion of LA to AA and tissue enrichment 
may be minimal, and higher LA intake in humans does not increase 
inflammatory markers (45, 63, 64) and may even confer 
cardiometabolic benefits, as detailed below. In fact, the nutrition 
subcommittee of the American Heart Association published in 2009 
a science advisory recommending not reducing ω-6 PUFA intake (65).

Initial estimates of LA requirements in humans date back to the 
1950s, when low-fat infant diets caused reversible skin alterations that 
were corrected by supplementing 2% LA as trilinolein (66). 
Subsequent studies suggested a minimum requirement of 1% of 
caloric intake and an optimal intake of around 4% (67). In the same 
decade, the Seven Countries Study led by Ancel Keys promoted 
increased consumption of LA-rich vegetable oils to lower cholesterol 
and cardiovascular risk (68), contributing to a dramatic rise in the 
consumption of these oils in the United States (69). Between 1909 and 
1999, per-capita vegetable oil intake increased from 0.7 to 14.7 kg/
person/year (over a 20-fold rise), driven mainly by soybean oil, which 
rose from 0.01 to 11.6 kg/person/year. As a result, the percentage of 
energy derived LA increased from 2.2–2.8 to 7.2%, representing a 
158–223% rise based on the model used (69).

Over subsequent decades, international organizations established 
recommendations aimed at reducing cardiovascular disease risk. The 
AHA currently advises 5–10% of daily energy from ω-6 PUFAs (65), 
NAM and DGA 2020–2025 set adequate intakes of 12 g/day for 
women and 17 g/day for men aged 19–50 (5–6% of energy) (70), and 
FAO/WHO recommends 2.5–9% of energy consumption derived 
from LA (71). While evidence supports these guidelines, the impact 
of LA intake may vary depending on its dietary source and the 
physiological context. Importantly, the consumption of vegetable oils 
may exert biological effects beyond their fatty acid composition, as 
these oils contain minor bioactive compounds with potential anti-
inflammatory and cardioprotective properties. For example, the health 
effects attributed to olive oil consumption have been shown to be 
influenced not only by its fatty acid profile but also by phenolic 
compounds such as oleocanthal (72). In addition, the cardiometabolic 
impact of increasing PUFA intake appears to be context-dependent, 
such that replacing saturated fat–rich foods with PUFA-containing 
vegetable oils may be beneficial when baseline saturated fat intake is 
high, whereas the effects may differ in dietary patterns already low in 
saturated fats (73).

4 Associations between linoleic acid 
and cardiometabolic outcomes: 
evidence in humans

Observational cohorts, biomarker-based studies, clinical trials, 
and genetic analyses have evaluated the association between LA intake 
or circulating levels and various cardiometabolic outcomes.

Already in 2007, Harris et al. showed that higher blood or tissue 
LA content was associated with a lower risk of non-fatal coronary 
events events in a meta-analysis of case–control or prospective cohort 
datasets (58). A comprehensive multivariable-adjusted meta-analysis 
based on individual LA measurements in 30 prospective 
observational studies from 13 countries later confirmed that higher 
circulating concentrations of LA were significantly associated with a 
reduced risk of total cardiovascular disease, stroke and cardiovascular 
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mortality (74). Similarly, the Cardiovascular Health Study—a 
prospective cohort of older adults—showed that higher circulating 
levels of LA, but not other omega-6 fatty acids, were inversely 
associated with total mortality, mostly explained by lower 
cardiovascular mortality due to coronary heart disease (75). Taken 
together, these findings suggest a beneficial role for LA in CVD 
prevention.

Regarding dietary intake, the evidence supporting its benefits has 
been less consistent. One of the few intervention trials specifically 
targeting LA intake was the Sydney Diet Heart Study, conducted in the 
late 1960s and published in 1978 (76), which replaced saturated fats 
with safflower oil in men with coronary disease. A reanalysis of the 
trial decades later suggested higher mortality in the intervention 
group (35), but these findings have been considered unreliable due to 
major methodological limitations, including outdated clinical context. 
In addition, a systematic review of 19 randomized controlled trials 
found that increasing omega-6 fat intake reduced total cholesterol but 
had no clear effect on overall cardiovascular outcomes, except for a 
possible modest reduction in myocardial infarction risk (77). In 
contrast, Wang et al. reported a strong inverse association between LA 
intake and both total and cardiovascular mortality in two large US 
cohorts with repeated dietary assessments and long-term follow-up 
(59). More recently, meta-analysis of 31 prospective cohorts, showed 
that both higher dietary intake and circulating levels of LA were also 
significantly associated with a lower risk of developing type 2 
diabetes (78).

In terms of underlying metabolic conditions leading to diabetes 
and CVD, some cross-sectional studies have reported that higher 
dietary linoleic acid (LA) intake is associated with greater prevalence 
of MetS in obese populations (79). However, a Mendelian 
randomization analysis found that genetically determined high 
circulating LA levels were inversely associated with the risk of type 2 
diabetes, fasting glucose, and HbA1c, supporting a potential protective 
role of LA in glucose metabolism (80). Additionally, transcriptomic 
analysis of adipose tissue from individuals with and without MetS 
revealed that the LA metabolism pathway is significantly 
downregulated in MetS. Key genes involved in this pathway—JMJD7-
PLA2G4B, PLA2G1B, PLA2G2D, CYP2C8, and CYP2J2—were all 
downregulated in the MetS group (81). These genes regulate the 
release and biotransformation of LA into bioactive metabolites; thus 
their reduced expression suggests impaired LA metabolism and low 
levels on LA-derived biomarkers, potentially contributing to metabolic 
dysfunction. In fact, an interventional study in postmenopausal 
women with MetS demonstrated that consumption of LA-rich oil 
increased circulating oxylipins and increased adiponectin levels 
(82)—implying beneficial metabolic effects, even though the clinical 
relevance of these findings remains to be fully established.

This diversity in findings in humans likely stems from differences 
in study populations, dietary contexts, compensatory nutrient intake, 
and metabolic variability. Indeed, recent studies suggest that the 
metabolic response to LA intake—including potential benefits and 
harms—may depend on polymorphisms in the FADS1 gene (83, 84).

In summary, human evidence generally supports a favorable role 
for LA in cardiometabolic health, but findings vary across populations 
and outcomes. The observed heterogeneity underscores the need for 
more well-controlled, mechanistically informed studies that account 
for genetic background, diet composition, and underlying metabolic 
status of participants.

5 Proposed mechanisms for linoleic 
acid-dependent effects on 
cardiometabolic health

The molecular effect of LA and other ω-6 PUFA on 
cardiometabolic health is not entirely clear (Table 1). Conflicting 
findings suggest that its impact may vary across different metabolic 
disorders, likely due to dietary complexity and individual variability.

CVD and related metabolic conditions—such as obesity, MetS, 
and T2D—share common pathogenic mechanisms including 
dyslipidemia, insulin resistance, inflammation, and endothelial 
dysfunction. LA has been suggested to reduce the risk of CVDs by 
lowering total blood cholesterol compared to Western diets or diets 
high in SFAs (74, 77, 85–87). However, its effects on lipoprotein 
subfractions vary depending on the comparator diet and study design. 
For example, LA-enriched diets tend to decrease LDL cholesterol and 
increase HDL cholesterol relative to diets high in SFAs or trans fatty 
acids (TFAs), while results are inconsistent when compared with 
MUFA- or omega-3 PUFA-rich diets (85). One randomized, double-
blind crossover study comparing omega-6 (mainly LA) and omega-3 
supplementation showed that omega-6 reduced total cholesterol, 
LDL-C, and ApoB, the main atherogenic apolipoprotein, without 
affecting HDL-C or triglycerides (86). Interestingly, omega-6 
supplementation increased small HDL particles at the expense of 
larger ones, whereas omega-3 supplementation lowered triglycerides 
and increased HDL-C without altering LDL-C or total cholesterol (86).

The lipid-modifying effects of LA likely involve regulation of key 
transcription factors controlling lipid metabolism, such as peroxisome 
proliferator-activated receptors (PPARs) and liver X receptors (LXRs) 
(88, 89). Although few studies have isolated the effects of LA per se, 
evidence suggests that LA’s lipid-lowering action is mediated in part 
by LXR. For instance, diets supplemented with soy oil (rich in LA) 
increased hepatic LXRα mRNA and protein levels in rats (89). LXR 
activation promotes cholesterol homeostasis by inducing cholesterol 
7-hydroxylase (CYP7), the enzyme catalyzing the conversion of 
cholesterol into bile acids, facilitating LDL-C clearance (90). In fact, 
LA intake has also been shown to increase LDL receptor (LDLR) 
expression in young pigs, enhancing hepatic LDL uptake and lowering 
circulating LDL-C (91). Additionally, LXR activation by LA and its 
oxidized metabolites may induce ATP-binding cassette transporter A1 
(ABCA1) expression, a critical mediator of cholesterol efflux and HDL 
formation, which may also contribute to atheroprotection (92, 93).

These pathways provide a plausible basis for LA’s lipid-lowering 
effects, yet they do not fully explain its potential benefits on glucose 
metabolism. In vitro evidence indicates that LA can bind and activate 
PPARγ, a nuclear receptor central to adipogenesis, insulin sensitivity, 
and glucose homeostasis (94). PPARγ activation improves whole-body 
insulin sensitivity by increasing GLUT4 gene expression and 
translocation to the membrane in adipose tissue and skeletal muscle, 
enhancing glucose uptake (95, 96). This potential LA-PPARγ-glucose 
metabolism connection may partially explain the inverse association 
between circulating LA and T2DM risk reported in prospective cohort 
studies (78). Notably, the LA-derived oxidized metabolites 9-HODE and 
13-HODE have also been identified as natural ligands of PPARγ, 
suggesting that their effects on lipid and glucose metabolism, 
adiponectin secretion, and inflammatory signaling may be mediated 
through PPARγ activation (97). Furthermore, PPARγ inhibits the 
pro-inflammatory transcription factor NF-κB, reducing cytokine 
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expression such as IL-6, TNF-α, and MCP-1 (98), which may also 
contribute to the cardioprotective effects attributed to LA. In addition, 
PPARγ activation stimulates the expression of LDLR, LXR, and SR-B1 
(99–101), a key receptor for HDL cholesterol uptake, possibly explaining 
the changes in HDL particle size observed with LA intake (86).

Interestingly, the relationship between PPARγ and NF-κB 
illustrates a critical regulatory node: PPARγ activation suppresses 
NF-κB-mediated inflammation through upregulation of IκBα and 
transrepression mechanisms (102). However, under conditions of 
oxidative stress, LA-derived oxidized metabolites can activate NF-κB, 
promoting chronic low-grade inflammation and metabolic 
dysfunction (103, 104). Therefore, this biphasic effect underscores the 
dual role of LA in inflammation and highlights the importance of 
biological context when understanding the pathophysiological effects 
of this omega-6 PUFA.

At the mitochondrial level, LA is a major fatty acid constituent of 
cardiolipins, which are essential phospholipids for mitochondrial 
membrane integrity and function. Oxidation of LA-rich cardiolipins 
impairs mitochondrial respiration and triggers apoptotic and 
inflammatory cascades, exacerbating metabolic disturbances (105). 
Additionally, LA is the predominant fatty acid in native LDL particles 
and is highly prone to peroxidation. In vitro, oxidized LA metabolites 

accumulate in oxidized LDL (106, 107), a modified particle known to 
be highly atherogenic and implicated in atherosclerosis development 
(108). Although causal links between dietary LA, LA content in LDL 
particles, and atherosclerosis remain unproven, these findings 
highlight the importance of oxidative stress, inflammation, and aging 
in modulating LA’s effects on cardiometabolic health.

Therefore, LA may contribute to cardiometabolic health through 
multiple interconnected mechanisms involving nuclear receptor 
signaling (PPARγ, LXR), modulation of lipid metabolism (LDLR, 
ABCA1, SR-B1), glucose uptake (GLUT4), and anti-inflammatory 
effects (NF-κB inhibition). However, these benefits may be 
compromised under pro-oxidative conditions, emphasizing the 
context-dependent nature of LA’s biological actions.

Lastly, emerging evidence suggests that dietary LA can influence 
gut microbiota and, through this pathway, modulate host metabolic 
and inflammatory outcomes. In murine models, high-LA diets have 
been shown to induce dysbiosis, increase susceptibility to colitis, and 
disrupt intestinal endocannabinoid signaling (109), whereas certain 
Lactobacillus strains metabolize LA into hydroxy fatty acids such as 
10-hydroxy-cis-12-octadecenoic acid (HYA) that exert protective 
effects against diet-induced obesity and glucose intolerance (110). In 
humans, the evidence is still scarce. A case–cohort study has reported 

TABLE 1  Biological processes and molecular pathways linking linoleic acid to cardiometabolic health.

Functional 
category

Molecular pathway Physiological consequence Reference

Glucose metabolism PPARγ

LA → PPARγ: Increased insulin sensitivity. (80, 88)

13-HODE → PPARγ: Regulates genes involved in glucose metabolism. (31)

PPARγ → GLUT4: Increased glucose uptake in muscle and adipose tissue. (95, 96)

Lipid metabolism

PPARγ activation: Coordinated 

regulation of cholesterol 

metabolism

LXRα (hepatic): Increased bile acid synthesis and hepatic clearance of cholesterol, as well 

as decreasing LDL-cholesterol.
(89, 90)

LDLR: Increased hepatic LDL uptake and decreased circulating cholesterol. (91)

LXR → ABCA1: Increased cholesterol efflux and HDL formation. (88)

SR-B1: Increased HDL cholesterol uptake and altered HDL particle size in rat hepatocytes. (101)

Fatty acid oxidation (BAT, 

muscle)

12,13-DiHOME enhances fatty acid uptake and oxidation during cold or exercise → 

Lower triglyceride levels and improved metabolic flexibility and vascular repair.
(33, 34)

Inflammation PPARγ

PPARγ activation inhibits NF-κB (↑ IκBα, transrepression) and decreased pro-

inflammatory cytokines (IL-6, TNF-α, MCP-1).
(30)

13-HODE → PPARγ: Reduction of endothelial adhesion associated with anti-atherogenic 

effects.
(100, 101)

13-HODE → PPARγ suppresses NF-κB activation and modulates IL-2 production. 

Reduced inflammation and immune homeostasis.
(32)

Oxidative stress

Cardiolipins
LA-rich cardiolipins → highly prone to oxidation. This leads to mitochondrial 

dysfunction, apoptosis and inflammation.
(105)

LDL particles
LA is predominant fatty acid → prone to peroxidation. Formation of oxidized LDL 

(OXLAMs) and ↑ atherogenesis.
(106, 107)

Microbiota-host 

metabolic interaction

Gut microbiota (mice)

High-LA diets can induce dysbiosis, increase susceptibility to colitis and disrupt intestinal 

endocannabinoid signaling.
(109)

Lactobacillus strains metabolize LA into hydroxy fatty acids such as HYA. Exert protective 

effects against diet-induced obesity and glucose intolerance.
(110)

Gut microbiota (humans)

Plasma LA levels are inversely associated with Gestational Diabetes risk, mediated by 

microbial taxa (e.g., Bilophila wadsworthia). → Microbiota-dependent metabolic 

protection through improved glucose regulation.

(111)
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that higher plasma LA levels during pregnancy were inversely 
associated with Gestational Diabetes Mellitus risk, and that this 
protective effect was both mediated and modified by gut microbial 
taxa, including Bilophila wadsworthia (111). While these findings 
highlight the potential for LA–microbiota interactions to shape 
outcomes ranging from intestinal inflammation to metabolic health, 
further controlled dietary interventions are required to establish 
causality in humans.

6 Discussion

In summary, linoleic acid should not be considered inherently 
harmful. Rather, its impact on cardiometabolic health depends on 
dietary context, metabolic status, and downstream metabolism. More 
broadly, dietary influences extend beyond individual fatty acids and 
reflect the complexity of whole foods and dietary patterns.

Despite the global burden of cardiometabolic diseases, the specific 
role of dietary linoleic acid in their prevention remains insufficiently 
defined. While LA is the predominant dietary ω-6 PUFA, 
misconceptions about its impact have arisen from incomplete 
understanding of its metabolism and downstream effects. In particular, 
the widespread belief that high ω-6 PUFA intake is inherently 
deleterious has led to calls for restricting LA consumption, despite the 
lack of robust scientific evidence to support such recommendation. 
Contrary to this view, LA does not appear to impair ω-3 PUFA status, 
and multiple studies suggest cardiometabolic benefits of higher LA 
consumption. Within this context, the commonly cited omega-6/
omega-3 ratio has limited mechanistic relevance and may oversimplify 
PUFA metabolism, although it can retain descriptive utility in specific 
dietary or population-based contexts. Most human evidence supports 
a protective association between LA intake and cardiovascular and 
metabolic outcomes, yet the potential adverse effects of its oxidized 
derivatives warrant further investigation. This duality emphasizes the 
importance of context: while LA shows promising effects on lipid 
profiles, inflammation, glucose metabolism, and cardiovascular 
health—particularly relevant for patients with MetS in whom 
cardiovascular and T2D risks converge—heterogeneity across 
experimental designs, populations, and mechanistic insights leaves 
critical gaps. In this context, ongoing intervention studies, including a 
recently initiated clinical trial (ClinicalTrials.gov identifier: 
NCT07287514), are designed to directly examine the effects of dietary 
linoleic acid intake on cardiometabolic biomarkers and may help clarify 
its role within specific metabolic contexts. Continued integration of 
mechanistic, observational, and interventional research will be essential 
to refine dietary recommendations and to fully elucidate the role of LA 
in cardiometabolic disease prevention.
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Glossary

AA - Arachidonic acid

ABCA1 - ATP-binding cassette transporter A1

AHA - American Heart Association

ALA - α-Linolenic acid

ApoB - Apolipoprotein B

CVD - Cardiovascular disease

CYP - Cytochrome P450

DHA - Docosahexaenoic acid

DiHOME - Dihydroxyoctadecenoic acid

EPA - Eicosapentaenoic acid

FADS - Fatty acid desaturase

HDL-C - High-density lipoprotein cholesterol

HEI - Healthy Eating Index

HODE - Hydroxyoctadecadienoic acid

HYA - 10-hydroxy-cis-12-octadecenoic acid

LA - Linoleic acid

LDL-C - Low-density lipoprotein cholesterol

LDLR - Low-density lipoprotein receptor

LXR - Liver X receptor

MetS - Metabolic syndrome

MUFA - Monounsaturated fatty acid

NF-κB - Nuclear factor kappa-light-chain-enhancer of activated B cells

NCD - Non-communicable disease

OXLAM - Oxidized linoleic acid metabolite

oxylipins - Oxidized lipid mediators derived from PUFA

PPARγ - Peroxisome proliferator-activated receptor gamma

PUFA - Polyunsaturated fatty acid

SFA - Saturated fatty acid

sEH - soluble Epoxide Hydrolase

SR-B1 - Scavenger receptor class B type 1

TG - Triglycerides

T2D - Type 2 diabetes mellitus
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