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A B S T R A C T

To reduce risk of coronary heart disease, replacement of saturated fats (SFAs) with polyunsaturated fats
(PUFA) is recommended. Strong and concordant evidence supports this recommendation, but controversy
remains. Some observational studies have reported no association between SFAs and coronary heart disease,
likely because of failure to account for the macronutrient replacing SFAs, which determines the direction and
strength of the observed associations. Controversy also persists about whether v-6 (nv-6) PUFA or a high
dietary ratio of nv-6 to v-3 (nv-3) fatty acids leads to proinflammatory and pro-oxidative states. These
issues are relevant to soybean oil, which is the leading edible oil consumed globally and in the United States.
Soybean oil accounts for over 40% of the US intake of both essential fatty acids. We reviewed clinical and epi-
demiologic literature to determine the effects of soybean oil on cholesterol levels, inflammation, and oxida-
tion. Clinical evidence indicates that soybean oil does not affect inflammatory biomarkers, nor does it
increase oxidative stress. On the other hand, it has been demonstrated that when dietary SFAs are replaced
with soybean oil, blood cholesterol levels are lowered. Regarding the nv-6:nv-3 dietary ratio, health agen-
cies have consistently rejected the importance of this ratio, instead emphasizing the importance of consum-
ing sufficient amounts of each type of fat. Thus, several lines of evidence indicate that soybean oil can
positively contribute to overall health and reduction of risk of coronary heart disease.

© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)
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Introduction

Cardiovascular disease (CVD) is the leading cause of morbidity
and mortality in the United States (US) and worldwide [1].
Although mortality rates associated with CVD have declined over
the last four decades, deaths due to CVD increased between 2010
and 2015 [2]. This increase has been attributed to increases in the
prevalence of overweight and obesity and to poor dietary choices
[3]. Elevated cholesterol has been identified as an important CVD
risk factor [4]. There are numerous dietary constituents that affect
circulating cholesterol levels, as reviewed by Scicchitano et al. [5];
however, most of the focus has been on dietary fat. In 2010, non-
optimal intake of fatty acids—particularly v-6 (n-6)
polyunsaturated fats (PUFAs; <12% of total kcal intake [E]), trans
fatty acids (>0.5% E), and saturated fats (SFAs; >10% E)—was esti-
mated to account for 10.3%, 7.7%, and 3.6% of global coronary heart
disease (CHD) mortality, respectively [6]. In addition, in 80% of
nations it was estimated that at least twice as many CHD deaths
were due to inadequate intake of n-6 PUFAs than to excessive
intake of SFAs.

Soybean oil contributes significantly to dietary PUFA intake in
many countries throughout the world. In fact, it is the most widely
consumed oil globally and in the US, accounting for approximately
30% [7] and 57% [8] of total edible oil consumption, respectively
(Table 1). In the US, soybean oil contributes over 7% of total caloric
intake and more than 40% of the intake of both essential fatty acids
[9].

The predominant fatty acid in soybean oil is linoleic acid (LA),
an essential n-6 PUFA, which accounts for approximately 51% of
the total fat content (Table 2). Evidence shows that replacement of
SFAs with soybean oil improves circulating lipid and lipoprotein
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Table 1
Percentage of total edible oil consumption attributed to different oils

Oil US World

Soybean 56.5 30.3
Canola 14.1 12.6
Corn 10.7 2.8
Palm 7.5 21.0
Coconut 3.2 2.8
Olive 2.0 3.9
Sunflower 1.7 11.9
Cottonseed 1.2 4.7
All other 3.1 10.0

2 M. Messina et al. / Nutrition 89 (2021) 111343
levels, the main targets for CVD prevention and management. After
a review of the relevant data, this cholesterol-lowering replace-
ment effect was formally recognized by the US Food and Drug
Administration (FDA) in 2017, when it approved a qualified health
claim for soybean oil and CHD [10].

Despite the ubiquity of soybean oil in the US food supply and its
established cardioprotective effect, US consumers are much less
likely to rate soybean oil as healthful in comparison to many other
oils, such as olive oil, canola oil, coconut oil, and avocado oil [11].
Furthermore, among the scientific community, hypotheses have
been put forth about the potential adverse effects of n-6 PUFA
intake and specifically oils that are high in these fatty acids
[12�14]. For this reason, much confusion surrounds soybean oil
among both consumers and health professionals.

The aim of this narrative review is to summarize the clinical and
epidemiologic evidence relating to the effect of soybean oil intake
on CVD risk. The nutritional and health attributes of soybean oil
are examined by specifically focusing on lipids and lipoproteins
and markers of inflammation and oxidative stress. Animal studies
are not considered, because of the wealth of human data available
upon which conclusions about health effects can be made. This
review provides consumers and health professionals with up-to-
date evidence regarding one of the main sources of n-6 PUFAs in
the food supply—soybean oil—to reduce confusion and underscore
the importance of following dietary guidance to replace SFAs with
PUFAs.

Recommendations for CVD prevention and management

For CVD prevention and management, the American Heart
Association (AHA) and the National Lipid Association recommend
consuming <10% of calories from SFAs and replacing sources of
SFAs with PUFAs or monounsaturated fats (MUFAs) [3,15,16]. Simi-
larly, the 2020 US Dietary Guidelines Advisory Committee
Table 2
Fatty-acid composition of selected plant oils (g/100 g)

Oil USDA
NDB #

Total saturated fat Oleic acid (n-9)

Safflower 4510 6.2 14.1
Sunflower 4506 10.3 19.5
Walnut 4528 9.1 22.2
Corn 4518 13.4 27.2
Soybean 4044 15.7 22.6
Sesame 4058 14.2 39.3
Peanut 4042 16.9 44.8
Canola 4582 7.4 61.7
Avocado 4581 11.6 67.9
Olive 4053 13.8 73.0
Palm 4055 49.3 36.6
Coconut 4047 82.5 6.3

Data from the US Department of Agriculture, Agricultural Research Service [40]
concluded that there is strong evidence demonstrating that replac-
ing SFAs with PUFAs reduces CHD risk and CVD mortality [17].
Three years earlier, an AHA Presidential Advisory concluded that
dietary substitution of PUFAs for SFAs lowers the risk of CVD [18].
This advisory only evaluated evidence that satisfied rigorous crite-
ria for causality, which resulted in the identification of four core
trials prioritized for careful SFA replacement with PUFAs. In all tri-
als, soybean oil (vegetable oil) was the primary SFA replacement. A
meta-analysis of these four trials showed a significant reduction
(relative risk, 0.71; 95% confidence interval [CI], 0.62�0.81) in CHD
with replacement of SFAs with PUFAs [18].

Although the evidence base for replacing SFAs with unsaturated
fats and particularly PUFAs is robust, controversy still remains
[19�22]. The SFA controversy exists in part because of the failure
to account for the macronutrient replacing SFAs, which determines
the direction and strength of the observed associations. To this
point, a nearly 30-y study involving 84628 women and 42908
men indicated that replacing 5% of calories from SFAs with the
equivalent energy from PUFAs, MUFAs, or carbohydrate from
whole grains decreased CHD risk by 25% (95% CI, 0.67�0.84), 15%
(95% CI, 0.74�0.97), and 9% (95% CI, 0.85�0.98), respectively [23].
However, replacing SFAs with carbohydrates from refined starches
and sugars was not associated with a decreased CHD risk (hazard
ratio, 1.01; 95% CI, 0.95�1.06). This finding is notable because often
when SFA intake decreases, proportional increases in consumption
of refined carbohydrates occur [18]. Thus, without considering
concomitant macronutrient intake, epidemiologic research exam-
ining the association between SFA intake and CVD likely reflects
replacement of SFAs with refined carbohydrates, which is not a
recommended replacement, and which therefore may account for
the lack of observed health benefits.

In addition to CVD mortality, consumption of the primary die-
tary PUFA, LA, is also associated with decreased risk of cancer and
all-cause mortality. A recent meta-analysis of prospective observa-
tional studies found that when comparing extreme categories, risk
for all three endpoints was significantly reduced with LA exposure
based on dietary surveys (n = 811069) as well as circulating con-
centrations in biological tissues (n = 65 411) [24]. Observational
studies also show that reducing SFA intake and increasing PUFA
intake is associated with better glycemic control and increased
insulin sensitivity [25]. In agreement, a meta-analysis of 20 pro-
spective studies involving nearly 40 000 adult men and women
found that higher proportions of LA biomarkers as percentages of
total fatty acids were associated with an approximate 30% reduc-
tion in risk of developing type 2 diabetes [26]. These findings sug-
gest that the potential benefits of LA intake go beyond its well-
established role in CVD risk reduction.
Linoleic acid (n-6) a-Linolenic acid (n-3) n-6:n-3 ratio

74.6 0 —

65.7 0 —

52.9 10.4 5.1
51.9 1.04 49.9
51.0 6.8 7.5
41.3 0.3 137.7
32.0 0 —

18.6 9.2 2.0
12.5 0.96 13.0
9.8 0.8 12.3
9.1 0.2 45.5
1.7 0 —



Fig. 1. Fatty-acid composition of soybean oil and effects on markers of CHD. ALA, a-linolenic acid; CHD, coronary heart disease; LA, linoleic acid; LDL-C, low-density lipopro-
tein cholesterol; SFA, saturated fat; TC, total cholesterol.
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In the sections that follow, the effect of soybean oil on lipids and
lipoproteins, inflammation, and oxidative stress will be described
because of their etiologic role in CVD (Fig. 1) [27]. Although we dis-
cuss each risk factor separately, interrelationships exist among
these factors that contribute to the pathophysiology of CVD. Ath-
erosclerosis is initiated by low-density lipoprotein (LDL) infiltra-
tion and retention in the intima space of the artery, followed by
oxidative modification and release of inflammatory mediators; oxi-
datively modified LDL is taken up by macrophages that form foam
cells, and through a series of inflammatory processes atheroscle-
rotic plaque forms [27]. Thus, consideration of the collective effects
of soybean oil on all these risk factors is most informative about
CVD risk. It should, however, be noted that LDL cholesterol (LDL-C)
is the primary target for CVD prevention [28]; lowering LDL-C,
including from non-pharmacologic interventions, lowers CVD risk
by 23% per 1-mmol/L reduction [4].

Lipids and lipoproteins

Soybean oil and lipids and lipoproteins

Evidence shows that replacement of SFAs with soybean oil low-
ers circulating levels of total cholesterol (TC) and LDL-C (Table 3).
In 1993, Kris-Etherton et al. [29] showed that soybean oil lowered
TC and LDL-C in normocholesterolemic men in comparison to diets
containing cocoa butter or dairy butter. This study plus three other
intervention studies [30�34] and one retrospective observational
study [35] formed the evidence upon which the FDA approved a
qualified health claim for soybean oil and CHD in 2017 [10]. Sug-
gested language for the health claim is as follows: “Supportive but
not conclusive scientific evidence suggests that eating about 11/2
tablespoons (20.5 grams) daily of soybean oil, which contains
unsaturated fat, may reduce the risk of coronary heart disease”
(Table 4).

Soybean oil has an FDA-approved qualified health claim,
rather than an unqualified claim (unqualified claims require
significant scientific agreement), because according to the FDA:
all four intervention studies were small in size and two had
limited applicability; baseline TC and LDL-C were normal to
high in all trials; three of four interventions found that soybean
oil lowered TC compared to diets with higher saturated fat; one
intervention reported mixed results; and the observational
(case-control) study cited in support of the efficacy of soybean
oil was determined to be of moderate quality [35]. Despite the
data limitations, the suggested language in support of the
qualified health claim for soybean oil is relatively strong com-
pared to the suggested language for the qualified claims for
corn oil, canola oil, and olive oil (Table 4).

Three additional studies not included in the petition for the
health claim are included in Table 3; one was published after the
submission of the petition [36] and the other two before [37,38]. In
a Malaysian randomized crossover double-blind trial, participants
consumed diets supplemented with 20 g/d of either soybean oil-
�based mayonnaise (SB-mayo) or palm olein�based mayonnaise
(PO-mayo) for 4 wk, with a 2-wk washout period [37]. In compari-
son to baseline, consumption of SB-mayo led to statistically signifi-
cant decreases of 7.7% in TC and 9.5% in LDL-C. The decreases in
response to SB-mayo were significantly greater than those in
response to PO-mayo. These results align with those of a US ran-
domized crossover trial wherein participants consumed diets for
28 d in which approximately 17.5% of energy was derived from the
test fat [36]. Most of the test meals containing the oil were con-
sumed on-site. As shown in Table 3, in comparison to the diet con-
taining a blend of palm oil and palm kernel oil, soybean oil
lowered LDL-C, high-density lipoprotein cholesterol, triacylglycer-
ols, and apolipoprotein B.

Finally, in contrast to the aforementioned studies, a 12-wk Bra-
zilian study reported that in comparison to baseline, soybean oil
(30 mL/d) increased LDL-C and decreased high-density lipoprotein
cholesterol, whereas no such changes were noted in response to
coconut oil [38]. However, this trial included a weight-loss compo-
nent (hypocaloric diet plus exercise), and the participants were
provided with the oils to incorporate into their habitual diet, which
may have resulted in differences in how the oils were consumed.
Overall, the evidence that soybean oil lowers LDL-C compared to
sources of SFAs has grown stronger since the approval of the quali-
fied health claim.

Replacement of SFAs with unsaturated fats

The reductions in TC and LDL-C when soybean oil is used as
a replacement for SFAs align with the well-established effects
of replacing SFAs with unsaturated fats. The LDL-C-lowering
effect of soybean oil is unlikely to be due to its phytosterol
composition (~300 mg/100 g) [39,40], since intake of 2 g/d is
needed to lower LDL-C by 6% to 15% [16]; thus, negligible lipid
lowering would be expected based on the phytosterol content.
The LDL-C lowering approximates published estimates for
replacement of saturated fats with PUFAs, providing support
that the fatty-acid composition of soybean oil exerts the



Table 3
Effect of soybean oil on circulating levels of lipids, lipoproteins, and apolipoproteins

Reference Country Design Participants Duration Intervention Lipids/apolipoproteins Key findings

Baer et al. [36] US Randomized, crossover,
controlled feeding

49 M/W, ages,
55.1 § 1.4 y

28 d 17.5% of energy from test
fat: soybean oil or 50:50
blend of palm oil and palm
kernel oil

LDL-C, HDL-C, TG, Apo B SO # all measures vs.
blend

Karupaiah et al. [37] Malaysia Randomized, crossover,
controlled feeding

18 F, 16 M, ages
23.4 § 7.0 y

4 wk Test oil provided in mayon-
naise: 20 g/d soybean oil or
20 g/d palm olein

LDL-C, HDL-C, TG, Apo B Both diets # LDL-C and
Apo B vs baseline;
greater #with SO but
not SS; SO # HDL-C

Assuncao et al. [38] Brazil Randomized, parallel 40 F, ages
20�40 y

12 wk Addition of the test oil to
hypocaloric diet + dietary
counseling + exercise: 30 mL
soybean oil or 30 mL coco-
nut oil

LDL-C, HDL-C, TG, Apo B SO " LDL-C and # HDL-C
vs. baseline; no effect on
TG

Utarwuthipong et al.
[32]

Thailand Randomized, crossover,
controlled feeding

16 F, ages
44�67 y

10 wk 20% of energy from test fat:
soybean oil or palm oil

LDL-C, HDL-C, TG SO # LDL-C vs. PO; no
difference in HDL-C or
TG

Vega-Lopez et al.
[33]

US Randomized, crossover,
controlled feeding

10 F, ages 66.7
§ 4.4 y; 5 M,
ages 58.3 § 3.5
y

35 d 30% of energy from fat, 2/3
of total fat from the test fat:
soybean oil or palm oil

LDL-C, HDL-C, TG, Apo B SO # LDL-C, Apo B vs.
PO; no difference
between diets for HDL-C
and TG

Lichtenstein et al.
[31]

US Randomized, crossover,
controlled feeding

18 F, ages 67 §
4 y; 18 M, ages
60 § 7 y

35 d 30% of energy from fat, 2/3
of total fat from the test fat:
soybean oil or butter

LDL-C, HDL-C, TG, Apo B SO # LDL-C and Apo B vs.
butter; no effect on TG
or HDL-C

Lichtenstein et al.
[30]

US Randomized, crossover,
controlled feeding

18 F, ages 67 §
4; 18 M, ages 60
§ 5

35 d Diets 30% total fat, 2/3 of fat
from test fat: soybean oil or
butter

LDL-C, HDL-C, TG, Apo B SO # LDL-C and Apo B vs.
butter

Zhang et al. [34] China Randomized, parallel,
controlled feeding

60 M, ages
18�25 y

6 wk 30% energy from total fat,
75%�80% of total fat from
test fat: soybean oil or lard

LDL-C, HDL-C, TG SO # LDL-C vs. lard; no
other differences

Kris-Etherton et al.
[29]

US Randomized, crossover,
controlled feeding

33 M, age 26 y 26 d 37% of energy from fat, 81%
of energy from test fat: soy-
bean oil or butter (dairy)

LDL-C, HDL-C, TG, Apo B SO # LDL-C, Apo B, and
TG vs. butter

Apo B, apolipoprotein B; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; PO, palm oil; SO, soybean oil; SS, statistically significant; TG,
triacylglycerols

Table 4
Language describing the strength of the evidence for FDA-approved oil health
claims

Oil Language

Soybean Supportive but not conclusive scientific evidence
Corn Very limited and preliminary scientific evidence
Canola Limited and not conclusive scientific evidence
Olive Limited and not conclusive scientific evidence
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observed lipid-lowering effects. For example, a systematic
review and meta-regression of 84 randomized controlled trials
showed that replacing 1% of energy from SFAs with PUFAs sig-
nificantly lowered TC (�2.47 mg/dL), LDL-C (�2.13 mg/dL), and
triacylglycerols (TGs; �0.39 mg/dL) [41]. Lesser reductions in
TC (�1.78 mg/dL), LDL-C (�1.62 mg/dL), and TGs (�0.15 mg/
dL) were observed when 1% of energy from SFAs was replaced
with MUFAs.

Additionally, a network meta-analysis that synthesized direct
and indirect evidence on the effects of 13 oils and solid fats (saf-
flower, sunflower, rapeseed, hempseed, flaxseed, corn, olive, soy-
bean, palm, and coconut oils, and beef fat, lard, and butter) showed
that soybean oil was among the liquid non-tropical oils that effec-
tively lowered TC and LDL-C compared with butter or lard. This
analysis also indicated that soybean oil was the most effective oil
for lowering TGs [42], with an area under the cumulative ranking
curve of 72% (at 100% the treatment always ranks first, at 0% it
always ranks last). Soybean oil and other liquid non-tropical oils
are recommended SFA replacements for lowering lipids and lipo-
proteins [3,15�16].
Inflammation

Soybean oil and markers of inflammation

Five randomized controlled trials have examined the effect of
soybean oil on inflammation (Table 5) [36�38,43,44]. In two simi-
larly designed randomized, crossover controlled-feeding studies of
adults with elevated LDL-C (>130 mg/dL), consumption of two-
thirds of fat intake (30% total E fat) from soybean oil for approxi-
mately 1 mo did not affect high-sensitivity C-reactive protein (hs-
CRP) compared to butter or stick margarine [43] or soybean oils
with different fatty-acid compositions (containing low SFAs, low
a-linolenic acid [ALA], high oleic acid, and trans fats) [44]. High-
sensitivity C-reactive protein is an established marker of inflam-
mation and is a target for CVD risk reduction. The 2018 AHA/Ameri-
can College of Cardiology Guideline on the Management of Blood
Cholesterol lists hs-CRP >2 mg/L as an atherosclerotic CVD risk
enhancer [28].

Han et al. [43] also investigated the effect of soybean oil on cel-
lular immune response and the production of inflammatory cyto-
kines. They observed lower levels of tumor necrosis factor-a (TNF-
a) and interleukin-6 after consumption of soybean oil compared to
stick margarine (�58% and �36%, respectively). TNF-a concentra-
tions were nominally lower after the soybean-oil diet compared to
the butter diet (P < 0.1). No differences between the diets were
observed for interleukin-1b or prostaglandin E2. In alignment, a
randomized, crossover controlled-feeding trial showed no differ-
ence in hs-CRP after consumption of a diet enriched with 20 g/d of
SB-mayo compared to a diet with 20 g/d of PO-mayo [37]. Simi-
larly, a 12-wk randomized parallel trial involving women with



Table 5
Clinical studies directly assessing the effects of soybean oil on markers of inflammation

Reference Country Design Participants Duration Intervention Markers Key findings

Baer et al. [36] US Randomized,
crossover, con-
trolled feeding

49 M/F, ages
55.1 § 1.4 y

28 d Soybean oil (17.5% of total
kcal) or 50:50 blend of palm
oil and palm kernel oil
(17.5% of total kcal)

IL-6, CRP, E-
selectin,
fibrinogen

No difference between oils

Karupaiah et al.
[37]

Malaysia Randomized,
crossover, con-
trolled feeding

18 F, 16 M, ages
23.4 § 7.0 y

4 wk 20 g/d soybean-oil mayon-
naise or 20 g/d palm-olein
mayonnaise

hs-CRP No difference between oils

Assuncao et al.
[38]

Brazil Randomized,
parallel

40 F, ages
20�40 y

12 wk Addition of test oil to hypo-
caloric diet + dietary
counseling + exercise: 30 mL
soybean oil or 30 mL coco-
nut oil

hs-CRP No difference between oils

Lichtenstein
et al. [44]

US Randomized,
crossover, con-
trolled feeding

16 F, ages 61.0
§ 7 y; 14 M,
ages 64 § 9.3 y

35 d 30% energy from total fat,
with 2/3 of total fat from the
test oil: soybean oil, partially
hydrogenated soybean oil,
low-SFA soybean oil, high-
oleic soybean oil, or
low a-linolenic soybean oil

hs-CRP No difference among oils

Han et al. [43] US Randomized,
crossover, con-
trolled feeding

11 F, ages 67.5
§1.4 y; 8 M,
ages 60.8 § 1.8
y

32 d 30% energy from total fat, 2/
3 of total fat from the test
oil: soybean oil, butter, or
stick margarine

IL-6, TNF-a,
PGE2, IL-1b

Stick margarine " TNF-a and
IL-6 vs. soybean oil; no dif-
ference between stick mar-
garine and butter or butter
and soybean oil; no differ-
ence among fats for IL-1b or
PGE2

CRP, C-reactive protein; hs-CRP, high-sensitivity CRP; IL-1b, interleukin-1b; IL-6, interleukin-6; PGE2, prostaglandin E2; SFA, saturated fat; TNF-a, tumor necrosis factor-a
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abdominal obesity showed no difference in hs-CRP after intake of
30 mL/d of soybean oil compared to 39 mL/d of coconut oil—but as
noted previously, this study included a weight-loss component
and the test oils were provided directly to study participants [38].
To date, evidence convincingly indicates that soybean oil does not
increase markers of inflammation.

Proinflammatory potential of arachidonic acid

Historically, it was thought that a high dietary n-6:n-3 ratio led
to a proinflammatory state [45]. Inflammation was thought to
result from the proinflammatory potential of arachidonic acid
(AA), a metabolic product of LA. However, there is now widespread
agreement that LA is not adversely associated with CVD [18,46].
Further, authoritative organizations worldwide no longer include
Table 6
Statements about the dietary v-6:v-3 ratio made by health organizations

Year Organization/reference Statements/recomme

1994, 2010 World Health Organization [47] 5:1�10:1
No rationale for a spe
intake is between 2.5

1997 Workshop under the auspices of the
European Academy of Nutritional Scien-
ces [48]

The ratio of total n-3

2004 Agency for Healthcare Research and
Quality [49]

The optimal quantity
optimal ratio exists),

2005 Institute of Medicine [50] No mention of ratio
2007 UK Food Standards Agency Workshop

[51]
The n-6:n-3 fatty-aci

2007 American Dietetic Association (now
Academy of Nutrition and Dietetics) and
Dietitians of Canada [52]

Because of the difficu
mendations in this p

2009 American Heart Association [46] The focus on ratios, r
logical limitations

2010 European Food Safety Authority [53] No recommendation
2013 Australian Dietary Guidelines [54] 4%�10% of energy fro

ALA, a-linolenic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; PUFA, pol
guidance on the dietary n-6:n-3 ratio, but rather emphasize the
importance of consuming adequate amounts of each essential fatty
acid (Table 6) [46�54]. These organizations recognize that both n-
6 (LA) and n-3 PUFAs exert coronary benefits and that any poten-
tial disadvantage associated with the possible inhibitory effect of
LA on the conversion of short-chain to long-chain n-3 PUFAs is out-
weighed by the coronary benefits of n-6 PUFAs [18].

The proinflammatory hypothesis was based primarily on two
assumptions: first, that a high intake of LA increases tissue levels of
AA; and second, that eicosanoids (prostaglandins, thromboxanes,
leukotrienes, and prostacyclin) produced from AA cause inflamma-
tion. Considerable evidence shows that intake of LA only modestly
affects tissue AA levels, because the latter is tightly regulated [55].
In an analysis of 11 clinical trials, Rett and Whelan [56] found that
when LA intake was decreased by as much as 90%, there were no
ndations

cific recommendation regarding the ratio of v-6 tov-3 fatty acids as long as v-6
% and 9% of energy and v-3 intake is between 0.5% and 2% of energy
over n-6 PUFAs (linoleic acid) is not useful for characterizing foods or diets

and type ofv-3 fatty acid, and the optimal ratio ofv-3 tov-6 fatty acid (if such an
remain undefined

d ratio is not a useful concept

lty in applying one ratio across diets varying in ALA, EPA, and DHA, the recom-
aper focus on absolute intakes of n-6 and n-3 fatty acids

ather than on levels of intake of each type of PUFA, has many conceptual and bio-

m linoleic acid (v-6 PUFA) and 0.4%�1% from a-linolenic acid (v‑3 PUFA)

yunsaturated fat
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significant changes in plasma or serum phospholipid AA content.
Similarly, increases in LA intake of as much as 550% were not sig-
nificantly correlated with changes in plasma or serum phospho-
lipid AA content. Studies indicate that less than 1% of dietary LA is
converted to AA [57,58]. In support, Iggman et al. [59] found that
among 853 Swedish men, intake of LA was correlated with buttock
adipose tissue LA content and inversely related to overall mortal-
ity, but was not correlated with buttock adipose tissue AA content.

In contrast, in a randomized controlled trial of 78 healthy
US men and women, lowering the amount of LA consumed and
increasing ALA intake (reducing the n-6:n-3 ratio) led to an
approximate 17% decrease in erythrocyte AA content after 10
wk [60]. Further, eicosapentaenoic acid (EPA) more than dou-
bled and docosahexaenoic acid (DHA) increased by more than
50%. No such changes were observed with the control diet, in
which the dietary n-6:n-3 ratio was 8.5, versus 2.8 for the
experimental diet. In this trial, no differences in lipids or lipo-
proteins were observed between the groups, and no other
physiological outcomes were reported; therefore, the biological
significance of the changes in circulating fatty acids is unclear.
Importantly, in this trial the fatty-acid composition of the
experimental diet was achieved using specially produced eggs,
meats, condiments, and sauces to have lower proportions of n-
6 fatty acids and higher proportions of n-3 fatty acids. Thus,
the practical implications of this research are unclear. Also, the
n-6 PUFA content of the diet (3.7%) was below the level recom-
mended by the AHA and US dietary guidelines (5%�10%),
although it exceeded levels necessary to prevent deficiency.

The biological significance of a change in tissue AA content in
response to higher LA intake remains unclear. Oxylipins are lipid
mediators produced from PUFA metabolism, and may explain the
diverse biological effects of PUFAs [61]. Currently, evidence does
not support a broad categorization of n-3-derived oxylipins as
anti-inflammatory and n-6-derived ones as proinflammatory. In a
case-control study nested within the Singapore Chinese Health
Study, a higher percentage of oxylipins derived from AA was asso-
ciated with lower risk of acute myocardial infarction, despite
higher circulating levels of AA being associated with increased risk
of acute myocardial infarction after multivariate adjustment
(including other fatty acids) [62].

In support of these results, a retrospective nested case-control
study indicated that plasma levels of AA oxylipins differed in par-
ticipants with acute coronary syndrome who had a major adverse
cardiovascular event during a 3-y period versus participants who
did not have a major adverse cardiovascular event and control par-
ticipants without CHD [63]. Of note, participants with acute coro-
nary syndrome with 19-hydroxyeicosatetraenoic acid (an AA
metabolite) concentrations greater than 0.13 ng/mL tended to
have a better prognosis than those with lower concentrations. In
contrast, in a cross-sectional analysis, plasma oxylipins produced
from AA were associated with increased risk of cardiovascular and
cerebrovascular outcomes in people with peripheral artery disease
[64]. All these observational analyses included participants with
CVD, which limits conclusions about whether changes in AA oxyli-
pins precede CVD onset or occur as a result of CVD. Thus, the inter-
action between n-3 and n-6 PUFAs and their lipid-mediator
derivatives in the context of inflammation and CVD is complex and
still not completely understood [65]. More research is needed, par-
ticularly prospective analyses in healthy populations.

On the molecular level, the anti-inflammatory effects of n-6
PUFAs and their derivatives have been shown both in vitro and in
vivo. For example, AA can be metabolized into proresolving lipox-
ins as well as anti-inflammatory cytochrome P-450 derivatives
[66,67]. Most interestingly, this class of protective oxylipins can be
produced directly from LA and has been associated with protection
against renal injury [68]. Furthermore, prostaglandin E2, which is
derived from AA, has been shown to have both proinflammatory
and proresolving properties [69]. Earlier studies proposed that the
n-6 PUFA dihomo-g-linolenic acid and adrenic acid might compete
with AA for proinflammatory oxylipin production [70�74]. Much
more recently, in a murine model of arthritis, adrenic acid was
shown to block neutrophil production of leukotriene B4, suggesting
it could play a role in the resolution of inflammation in vivo [75].

A systematic review published in 2012 of 15 randomized
controlled trials (eight parallel and seven crossover) showed no
effect of dietary LA intake on biologic markers of chronic
inflammation [76]. None of the studies in that review reported
significant findings for a wide variety of inflammatory markers,
including CRP, fibrinogen, plasminogen activator inhibitor type
1, soluble vascular adhesion molecules, or TNF-a. More
recently, Su et al. [77] conducted a meta-analysis of 30 ran-
domized controlled studies involving 1377 participants that
evaluated the effects of LA intake on cytokines, acute phase
reactants, and adhesion molecules; they concluded that
increasing dietary LA intake does not have a significant effect
on circulating concentrations of inflammatory markers. In con-
trast, a meta-analysis by Wei et al. [78] found that a high die-
tary n-6:n-3 ratio (v-3 intake included EPA and DHA, not just
ALA) was associated with increased levels of TNF-a and inter-
leukin-6, but not CRP. However, the clinical significance of
these findings is unclear, since the effects appear to have been
quite small, the results varied among geographical regions, and
the methods used for analysis were difficult to interpret.
LA inhibition of ALA conversion to EPA and DHA

Since LA and ALA compete for the same metabolic enzymes
(elongases and delta-6, delta-5, and delta-4 desaturases), higher
intake of LA may inhibit the conversion of ALA to EPA and DHA
[79,80]. Therefore, LA intake may inhibit the proposed anti-inflam-
matory effects of long-chain n-3 PUFA. However, the bioconversion
of ALA to EPA and DHA is relatively inefficient [81,82]. Estimates
suggest that only 8% to 12% of ALA is converted to EPA, and that
less than 1% of EPA is converted to DHA [83]. DHA status has been
shown to be superior in women compared to men [84], partly
because women are better able to convert ALA to DHA [81,85]. At
present, the significance of any LA-induced reduction in bioconver-
sion of ALA to EPA and DHA remains unclear.

After extensively reviewing the data, Gibson et al. [86] con-
cluded that increasing ALA intake is not an effective strategy for
increasing tissue DHA content and noted that increasing ALA
intake can paradoxically inhibit the conversion of EPA to DHA. An
AHA Science Advisory on n-6 fatty acids and risk for CVD con-
cluded that lowering LA intake in an attempt to lower the dietary
n-6:n-3 ratio would do more harm than good because of the coro-
nary benefits of LA [46]. The most efficient way to increase tissue
levels of EPA and DHA is to directly consume these fatty acids, for
example, via the consumption of cold-water fatty fish (e.g., Atlantic
mackerel, cod, haddock, herring, mahi-mahi, salmon, anchovies,
pollack, trout, whitefish, canned light tuna, and sardines) [87].
However, this is not an option for vegetarians and vegans, who
consistently have lower EPA and DHA tissue levels than non-vege-
tarians [88,89]. For this reason, recommendations have been made
for vegetarians to increase their intake of ALA [89,90]. However, a
more effective alternative may be for vegetarians to take algae-
based long-chain n-3 fatty-acid supplements or consume foods for-
tified with these fatty acids [91].
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Oxidation

Soybean oil and markers of oxidation

Limited empirical research has been conducted to directly
assess the effect of soybean oil on markers of oxidation. A 4-wk
randomized, crossover controlled-feeding trial showed that con-
sumption of a diet enriched with 20 g/d of SB-mayo, compared to a
diet with 20 g/d of PO-mayo, did not affect thiobarbituric acid reac-
tive substances, a measure of lipid peroxidation in response to oxi-
dative stress [37]. Similarly, a recent 4-wk randomized parallel
trial of adults with metabolic syndrome showed no effect of
10 mL/d of soybean oil on lipid peroxidation, measured by malon-
dialdehyde equivalents, compared to 10 mL/d of Brazil-nut oil [92].

Finally, in a randomized, crossover trial of hypercholesterol-
emic women, intake of 20% of total energy as soybean oil for 10 wk
lowered TC and LDL-C by 14% and small-dense LDL-C (sdLDL-C) by
10% compared to the control period [32]. TC, LDL-C, and sdLDL-C
concentrations were significantly lower with soybean oil than with
palm oil; no differences were detected between soybean oil and
rice bran oil or a blend of rice bran oil and palm oil. This study did
show that compared to the control period and the other three test
diets, soybean oil produced a reduction in sdLDL-C oxidation lag
time. This finding aligns with the observed increase in the LA and
ALA content of the sdLDL. However, in the context of the substan-
tial LDL-C and sdLDL-C reduction that occurred, and the in vitro
assay used to assess time to sdLDL-C oxidation, the biological sig-
nificance of this finding is unclear. The concerns about oxidative
stress induced by soybean oil are largely based on its fatty-acid
composition, and thus further research examining the effect of soy-
bean oil on in vivo functional markers of oxidative stress is needed.

PUFA enrichment of LDL-C increases susceptibility to oxidation

PUFAs are particularly susceptible to oxidation because of their
multiple double bonds [93]. Therefore, enrichment of LDL with
PUFAs in response to higher intake may increase the susceptibility
of the LDL particles to oxidation and the production of downstream
products of oxidation including hydroxynonenals (HNEs) and alde-
hydes, and malondialdehyde may also be generated [94]. The
increased susceptibility of PUFA-enriched LDL to oxidation and the
role of oxidative stress in atherogenesis have led to the assertion
that PUFAs promote atherosclerosis, which is supported to some
extent by in vitro and ex vivo experiments.

In an early study of nine healthy normolipidemic adults, con-
sumption of an n-6 PUFA-supplemented (sunflower oil) liquid diet
for 5 wk resulted in LA-enriched LDL that was more susceptible to
ex vivo oxidation than oleic acid�enriched LDL, which was
achieved with a MUFA-enriched lipid diet (high-oleate variant of
sunflower oil) [95]. This led to the first hypothesis that consump-
tion of n-6 PUFAs, and concomitant increases in LDL LA content,
may promote atherogenesis because of foam cell formation in
response to the uptake of oxidized LDL by macrophages in the vas-
cular endothelium. However, there is limited evidence that higher
LA intake increases lipid peroxidation in vivo as measured by F2-
isoprostanes [96] or oxidized LDL-C [14].

PUFA oxidation products generated by cooking

Heating of PUFAs can result in the generation of oxidation prod-
ucts, in particular HNEs. HNEs are more advanced oxidation prod-
ucts than lipid peroxides, and have been associated with outcomes
such as CVD, metabolic syndrome, and cancer [97]. However, the
focus on HNEs is biased toward oxidation products derived from
linoleate. When a broader array of oxidation products is measured,
soybean oil performs favorably [98]. As noted previously, a meta-
analysis of four rigorously conducted randomized controlled trials,
published as part of an AHA Presidential Advisory, showed that
replacement of SFAs with soybean oil (used as cooking oil) signifi-
cantly reduced CHD [18]. Of note, n-3 PUFAs are also subject to oxi-
dation, and they have the same thermal instability as n-6 PUFAs
[93]. Thermal n-3 PUFA oxidation products are not HNEs, but little
investigation into their harms has been conducted, largely because
n-3 PUFAs are associated with protective effects [99]. On balance,
n-6 PUFAs have a net benefit, and increasing LA intake is associated
lower CVD risk [18].

Future directions

In recent years, several different high-oleic oils have been pro-
duced, including high-oleic soybean oil (HOSO), which has a much
different fatty-acid profile from commodity or conventional soy-
bean oil. As the name implies, the predominant fatty acid in HOSO
is oleic acid, which accounts for >70% of total fat content; it is also
lower in saturated fat and both LA and ALA. Studies have shown
that the current versions of HOSO [36], as well as an earlier version
with a slightly different fatty-acid composition [44], have lowered
LDL-C in comparison to oils that are high in saturated fats or trans
fats.

HOSO was developed to contain a fatty-acid profile optimized
for high-temperature and repeated-use conditions characteristic of
commercial frying. Targeted food applications include fried meat,
poultry, and fish dishes, French fries, potato chips, and puffs (pas-
try). After comprehensively reviewing the literature, Huth et al.
[100] concluded that replacing fats and oils high in SFAs or trans
fats with HOSO would favorably affect plasma lipids and reduce
overall CHD risk. HOSO has been shown clinically to reduce LDL-C
in comparison to partially hydrogenated soybean oil [44].

In 2018, the US FDA determined that there is credible evidence
to support a qualified health claim that consuming oleic acid in
edible oils may reduce the risk of CHD [101]. Clinical research has
shown that replacing carbohydrates with MUFAs lowers glycosy-
lated hemoglobin levels and reduces insulin resistance [25].
Although more research is needed, evidence suggests that from
both a health and a functionality perspective, oils high in MUFAs
have an important role to play in many different cuisines.

One concern related to the increased use of HOSO is that as a
result, ALA intake may decrease [102,103]. As was previously
noted, commodity soybean oil accounts for over 40% of US ALA
intake [9]. However, an analysis of National Health and Nutrition
Examination Survey (NHANES) data from 2003 to 2004 and 2011
to 2012 showed no change in circulating LA levels, and a slight
increase in circulating levels and dietary intake of ALA [104]. These
findings indicate that intake of essential fatty acids has thus far
been minimally affected by changes to the food supply, including
increased use of high-oleic oils, to remove partially hydrogenated
vegetable oil. Nevertheless, this issue warrants continued monitor-
ing. In that NHANES analysis, circulating LA levels were associated
with a lower body mass index, waist circumference, systolic blood
pressure, and levels of TGs, glucose, and insulin, as well as reduced
insulin resistance.

Summary and conclusions

Soybean oil is the most widely consumed oil in the world and
the US; however, much confusion among consumers and health
professionals surrounds its health effects. In this review, we sum-
marized evidence on the effect of soybean oil on lipids and
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lipoproteins, inflammation, and oxidative stress. Consistent evi-
dence shows that replacement of sources of SFAs with soybean oil
improves lipids and lipoprotein. Furthermore, evidence from clini-
cal trials shows that soybean oil does not increase in vivo measures
of inflammation or oxidative stress. Thus, collectively, evidence
suggests that soybean oil has favorable effects on CVD risk. In addi-
tion, dietary recommendations support soybean oil consumption
as part of a healthy diet for general health and for CVD prevention
and management. Importantly, in its fully refined state, soybean
oil contains either no or only trace amounts of protein, so it does
not elicit allergic reactions in soy-sensitive individuals [105]. For
this reason, the US Food Allergen Labeling and Consumer Protec-
tion Act exempts soybean oil from its labeling provisions [106].
Soybean oil is also exempt from labeling in Europe [107].
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