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ABSTRACT
Background: Increasing unsaturated fat intake is beneficial for cardiovascular health, but the type of unsaturated fat

to recommend remains equivocal.

Objectives: We investigated the effects of an 8-week diet intervention that was rich in either cottonseed oil (CSO;

PUFA rich) or olive oil (OO; MUFA rich) on blood lipids in hypercholesterolemic adults.

Methods: Forty-three men and women with hypercholesterolemia (53 ± 10 years; BMI, 27.6 ± 4.8 kg/m2) completed

this randomized parallel clinical trial consisting of an 8-week partial outpatient feeding intervention. Participants were

given meals and snacks accounting for ∼60% of their daily energy needs, with 30% of energy needs from either CSO

(n = 21) or OO (n = 22). At pre- and postdiet intervention visits, participants consumed a high-SFA meal (35% of total

energy needs; 70% of energy from fat). The primary outcomes of fasting cholesterol profiles and secondary outcomes

of postprandial blood lipids and glycemic markers were assessed over a 5-hour period.

Results: There were greater reductions from baseline to week 8 in fasting serum total cholesterol (TC; −17.0 ± 3.94

mg/dL compared with −2.18 ± 3.72 mg/dL, respectively; P = 0.008), LDL cholesterol (−19.7 ± 3.94 mg/dL compared

with −5.72 ± 4.23 mg/dL, respectively; P = 0.018), non–HDL cholesterol (−20.8 mg/dL ± 4.00 compared with −6.61 ±
4.01 mg/dL, respectively; P = 0.014), and apoB (−11.8 mg/dL ± 2.37 compared with −3.10 ± 2.99 mg/dL, respectively;

P = 0.05), in CSO compared with OO. There were also visit effects from baseline to week 8 for increases in HDL

cholesterol (CSO, 56.5 ± 2.79 mg/dL to 60.2 ± 3.35 mg/dL, respectively; OO: 59.7 ± 2.63 mg/dL to 64.1 ± 2.24 mg/dL,

respectively; P < 0.001), and decreases in the TC:HDL-cholesterol ratio (CSO, 4.30 ± 0.27 mg/dL to 3.78 ± 0.27 mg/dL,

respectively; OO, 3.94 ± 0.16 mg/dL to 3.57 ± 0.11 mg/dL, respectively; P < 0.001), regardless of group assignment.

In response to the high-SFA meal, there were differences in postprandial plasma glucose (P = 0.003) and triglyceride

(P = 0.004) responses and a trend in nonesterified fatty acids (P = 0.11) between groups, showing protection in the

postprandial state from an occasional high-SFA fat meal with CSO, but not OO, diet enrichment.

Conclusions: CSO, but not OO, diet enrichment caused substantial improvements in fasting and postprandial

blood lipids and postprandial glycemia in hypercholesterolemic adults. This trial was registered at clinicaltrials.gov as

NCT04397055. J Nutr 2022;152:2060–2071.
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Introduction

Cardiovascular disease (CVD) is the primary cause of death,
representing an estimated 17.9 million deaths globally in
2019 (1). A common underlying cause for CVD is the
inflammatory condition of atherosclerosis. As an early process
of atherosclerosis is the infiltration of the arterial wall by
cholesterol, elevated blood lipids (hypercholesterolemia) have

been shown to be an independent and primary risk factor
for the development of CVD (2). In 2015–2018, the National
Health and Nutrition Examination Survey showed that 11.4%
of adults had high total cholesterol (TC) and 17.2% had
low HDL cholesterol (3), demonstrating that unfavorable
blood lipids are a relatively prevalent condition among US
adults.
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Nutrient intake and diet quality have significant impacts on
the development of CVD risks. Dietary fatty acid composition
is one component of the diet that has been shown to modulate
fasting and postprandial blood lipids. It is well accepted
that high SFA intake has unfavorable effects on blood lipid
profiles, including measures of cholesterol, triglycerides (TG),
and related lipoproteins (4). While the strength of this effect
may be dependent on the type and amount of SFA consumed
(5), higher unsaturated fatty acid intake has been shown by
meta-analysis to have favorable impacts on blood lipids (6).
Additionally, increasing evidence suggests that PUFA intake
has a stronger effect on lowering blood lipids compared to
MUFAs (7, 8). This may be due in part to the regulatory roles
that PUFAs elicit on the expression of genes related to the
lipid and cholesterol metabolisms (9, 10). Importantly, we eat
whole foods, rather than individual fatty acids, so studying the
impact of specific PUFA- and MUFA-rich whole-food sources is
necessary.

Cottonseed oil (CSO) is a rich dietary source of PUFAs,
especially the omega-6 (ω-6) PUFA linoleic acid (18:2n–6),
which has been in the food supply and consumed by Americans
for over 100 years. Previous studies have shown that CSO-
rich diets can improve cholesterol profiles in healthy, young
adults (11, 12). In addition to a high PUFA content, CSO
contains a cyclopropyl fatty acid, dihydrosterulic acid (DHSA),
a known inhibitor of the lipogenic enzyme stearoyl-CoA
desaturase-1 (SCD1) (13). The combination of the DHSA-
mediated inhibition of SCD1 and the regulation of lipogenic
and cholesterogenic gene expression by the high PUFA content
of CSO make it a potentially ideal nutritional therapeutic to
target cardiovascular health. To date, the cardiovascular benefits
of CSO enrichment in the diet have only been shown in healthy
adults over a single week. Olive oil (OO) is a rich source of
MUFAs (14) that has gained popularity with consumers as a
primary component of the Mediterranean diet (15, 16) due to a
plethora of substantiated health claims (17). OO is generally
considered heart healthy by consumers (18), but it has been
shown in a meta-analysis to be less effective at lowering blood
lipids compared to other plant oils (8). The purpose of this study
was to examine the impact of a diet enriched with either CSO or
OO for an 8-week period on our primary outcomes of fasting
cholesterol profiles and secondary outcomes of postprandial
blood lipids following a high-SFA meal challenge in adults
with hypercholesterolemia. We hypothesized that all measures
of fasting and postprandial blood lipids would decrease (and
HDL cholesterol would increase) following the CSO treatment
compared to the OO treatment.
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Methods
Study design
This study was a single-blinded, randomized, parallel-design clinical
trial. Subjects were randomly assigned to 1 of 2 groups, either the CSO
group or OO group, with an allocation ratio of 1:1, using balanced
blocks stratified by TC (desirable through “borderline undesirable”
TCs ≥ 180 mg/dL or “undesirable” TCs ≥ 240), LDL cholesterol
(desirable through “borderline undesirable” LDL cholesterol ≥ 110
mg/dL or “undesirable” LDL cholesterol ≥ 160), and BMI (healthy
through overweight BMIs of 18.5–29.9 kg/m2 or obese BMIs ≥30
kg/m2). Participants were blinded to group assignment. Data collection
occurred from May 2018 to June 2021, when the goal of 20 participants
per group was obtained. This study included an 8-week diet intervention
and 4 study visits: a screening visit, prediet intervention visit (V1),
middiet intervention visit (V2), and a postdiet intervention visit (V3;
Supplemental Figure 1). In addition, there were weekly nontesting visits
for the purpose of picking up study food and returning containers
and paperwork from the previous week. The Institutional Review
Board from the University of Georgia approved the study, and written
informed consent was obtained from all participants prior to beginning
study procedures. This trial was registered at clinicaltrials.gov as
NCT04397055 on 30 April 2020.

Participants
Fifty-three sedentary adults between the ages of 30 and 75 years with
hypercholesterolemia or elevated blood lipids and BMIs > 18.5 kg/m2

were recruited for the study. To be included, an individual’s blood lipids
at the screening visit had to be “borderline undesirable” or “at risk”
in 2 blood lipid measures or “undesirable” in 1 measure. “Borderline
undesirable” or “at risk” measures were defined as a TC ≥ 180 mg/dL,
LDL cholesterol ≥ 110 mg/dL, HDL cholesterol < 50 mg/dL, or TG ≥
130 mg/dL, while “undesirable” measures were defined as a TC ≥ 240
mg/dL, LDL cholesterol ≥ 160 mg/dL, HDL cholesterol < 40 mg/dL, or
TG ≥ 200 mg/dL (19–22).

To rule out individuals with familial hypercholesterolemia, partic-
ipants with LDL cholesterol levels greater than the 95th percentile or
HDL cholesterol levels lower than the 20th percentile were excluded.
Other exclusion criteria included women on hormone replacement
therapy for <2 years, regular exercise (>3 h/week), weight gain or loss
>5% of body weight in the past 3 months, plans to begin a weight
loss or exercise regimen during the study, allergies to study foods, a
medically prescribed diet, a history of medical or surgical events that
could affect digestion or swallowing, gastrointestinal surgery conditions
or disorders, chronic or metabolic diseases (including atherosclerosis,
previous myocardial infarction or stroke, cancer, diabetes, moderate
to severe asthma, chronic lung disease, and kidney disease), or fasting
blood glucose levels > 126 mg/dL or blood pressure > 180/120
mmHg. Individuals with medication use affecting their digestion and
absorption or metabolism (e.g., thyroid medications), lipid-lowering
medications, medications for diabetes, steroid or hormone therapies,
or attention-deficit disorder or attention-deficit hyperactivity disorder
were excluded. Finally, individuals with fish oil or calciumfloroboron
supplement use within 3 months of their participation, excessive alcohol
use [>3 drinks/d (42 g ethanol/d) for men; >2 drinks/d (28 g ethanol/d)
for women], or tobacco or nicotine use were also excluded.

Screening visit
Participants reported to the Human Nutrition Lab (HNL) following an
overnight fast of 8–12 hours and abstaining from exercise and alcohol
for at least 24 hours. Anthropometrics were measured, including height,
weight, waist and hip circumference, and blood pressure, and a fasting
blood draw was performed to assess blood lipids and glucose. The
validated Alcohol Use Disorders Identification Test (23) was used to
assess alcohol consumption habits and confirm habitual consumption
of <3 drinks/d in men or 2 drinks/d in women. The resting metabolic
rate (RMR; kilocalories/day) was measured using indirect calorimetry
(TrueOne 2400, Parvo Medics) under standard conditions (24), as
described previously (25, 26). A participant’s RMR was multiplied
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by an average activity factor of 1.65 to estimate daily energy needs
(27). Individuals that qualified for the study were then randomized
into 1 of the 2 diet groups (CSO or OO) by a researcher who was
not involved in data collection or analysis, using a random-number
generator. Participants were contacted and instructed to complete a 2-
day food diary, including 1 weekday and 1 weekend day, that was turned
in at V1 (28).

Prediet intervention visit
The night before V1, participants consumed a lead-in dinner and a
snack (provided by research personnel) that contained 50% or total
energy from carbohydrate, 15% of energy from protein, and 35% of
energy from fat. The same fasting procedures from the screening visit
were repeated for V1. Upon arrival at the HNL at 07:00 hours, height,
weight, hip-waist circumference, blood pressure, and body composition
were measured. Body composition was assessed using the Bod Pod
(Cosmed USA, Inc.). Two questionnaires were administered: 1) the
Perceived Stress Scale (PSS) (29); and 2) the International Physical
Activity Questionnaire (IPAQ) (30). Physical activity was assessed
by calculating total metabolic equivalent task (MET) min/wk from
the IPAQ responses. An intravenous catheter was then placed in the
antecubital vein, and fasting blood samples were collected 5 minutes
later. The line was kept patent with a saline solution.

After fasting measures were taken, a high-fat, liquid meal challenge
rich in SFAs was administered. The nutrient content from this meal was
designed to provide 35% of the participant’s total estimated daily energy
needs (determined from the RMR at screening), as described previously
(25). The meal was made from an original, milk-chocolate, ready-to-
drink shake (Ensure, Abbott Laboratories, Inc.), unsalted butter, red
palm oil, coconut oil, soy lecithin granules, and powdered chocolate
drink mix. Briefly, this meal had 5.0% energy from protein, 25.0%
from carbohydrate, and 69.5% from fat. SFAs, MUFAs, and PUFAs
contributed 46.9%, 15.7%, and 6.9% of energy from fat, respectively.
Participants had 10 minutes to drink the meal. To ensure the entire
meal was consumed, 4 oz of water were used to rinse out the container,
which was then also consumed. Following the meal challenge, blood
was drawn at 30, 60, 90, 120, 150, 180, 240, and 300 minutes (5 hours)
postprandially. Participants were also given 4 oz of water every hour.

Eight-week dietary intervention
The day following V1, participants began the 8-week OO- or CSO-
enriched diet intervention. The OO used was California Olive Ranch
Destination series Everyday Extra Virgin Olive Oil. The CSO was Chef’s
Pride. A fatty acid analysis of a sample of each test oil (Supplemental
Table 1) showed expected differences in the fatty acid compositions
between the 2 oils; however, other components that may differ between
the 2 oils, such as the phenolic content, were not measured, nor was an
analysis of fatty acid compositions done when different batches or lot
numbers were used.

By design, this partial outpatient feeding trial provided participants
with most, but not all, of their required daily energy needs, thus
allowing them to maintain some of their usual diet. Before leaving
the HNL after V1, participants were provided a 1-week supply of
daily meals and snacks that corresponded to their assigned diet group.
Researchers, who were dietetic interns, also counseled participants on
their estimated energy needs, including how much energy (kilocalories)
they had each day to fill with foods of their own choosing to maintain
energy balance. The provided diets were identical between groups,
with the only difference being the type of oil used in the preparation
of the foods (CSO compared with OO). Foods were prepared in the
research kitchen, with all ingredients weighed to the 0.01 g. A 7-day
rotating menu of meals was used, providing 2 meals (breakfast and
a lunch or dinner entrée) and snacks daily. Therefore, participants
typically ate only 1 meal of their own choosing each day. Examples of
meals provided include soups, sautéed vegetable medleys, pasta with
sauce, turkey meatloaf and mashed potatoes, breakfast muffins, and
brownies or cookies as desserts. These meals were selected based on
the successful incorporation of oils into them. Five days per week, a
breakfast shake was provided as 1 of the 2 meals. Participants were

instructed to prepare this liquid meal by mixing provided, individually
portioned, instant meal shake mix with a milk of their choice and
a designated amount of the assigned oil provided. The rest of the
meals were preportioned by weighing ingredients to 0.01 g, and were
then individually packaged in microwave-safe containers by research
personnel and frozen. Participants were instructed on safe reheating
practices of the meals.

For the provided diets, participants were instructed to consume all
of the provided foods and follow their normal dietary patterns for
any meals not provided. Along with being randomly assigned a diet
treatment (CSO or OO), participants were nonrandomly assigned to a
kilocalorie tier. The tier assignment was dependent on the participant’s
estimated energy requirement, determined from their RMR at screening
(Table 1). The provided foods accounted for about 60% of the estimated
energy needs of the participants, and allowed each tier to provide about
30% of the estimated daily energy needs from the assigned oil (CSO or
OO).

Weekly responsibilities
Participants completed a daily Meal Compliance Checklist where they
checked off meals consumed each day. Meal compliance checklists
were submitted to research personnel once per week for analysis.
Participants consuming less than 75% of provided foods were deemed
noncompliant, and were to be removed from the final data analysis. In
addition to compliance records, participants were asked to keep food
diaries once per week, alternating between weekdays and weekend days.
Daily nutrient intakes from the food diaries were assessed using the
Food Processor SQL software (ESHA Research; version 10.12.0).

Weekly visits to the HNL
Participants returned to the HNL once per week to pick up weekly
supplies of meals. During these visits, participants returned meal
compliance checklists and food diaries. Participants were also asked
to fill out the IPAQ questionnaire in 2-week intervals during the
intervention.

Middiet intervention visit
Four weeks after V1, participants reported to the HNL following an 8-
to 12-hour fast and 24 hours without exercise and alcohol for V2. The
same lead-in meal provided at V1 was consumed for dinner the night
before V2. Anthropometrics, PSS, IPAQ, and a fasting blood draw were
repeated as in V1. No SFA-rich meal challenge was performed at V2.

Postdiet intervention visit
Four weeks after v2, participants returned for V3. The same lead-in
procedures from V1 and V2 were repeated. Participants then completed
the exact same study procedures and measurements that took place at
V1, including anthropometrics, questionnaires, the SFA meal challenge,
and blood draws.

Blood lipid analysis
All blood samples were drawn into K2 EDTA-coated vacutainers
(Becton, Dickinson, and Company), and immediately placed on ice.
For the lipid panel at all 3 testing visits (V1–V3), a portion of the
fasting blood sample was drawn into a serum separator clot activator
vacutainer (Greiner Bio-One North America Inc.) and kept at room
temperature for 30 minutes before centrifugation for 15 minutes at
3000 rpm at 4◦C. The serum was transferred into a transport tube and
kept at 4◦C until the advanced blood lipid panel was performed (Quest
Diagnostics). The lipid panel was the primary outcome and included
TC, HDL cholesterol, TG, LDL cholesterol, the LDL particle number
(LDL-P), LDL small, LDL medium, HDL large, and apoB through
spectrophotometry and ion mobility lipoprotein fractionation.

The remainder of the fasting blood sample and all postprandial
samples were centrifuged as described above. The plasma was
aliquoted and stored at −80◦C until further analysis. A sample
analysis of secondary outcomes included TGs, nonesterified fatty acids
(NEFAs), glucose, and insulin. Postprandial responses of plasma TGs,
NEFAs, and glucose were measured by enzyme-based calorimetric
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TABLE 1 Nutrient breakdown of provided intervention foods for each kilocalorie tier1

Cottonseed Oil Olive Oil

Intervention Tiers, kcal <1600 1600–2299 2300–3000 >3000 <1600 1600–2299 2300–3000 >3000

Energy, kcal 1090 1402 1,678 2,107 1090 1402 1678 2107
Energy from protein, % 7.2 6.7 6.5 6.8 7.2 6.7 6.5 6.8

Protein, g 19.1 23.0 26.8 35.2 19.1 23.0 26.8 35.2
Energy from carbohydrates, % 36.9 36.3 36.3 39.0 36.9 36.3 36.3 39.0

Carbohydrates, g 98.0 124.0 148.5 200.6 98.0 124.0 148.5 200.6
Fiber, g 3.2 4.1 5.1 7.9 3.2 4.1 5.1 7.9
Sugar, g 51.3 64.8 76.5 101.5 51.3 64.8 76.5 101.5

Energy from fat, % 55.9 57.0 57.2 54.1 55.9 57.0 57.2 54.1
Total fat, g 65.5 85.9 103.1 122.7 65.5 85.9 103.1 122.7

Saturated fat, g 15.3 20.0 24.0 28.7 12.3 16.0 19.3 23.2
Trans fat, g 0.17 0.22 0.27 0.38 0.17 0.22 0.27 0.38
Monounsaturated fat, g 13.3 17.4 20.8 24.7 44.8 58.8 70.6 83.5
Polyunsaturated fat, g 36.8 48.4 58.1 68.8 8.3 10.9 13.0 15.5

Omega-3 fatty acid, g 0.28 0.36 0.43 0.51 0.60 0.79 0.95 1.13
Omega-6 fatty acid, g 36.6 48.0 57.6 68.3 7.8 10.1 12.1 14.4

Cholesterol, mg 57.5 75.2 89.8 121.0 57.5 75.2 89.8 121.0
Total fat from intervention oil, % 88.2 87.3 87.3 85.6 88.2 87.3 87.3 85.6

Fat from intervention oil, g 57.8 75.0 90.0 105.0 57.8 75.0 90.0 105.0

1Daily nutrients were delivered through the provided study foods within each treatment and energy tier. Participants were assigned to a kilocalorie tier based on their estimated
energy requirements from a resting metabolic rate measurement at the screening visit. Energy tiers are named for the range of total energy requirements of the participants
that were assigned to that tier. Energy (kcal) in the first row is the amount of energy actually provided each day from the diet intervention foods. The only difference between
treatments was from the different treatment oil used (cottonseed oil compared with olive oil).

assays (Wako Chemicals USA, Inc.). Glucose was measured using a
colorimetric glucose oxidase and peroxidase method (glucose oxidase,
G2133; peroxidase, P8250; Sigma Aldrich). Insulin was measured by
radioimmunoassay (MilliporeSigma).

Statistical analyses
The SAS version 9.2 statistical package (SAS Institute Inc.) was used
for all data analyses. All results are reported as means ± SEMs unless
otherwise noted. Statistical significance was set at P < 0.05 for all
measures. A sample size of 38 (19/group) was estimated to detect a
change in TC of 3.72 mg/dL between groups, with a pooled SD of 25.26
mg/dL (Cohen’s D of 0.14) in healthy males using G∗power 3.19.7,
assuming at least 80% power and an α of 0.05 based on the previous
CSO study by Polley et al. (11). Sample-size calculations were run in the
same manner to detect at least a 10% change between groups based on
results for LDL cholesterol, TG, and the postprandial TG AUC from
Polley et al. (11), resulting in estimated sample sizes of 30, 36, and
32, respectively (Cohen’s Ds of 0.17, 0.15, and 0.16, respectively). To
ensure appropriate power was reached, we used the TC sample-size
estimation for this trial since it was the most conservative estimate.
The decision to utilize per-protocol analyses was made a priori. An
unpaired t-test was used to compare differences in compliance and
changes from baseline, fasting biochemical markers between groups. A
2-factor [treatment × visit (time)] repeated-measures ANOVAs using
PROC MIXED was used to determine between- and within-group
differences for fasting biochemical data, anthropometrics, perceived
stress, total MET minutes, and self-reported intake. An intervention
average was calculated for the total MET minutes and self-reported
intake. Intervention averages were compared to baseline averages. For
all time-course (meal challenge) data, a 3-factor (treatment × visit
× time point) repeated-measures ANOVA using PROC MIXD was
used to determine differences between and within groups. Subjects
were modeled as random effects, while treatment, visit, and time
point were fixed effects, in both ANOVA models, with no covariates.
Additionally, the AUC was calculated for all postprandial measures
and analyzed using the same 2-factor repeated-measures ANOVA
as described for fasting biochemical data. When significance was
found, post hoc analyses were done using Tukey’s test. Continuous
variables were examined for normality using the Shapiro-Wilk test,

and an appropriate transformation was applied to nonnormal data
before analysis. No such transformations were required in the current
analysis.

Results
Participants

Fifty-three participants were randomly assigned to the interven-
tion (CSO, n = 26; OO, n = 27); however, 10 participants did
not start or complete the intervention and were not included
in the final analysis (Figure 1). Therefore, 43 participants
completed the intervention (12 women and 9 men in the CSO
group; 15 women and 7 men in the OO group) and were
included in this per-protocol analysis of primary and secondary
outcomes. One of the 42 participants did not complete the meal
challenge; thus, only their fasting data are included. Participant
characteristics at baseline are presented in Table 2. For body
weight and BMI, there was a significant main effect of visit (both
P values < 0.001), but not of treatment (P = 0.98 and P = 0.77,
respectively), and there was no treatment × visit interaction (P
= 0.99 and P = 0.98, respectively). Post hoc analyses revealed
that this visit effect was driven by increases in body weight
and BMI from pre- to midintervention (P = 0.03 and P =
0.04, respectively) and postintervention (P < 0.001 and P <

0.001, respectively), regardless of group assignment. There were
no other main or interaction effects in any other measure of
anthropometrics, perceived stress, or reported physical activity.

On average, participants in the CSO and OO groups
reported consuming 91% ± 2% and 92% ± 1% of provided
foods, respectively, and compliance was not different between
groups. No participant reported poor compliance (defined as
<75% of study products consumed throughout intervention).
A baseline value for self-reported intake was calculated as an
average of the 2 food records collected before the start of
the intervention. An intervention average was calculated as an
average of all food diaries collected during the intervention.
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FIGURE 1 CONSORT flow diagram selection of participants.

There were no significant differences between groups at baseline
for any of the analyzed nutrients (Table 3). There were
significant visit effects for the percentages of energy from
protein (P < 0.001), carbohydrate (P < 0.001), fat (P < 0.001),
and alcohol (P = 0.007), as well as grams of grams of fat (P <

0.001), alcohol (P = 0.24), and fiber (P < 0.001), with decreases
in all measures except fat across both groups.

For fatty acid composition, there was a treatment × visit
interaction (P < 0.001) for an increase in MUFA intake in the
OO group compared to the CSO group. Conversely, there was
a treatment × visit interaction (P < 0.001) for increases in
total PUFA and ω-6 in the CSO group compared with the OO
group. Finally, there was a main effect of treatment (P = 0.013)
for ω-3 fatty acids, showing greater intake in OO compared
with CSO regardless of the visit, and a main effect of visit (P
< 0.001), showing a decrease in ω-3 intake from baseline to
intervention, regardless of the group. There were no significant
main or interaction effects for self-reported intakes of protein,
carbohydrate, saturated fat, trans fat, or sugar.

Fasting biochemical markers

Fasting blood lipids are presented in Figures 2 and 3. There were
no differences between groups for any outcome at baseline. For

the intervention, there was no effect of treatment (P = 0.42), but
there was a significant effect of visit (P = 0.002) and a treatment
× visit interaction (P = 0.027) for TC. The interaction effect
was driven by a decrease in TC from pre- to postintervention
in the CSO group (P < 0.001), with no change in the OO
group (P = 0.97). Similarly, for LDL cholesterol, there was no
treatment effect (P = 0.31), but there was a visit effect (P <

0.001) and a treatment × visit interaction (P = 0.04) that was
driven by reductions in CSO from baseline to midintervention
(P = 0.009) and postintervention (P < 0.001), with no change in
OO. Likewise, for non–HDL cholesterol, there was no treatment
effect (P = 0.76), but there was a visit effect (P < 0.001) and
a treatment × visit interaction (P = 0.04). The interaction was
driven by reductions in CSO at both the midintervention (P =
0.04) and postintervention (P < 0.001) visits, with no change
in OO.

For apoB, there was no effect of treatment (P = 0.52),
but there was a main effect of visit (P < 0.001), which was
for reductions at both the midintervention (P = 0.04) and
postintervention (P < 0.001) visits. There was also a trend for a
treatment × visit interaction (P = 0.09), driven by a reduction in
CSO from pre- to postintervention (P < 0.001), with no change
in OO. There were visit effects for HDL cholesterol (P < 0.001),
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TABLE 2 Characteristics of adults with hypercholesterolemia at pre-, mid-, and postintervention visits in cottonseed oil or olive oil
intervention groups1

Cottonseed Oil, n = 21 Olive Oil, n = 22

Characteristic Week 0 Week 4 Week 8 Week 0 Week 4 Week 8

Female, % 57 — — 68 — —
Age, y 53 ± 2 — — 54 ± 2 — —
Height, cm 169.1 ± 2.2 168.9 ± 2.2 169.0 ± 2.2 168.3 ± 1.8 168.3 ± 1.8 168.3 ± 1.9
Weight,2 kg 78.6 ± 3.6 79.1 ± 3.5 79.6 ± 3.5 78.7 ± 3.5 79.2 ± 3.6 79.7 ± 3.6
BMI,2 kg/m2 27.3 ± 0.9 27.5 ± 0.9 27.7 ± 0.9 27.7 ± 1.2 27.9 ± 1.2 28.1 ± 1.2
Waist circumference, cm 91.1 ± 3.1 93.6 ± 3.0 92.3 ± 3.2 90.9 ± 3.0 91.1 ± 3.1 91.3 ± 3.2
Hip circumference, cm 107.7 ± 1.4 108.3 ± 1.3 107.9 ± 1.4 109.9 ± 2.3 109.8 ± 2.3 110.4 ± 2.3
Waist-to-hip ratio 0.85 ± 0.02 0.86 ± 0.02 0.85 ± 0.02 0.83 ± 0.02 0.83 ± 0.02 0.83 ± 0.02
Systolic blood pressure, mmHg 122 ± 3 125 ± 2 124 ± 3 127 ± 3 122 ± 3 122 ± 3
Diastolic blood pressure, mmHg 77 ± 2 80 ± 2 79 ± 2 80 ± 2 79 ± 3 78 ± 2
Body fat, % 31.0 ± 2.1 — 32.1 ± 1.9 33.6 ± 2.6 — 34.0 ± 2.6
Total MET, min/wk 1759 ± 293 1420 ± 275 2129 ± 570 1129 ± 214 1363 ± 405 1563 ± 349
Perceived Stress Scale 11 ± 1 11 ± 1 12 ± 2 10 ± 1 9 ± 1 11 ± 1

1All values are means ± SEMs. Anthropometrics were analyzed with a 2-way (treatment × visit) repeated-measures ANOVA. Week 0 is the
preintervention visit, week 4 is the midintervention visit, and week 8 is the postintervention visit. MET, metabolic equivalent task.
2Indicates a significant effect of the visit at a P value < 0.001.

the TC:HDL-cholesterol ratio (P < 0.001), and LDL medium (P
= 0.04), but not for treatment effects (P = 0.33, P = 0.46, and
P = 0.21, respectively) or interactions (P = 0.92, P = 0.38, and
P = 0.04, respectively). The visit effects were for increases for
HDL cholesterol (midintervention, P < 0.001; postintervention,
P < 0.001) and decreases in the TC:HDL-cholesterol ratio
(midintervention, P < 0.001; postintervention, P < 0.001) and
LDL medium (postintervention, P = 0.049), regardless of the
intervention group. Finally, there were no significant main or
interaction effects in fasting TG, NEFA, LDL-P, LDL small, LDL
medium, HDL large, insulin, or glucose.

Change in fasting biochemical markers between
groups

The changes from pre- to postintervention for fasting biochem-
ical markers are presented in Table 4 as both absolute changes
and percent changes. For the absolute changes, the decreases

in TC (P = 0.008), LDL cholesterol (P = 0.018), non–HDL
cholesterol (P = 0.014), and apoB (P = 0.05) were greater
in the CSO group compared to the OO group from pre- to
postintervention. There were no differences between groups
for the changes in HDL cholesterol, TG, NEFA, the TC:HDL-
cholesterol ratio, LDL small, LDL medium, HDL large, LDL-
P, fasting insulin, or glucose. To examine the magnitude, we
also calculated the mean difference in changes between groups.
This is also presented in Table 4 with 95% CIs, and mirrors the
significance mentioned above.

Postprandial biochemical markers

The meal responses for TG, NEFA, insulin, and glucose are
presented in Figure 4. For postprandial TGs, there was no effect
of treatment (P = 0.45) but there were significant effects of
visit (P = 0.02), time point (P < 0.001), and a treatment ×
visit interaction (P = 0.004). The interaction was driven by

TABLE 3 Self-reported daily nutrient intake for diets enriched with cottonseed oil or olive oil in adults with hypercholesterolemia1

Cottonseed Oil, n = 21 Olive Oil, n = 22 P Values

Nutrient Baseline Intervention Baseline Intervention Treatment Visit Treatment × Visit

Energy, kcal 2075 ± 187 2450 ± 110 2539 ± 191 2731 ± 283 0.11 0.09 0.56
Energy from protein, % 15.6 ± 1.01 10.8 ± 0.27 14.6 ± 0.73 10.9 ± 0.36 0.51 <0.001 0.33

Protein, g 74.7 ± 4.99 65.7 ± 5.19 86.2 ± 5.86 78.3 ± 13.8 0.20 0.25 0.94
Energy from carbohydrate, % 46.0 ± 2.16 39.2 ± 0.76 45.7 ± 2.08 38.9 ± 0.97 0.88 <0.001 0.99

Carbohydrate, g 239 ± 29.7 234 ± 11.6 283 ± 27.2 240 ± 12.5 0.29 0.21 0.30
Fiber, g 19.8 ± 2.11 14.7 ± 1.12 22.0 ± 2.18 13.1 ± 0.65 0.87 <0.001 0.20
Sugar, g 93.0 ± 14.9 105 ± 5.46 106 ± 14.3 109 ± 8.10 0.49 0.40 0.56

Energy from fat, % 35.5 ± 1.85 49.0 ± 0.79 37.2 ± 1.52 48.0 ± 0.82 0.82 <0.001 0.15
Fat, g 77.9 ± 7.36 128 ± 4.11 103 ± 8.96 146 ± 21.5 0.12 <0.001 0.77

Saturated fat, g 26.3 ± 2.32 33.9 ± 1.30 33.9 ± 3.74 35.9 ± 6.18 0.25 0.17 0.42
Trans fat, g 0.9 ± 0.1 0.6 ± 0.1 0.6 ± 0.1 0.7 ± 0.2 0.67 0.32 0.21
Monounsaturated fat, g 32.7 ± 3.90 31.4 ± 1.772 41.4 ± 4.45 86.3 ± 11.83 <0.001 0.001 <0.001
Polyunsaturated fat, g 18.0 ± 2.27 61.9 ± 1.722,3 26.7 ± 2.16 23.3 ± 3.48 <0.001 <0.001 <0.001

Omega-3 fatty acid, g 1.9 ± 0.3 1.0 ± 0.1 3.0 ± 0.5 1.6 ± 0.2 0.01 <0.001 0.39
Omega-6 fatty acid, g 16.1 ± 2.08 60.9 ± 1.682,3 23.7 ± 1.82 21.7 ± 3.29 <0.001 <0.001 <0.001

Energy from alcohol, % 2.8 ± 1.0 1.0 ± 0.4 2.5 ± 0.9 2.1 ± 0.7 0.69 0.007 0.06
Alcohol, g 9.1 ± 3.5 4.4 ± 2.0 10 ± 4.1 9.4 ± 3.1 0.48 0.02 0.12

1All values are means ± SEMs (n = 43). Baseline values represent averages of the 2 food diaries before the intervention. Intervention values
represent an average of all food diaries kept during the 8-week intervention. Main and interaction effects were analyzed using a 2-way (treatment x
time) repeated-measures ANOVA. CSO, cottonseed oil; OO, olive oil.
2Significant difference between CSO compared with OO during the intervention at a P value < 0.05.
3Significant difference between intervention compared with baseline within a group at a P value < 0.05.
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FIGURE 2 Serum fasting (A) TC, (B) LDL cholesterol, (C) apoB, (D) non–HDL cholesterol, (E) TC:HDL-cholesterol ratio, and (F) HDL cholesterol
from pre-, mid-, and postdiet intervention visits in adults with hypercholesterolemia (CSO, n = 21; OO, n = 22). Data were analyzed using a
2-way (treatment × visit) repeated-measures ANOVA. ∗Significant treatment × visit interaction (P < 0.001) and a difference from baseline at a P
value < 0.05. °A trend for a treatment × visit interaction (P = 0.09) and a difference from baseline at a P value < 0.01. #Significant visit effect and
a difference from baseline, regardless of group assignment, at a P value < 0.05. All values are presented as means ± SEMs. Preintervention
visits were at week 0, midintervention visits at week 4, and postintervention visits at week 8. CSO, cottonseed oil; Mid, midintervention; OO,
olive oil; Pre, preintervention; Post, postintervention; TC, total cholesterol.

higher postprandial TGs at the postintervention visit compared
with baseline in OO (P = 0.002; Figure 4A, B), with no
difference in CSO. This effect, however, was not observed
when examining AUC data (CSO preintervention, 213 ± 27.3
mg/dL·5h and postintervention, 213 ± 24.9 mg/dL·5h; OO
preintervention, 179 ± 15.9 mg/dL·5h and postintervention,
194 ± 14.6 mg/dL·5h; P = 0.22). For NEFAs (Figure 4C,

D), there was no treatment effect (P = 0.98), but there were
significant effects of time point (P < 0.001) and visit (P =
0.003) and a trend for the treatment × visit interaction (P
= 0.11). The interaction trend was driven by a reduction
in postprandial NEFA from pre- to postintervention in CSO
(P = 0.008), and no change in OO (P = 0.68). For the
AUC, there was a visit effect (P = 0.05) for NEFA (CSO

FIGURE 3 Fasting biochemical markers of (A) plasma triglycerides, (B) plasma NEFAs, (C) serum LDL-P, (D) serum LDL medium, (E) plasma
insulin, (F) plasma glucose, (G) serum HDL large, and (H) serum LDL small, from pre-, mid-, and postdiet intervention visits in adults with
hypercholesterolemia (CSO, n = 21; OO, n = 22). Data were analyzed using a 2-way (treatment × visit) repeated-measures ANOVA. #Significant
visit effect and a difference from baseline, regardless of group assignment, at a P value < 0.05. All values are presented as means ± SEMs.
Preintervention visits were at week 0, midintervention visits at week 4, and postintervention visits at week 8. LDL-P, LDL particle number; Mid,
midintervention; NEFA, nonesterified fatty acid; Pre, preintervention; Post, postintervention.
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TABLE 4 Change from pre-to postdiet intervention in fasting biochemical markers of adults with hypercholesterolemia in cottonseed
oil or olive oil groups1

Mean Change

CSO OO Percent Change

Measure Baseline Change2 Baseline Change 2 CSO vs OO difference CSO OO

Total cholesterol,3 mg/dL 230 ± 6.57 − 17.0 ± 3.94 228 ± 5.81 − 2.18 ± 3.72 − 14.8 (−25.2 to −4.43) − 7.38 ± 1.77 − 0.96 ± 1.77
LDL cholesterol,3 mg/dL 162 ± 5.41 − 19.7 ± 3.94 162 ± 4.90 − 5.72 ± 4.23 − 13.9 (−25.0 to −2.88) − 12.16 ± 2.52 − 3.54 ± 2.72
HDL cholesterol, mg/dL 56.5 ± 2.79 3.76 ± 1.71 59.7 ± 2.63 4.43 ± 1.28 − 0.67 (−4.75 to 3.41) 6.66 ± 3.42 7.43 ± 2.62
Triglyceride, mg/dL 169 ± 22.9 − 6.01 ± 9.74 131 ± 10.8 2.87 ± 9.86 − 8.87 (−35.4 to 17.6) − 3.55 ± 6.70 2.19 ± 7.84
NEFA, mEq/L 0.43 ± 0.04 − 0.04 ± 0.04 0.39 ± 0.04 0.02 ± 0.03 − 0.07 (−0.16 to 0.03) − 4.67 ± 8.44 6.07 ± 8.33
TC:HDL-cholesterol ratio 4.30 ± 0.27 − 0.51 ± 0.10 3.94 ± 0.16 − 0.36 ± 0.13 − 0.15 (−0.46 to 0.16) − 11.9 ± 2.88 − 9.10 ± 3.04
Non–HDL cholesterol,3 mg/dL 175 ± 7.81 − 20.8 ± 4.00 169 ± 4.95 − 6.61 ± 4.01 − 14.1 (−3.30 to −25.0) − 11.9 ± 2.45 − 3.93 ± 2.54
LDL-P, nmol/L 1380 ± 57.4 − 26.9 ± 50.0 1460 ± 67.3 − 77.3 ± 68.6 50.3 (−112 to 212) − 1.95 ± 3.79 − 5.31 ± 4.64
LDL small, nmol/L 215 ± 24.0 3.43 ± 11.2 216 ± 18.2 − 18.3 ± 15.6 21.71 (−15.1 to 58.5) 1.60 ± 6.19 − 8.48 ± 7.01
LDL medium, nmol/L 296 ± 24.8 − 23.1 ± 15.9 341 ± 24.5 − 39.3 ± 19.5 16.2 (−31.9 to 64.3) − 7.83 ± 5.33 − 11.5 ± 5.49
HDL large, nmol/L 5410 ± 377 443 ± 295 5740 ± 293 − 7.23 ± 316 450 (−377 to 1280) 8.18 ± 5.86 − 0.13 ± 5.61
ApoB,3 mg/dL 112 ± 4.48 − 11.7 ± 2.37 111 ± 3.86 − 3.1 ± 2.99 − 8.65 (−15.4 to −1.35) − 10.5 ± 2.24 − 2.79 ± 2.82
Insulin, μU/mL 12.4 ± 2.45 − 1.26 ± 1.47 15.2 ± 4.19 1.05 ± 0.64 − 2.31 (−5.37 to 0.75) − 10.1 ± 11.0 6.94 ± 10.0
Glucose, mg/dL 97.3 ± 2.22 − 2.23 ± 2.02 99.1 ± 2.46 1.33 ± 3.48 − 3.56 (−11.3 to 4.14) − 2.29 ± 2.10 1.34 ± 3.53

1Changes from baseline values (mean change, percent change) indicate changes from the pre- to postintervention visit (baseline to week 8). Those values are presented as
means ± SEMs. The difference in change values from pre- to postintervention visits for CSO (n = 21) compared with OO (n = 22) are presented as mean differences with 95%
CIs. All markers are measured in serum, except triglycerides, NEFAs, insulin, and glucose, which were measured in plasma. CSO, cottonseed oil; LDL-P, LDL particle number;
NEFA, nonesterified fatty acid; OO, olive oil; TC, total cholesterol.
2Change values were compared using unpaired t-tests between groups.
3Significant difference between groups (P < 0.05).

preintervention, 0.45 ± 0.03 mg/dL·5h and postintervention,
0.41 ± 0.03 mg/dL·5h; OO preintervention, 0.44 ± 0.03 and
postintervention, 0.42 ± 0.04 mEq/L·5h) showing a decrease
from the pre- to postintervention visits, regardless of treatment.
There were no main or interaction effects for insulin (Figure 4E,
F). Finally, there were also no main effects of treatment or visit
for glucose (P = 0.35 and P = 0.76, respectively); however,
there was a treatment × visit interaction (P = 0.003; Figure 4G,
H) driven by a trend for an increase in OO from the pre-
to postintervention visits (P = 0.09), and a nonsignificant
decrease in CSO from pre- to postintervention (P = 0.20).
There was also a significant treatment × visit interaction for the
glucose AUC (CSO preintervention, 99.7 ± 2.50 mg/dL·5h and
postintervention, 97.5 ± 2.68 mg/dL·5h; OO preintervention,
99.7 ± 2.52 mg/dL·5h and postintervention, 103 ± 2.67
mg/dL·5h; P = 0.028), again showing an increase in OO
compared to CSO after the intervention.

Discussion
For the first time, we have shown that consumption of a
diet enriched with CSO (high in PUFA) for 8 weeks resulted
in significant improvements in fasting TC, LDL cholesterol,
HDL cholesterol, the TC:HDL-cholesterol ratio, non–HDL
cholesterol, and apoB in adults with hypercholesterolemia.
CSO diet enrichment also suppressed postprandial NEFA and
glucose following the intervention. The only changes in the
OO diet (high in MUFA) were improvements in fasting HDL
cholesterol and the TC:HDL-cholesterol ratio and a worsening
of the postprandial TG and glucose response to a SFA-rich
meal. Together, this broadly provides additional evidence on the
comparative effects of dietary oils rich in PUFA compared with
MUFA for blood lipid control, and specific evidence that CSO
has a greater effect than OO for blood lipid improvements in
an at-risk population.

The suppression of fasting TC and LDL cholesterol in
the CSO group amounted to 7.4% and 12.2% reductions,
respectively. These findings are clinically meaningful because
every 1.0% reduction in LDL cholesterol has been estimated
to reduce the risk of coronary artery disease (CAD) by 1.2%
to 2.0% (31, 32) resulting in an estimated 14.6% to 21.4%
reduction in the CAD risk in the CSO group.

Additionally, of the CSO participants in our study, the
reductions in TC and LDL cholesterol led to a reduction
in at least 1 diagnostic category (e.g., “high” to “borderline
high”) in 57% of participants. The CSO diet also lowered LDL
cholesterol in a similar magnitude to bile acid sequesterants,
fibrates, and nicotinic acid. While not as effective as statins,
our magnitude of change in LDL cholesterol is similar to that
of an extremely low dose of pravastatin, without the adverse
side effects commonly reported with these pharmacologic, lipid-
lowering therapies, especially statins (33, 34). Finally, apoB is
a major structural protein found on atherogenic lipoproteins
(35), and is gaining recognition as a potentially more useful
marker for predicting the CVD risk than LDL cholesterol (36).
By conclusion of a meta-analysis, reductions of 10 mg/dL in
apoB reduced the risk of coronary heart disease (CHD) and the
overall CVD risk by 9% and 6%, respectively (37). Based on
this, the magnitude of reduction in apoB in our CSO group
would correspond to 10% and 7% reductions in the CHD
and CVD risks, respectively. Therefore, the reductions in TC,
LDL cholesterol, and apoB demonstrate the clinical significance
of CSO’s superior lipid-lowering effect, and the subsequent
lowering of the chronic disease risk, compared to OO. These
effects were observed despite reductions during the intervention
in intakes of other nutrients known to improve lipid profiles,
such as fiber and slight weight gain, which would be expected
to have detrimental effects on blood lipid profiles.

It is well established that the replacement of SFA with
unsaturated fats reduces blood lipids and the risk of CVD
(6, 38–41). This was well demonstrated in the Dietary
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FIGURE 4 Time course for (A, B) plasma TGs, (C, D) NEFAs, (E, F) insulin, and (G, H) glucose for each treatment at pre- and postintervention
visits in adults with hypercholesterolemia (CSO, n = 21; OO, n = 21). Participants consumed a high–saturated fat breakfast meal immediately
after time 0. ∗Significant treatment × visit interaction and a difference between the pre- and postintervention meal responses within a group
(P < 0.05). °Trend for treatment × visit interaction and a difference between the pre- and postintervention meal responses within a group (P
= 0.10). All values are presented as means ± SEMs. Preintervention visits were at week 0 and postintervention visits were at week 8. CSO,
cottonseed oil; NEFA, nonesterified fatty acid; OO, olive oil; Post, postintervention; Pre, preintervention; TG, triglyceride.
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Intervention and Vascular function study, which observed
similar improvements in fasting blood lipids when replacing
SFAs for unsaturated fats, but no differences between MUFAs
and PUFAs, for these outcomes (41). The direct comparison
on the effects of MUFAs compared with PUFAs, rather than
comparing MUFAs or PUFAs to SFA controls, on blood lipids
and the CVD risk is less well understood. This is especially true
for CSO compared with OO. High MUFA sources, including
OO, often lack the robust lipid-lowering effects regularly
observed by high PUFA sources (8, 42, 43). Conversely, trials
have shown stronger lipid-lowering effects from high PUFA
intake, although they usually have little to no effect on HDL
cholesterol (44). While data comparing MUFA and PUFA diets
have not been directly analyzed in a meta-analysis, individual
trials exist comparing the 2 unsaturated fats. PUFA-rich oils,
including corn, soybean, and sunflower oils, have been shown to
reduce TC, LDL cholesterol, non–HLD cholesterol, and VLDL
cholesterol to a greater degree than MUFA-rich oils, such as OO,
rice bran oil, and modified high oleic oils (45–49). From this
small body of literature, it appears that consumption of PUFA-
rich oils tends to generate greater reductions in blood lipids than
consumption of MUFAs.

Not only do PUFAs seem to be superior to MUFAs for
their lipid-lowering effects, but CSO appears to have benefits
beyond other high-PUFA food sources. In animal models, there
are larger improvements in the lipid metabolism following CSO
consumption, all compared to high-PUFA treatments, including
corn, soybean, and safflower oils (13, 50–55). Additionally,
CSO improves glucose tolerance and hepatic lipid accumulation
compared to safflower oil in mice (13). This evidence is
limited, as there are no human studies comparing CSO to
other high-PUFA foods or diets; however, 2 previous studies
in humans, both 1 week in duration in healthy, young adults,
showed similar lipid-lowering effects to what we have observed
presently with CSO consumption (11, 12). These combined data
from multiple studies show that CSO, rich in ω-6 PUFAs, has a
consistent effect of improving blood lipids and appears to be
more effective than other high-PUFA food sources. However, as
mentioned above, since these data originate in animal models,
clinical trials are needed.

Certain properties of CSO may explain its superior effects
on the lipid metabolism. CSO is a unique oil, in that it is high in
PUFAs, as well as SFAs (23% SFAs, 20% MUFAs, and 57%
PUFAs; see Supplemental Table 1). The high SFA content of
CSO makes its lipid-lowering properties somewhat surprising
(52). There are multiple potential mechanisms to explain the
lowering of blood lipids by CSO. The first is transcriptional
regulation of the lipid and cholesterol metabolisms by the high
PUFA content of the oil (9, 10). The second was presented
when Paton et al. (13) confirmed the presence of trace amounts
of DHSA in CSO and confirmed that CSO had a more
pronounced effect on the lipid metabolism than a safflower
oil–enriched diet (high ω-6 oil devoid of DHSA). DHSA is of
note because it is a cyclopropyl intermediate in the synthesis
of sterulic acid, which is a known inhibitor of the hepatic
lipogenic enzyme, SCD1, potentially mitigating hepatic lipid
accumulation in response to excessive dietary fat (13), which
could support improvements in the cholesterol metabolism.
More specifically, SCD1 catalyzes the desaturation of a range
of SFAs to endogenously synthesize MUFAs, promoting the
storage of lipid rather than the oxidation of it (56). Paton et
al. (13) was able to prove this mechanism in a mouse model
with the use of desaturation indices, liver lipid quantification,

and expression of SCD1 mRNA. Polley et al. (11) confirmed
the possibility of this mechanism in humans using a similar
desaturation index, while also having observed a cholesterol-
lowering effect following CSO consumption. It is also plausible
that the 2-pronged mechanism (SCD1 inhibition by trace
DHSA and blood lipid metabolism regulation by PUFAs) is
necessary to produce the same observed changes in blood lipids
observed in the present trial. This mechanism remains to be
confirmed in humans. The effects of CSO may also be a result
of other components of its nonsaponifiable portion, including
tocopherols and beta-sitosterol (12, 57), as both may modify
blood lipid control by modifying expression of regulatory
proteins in the metabolism of cholesterol. Lastly, it is important
to recognize that CSO as a whole may be required to exert the
observed changes in the blood lipid metabolism rather than a
singled-out nutrient.

Since adults spend most waking hours in the postprandial
state, it is now recognized as a critical period in which disease
development can be exacerbated (58, 59). In the current trial,
we utilized a high-fat, SFA-rich meal challenge at pre- and
postintervention visits, rather than a high-fat meal rich in
the oil of the assigned intervention group (CSO or OO).
This unique study design allowed us to determine the chronic
effects of daily CSO or OO consumption, and their potential
protective effects against an occasional meal high in SFAs.
Only the CSO group experienced postprandial improvements
in NEFAs and glucose following the intervention. Insulin
signaling regulates both NEFAs and glucose by the delayed
activation of lipoprotein lipase and the immediate translocation
of glucose transporter type 4 (GLUT4), respectively (60, 61).
The improvements of NEFAs and glucose in CSO suggest
protection from lipotoxicity of the high-SFA meal challenge and
improved insulin sensitivity, further improving the participants’
abilities to handle an occasional high-SFA meal. While we did
not expect outcomes to improve with OO, we were somewhat
surprised with the worsening of postprandial TG and glucose
following OO treatment. A small weight gain of 1 kg was
observed in the trial, regardless of group. Theoretically, this
could lead to slight detriments in terms of lipid control; however,
the differences between groups for the postprandial outcomes
suggest that CSO offered protection from changes that could be
due to weight gain, while OO did not. This appears to contradict
other studies where OO is used as part of Mediterranean diet
studies (62, 63), so more work on the isolated effects of OO
consumption is warranted.

This study is not without limitations. We chose a relatively
high dose of each oil to match the doses used in previous
short-term CSO studies. While high-fat diets, such as the
ketogenic diet, are quite popular, the dose used here affects
the generalizability to individuals following a lower-fat diet.
Another limitation was the decision to compare PUFAs with
MUFAs rather than with a true control group that had no
intervention. This design allowed us to first detect within-group
differences of the intervention diets, and then to compare the
magnitude of change directly between the diets. Since OO is
a popular “healthy oil” choice among consumers (15, 16) and
CSO is less familiar, this design sheds light on the physiologic
responses to diets enriched in each oil. The lack of change in
most outcomes for the OO group, and the lack of change in
known dietary components as seen in the self-reported intake
analyses, strengthens our findings that it was CSO, and not
some other confounding variable of participating in a dietary
intervention study, that improved outcomes. However, only the
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fatty acid composition of each oil was measured in this trial,
so other compounds that can vary in oils, such as the phenolic
content, potentially limit our ability to determine what is driving
our observed effects on blood lipids. Another limitation may be
that we only controlled dinner the night before each testing visit
rather than using a multiday, lead-in diet. This was intentional
to isolate the effects of the intervention and to have baseline
measures closely reflect the participants’’ usual intakes rather
than manipulated baseline levels. Additionally, we only used a
2-day baseline food diary rather than a longer diary in order
to reduce the participant burden, but we acknowledge this is
a relatively short period of time and may have caused our
intake analysis to be less sensitive than a longer food record.
This trial was also single blinded rather than double blinded,
limiting the strength of the design. Finally, the measurements
of dietary intake, physical activity, stress, and compliance
were all self-reported, which contains some degree of under-
or overreporting, and we did not have direct measures or
biomarkers to assess compliance.

In conclusion, we have shown that a CSO-enriched diet
reduced fasting blood lipids, including TC, LDL cholesterol,
apoB, postprandial NEFAs, and glucose, and improved HDL
cholesterol in adults with hypercholesterolemia. The results of
this study are clinically meaningful, because the magnitude of
reduction in LDL cholesterol by CSO (12.2%) could correspond
to a 14.6% to 21.4% reduction in the CAD risk. Additionally,
the reductions in postprandial NEFAs and the glucose response
provide further protection in the fed state. This study shows that
these sources of MUFAs and PUFAs have different responses
with respect to the blood lipid metabolism and glycemic
control. Furthermore, this study provides evidence that CSO
in particular may be a beneficial oil to incorporate into the
diet for adults with hypercholesterolemia. In addition to its
cholesterol-lowering effects, CSO is a practical cooking oil with
a neutral flavor and a high smoke point, meaning it is easily
incorporated into common foods. It is also easily accessible
to consumers; is already commonly found in food items such
as salad dressings, condiments, and packaged goods (crackers,
chips); and is currently used by many restaurants due to the
aforementioned high smoke point, which is good for frying.
Cotton is primarily known as a textiles crop; thus, its ability
to contribute to the food supply highlights the utility of this US
crop. Future studies should investigate the effects of enriching
the diet with different high-PUFA oils to see whether CSO is
superior to other PUFA-rich oils. Future studies should also
examine CSO diet enrichment at lower doses, over different
durations, and in various populations. Finally, additional studies
should also investigate other markers of CVD risk, including
inflammation, to fully characterize CSO’s effects on CVD risks.
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