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Studies suggest that the type of dietary fat consumed habitually may modulate appetite and further influence
weight management. The purpose of this study was to evaluate the impact of an 8-week diet intervention
enriched with either cottonseed oil (CSO; polyunsaturated fat-rich) or olive oil (OO; monounsaturated fat-rich)

(S:ii?z stokinin on appetite responses in adults with high cholesterol. This was a parallel design, randomized partial outpatient
Ghreliri, feeding trial designed to provide approximately 60% of participants daily energy needs with ~30% of energy

needs as CSO (n = 21, BMI 27.3 + 0.92 kg/m?, age 53 + 2y) or 00 (n = 21, BMI 27.6 + 1.20 kg/m?, age 54 +
2y). A high saturated fat meal challenge was completed at pre- and post-intervention visits with 5 h postprandial
blood draws and visual analog scales (VAS) for cholecystokinin (CCK), peptide YY (PYY), ghrelin, and subjective
appetite, respectively. Participants also completed VAS questionnaires hourly and recorded dietary intake after
leaving the lab for the remainder of the day. There was a greater increase in fasting CCK (CSO: 0.54 + 0.03 to
0.56 £ 0.04; 00: 0.63 + 0.07 to 0.60 + 0.06 ng/ml p = 0.05), a greater suppression of postprandial ghrelin (p <
0.01), and a greater increase in postprandial VAS fullness (p = 0.04) in CSO compared to OO. Additionally, there
was a greater decrease in self-reported energy intake in CSO compared to OO (CSO: 2464 + 123 to 2115 + 123;
00: 2263 + 147 to 2,434 + 184 kcal/d p = 0.02). Only postprandial VAS prospective consumption showed
greater suppression (p = 0.03) in OO vs. CSO. Altogether, these data show that CSO has a greater effect on
appetite suppression than OO diet enrichment and may be beneficial for weight maintenance, especially in a
population at-risk for chronic disease. Registered at clinicaltrials.gov: NCT04397055

Visual analog scale

1. Introduction

Obesity is a growing problem on the global scale [1,2] and is a risk
factor for other chronic diseases [3]. Therefore, it is essential to identify
weight management practices to serve as primary prevention of weight
gain. One effective method may be through enhancement of appetite
regulation [4]. Accepted approaches to assessing appetite include
physiologic (gastrointestinal hormones), subjective, or applied mea-
surements. Ghrelin is the only known “hunger hormone” and is released
from the stomach in low energy states to activate orexigenic neurons,
stimulating hunger and promoting feeding behavior [5]. Released from
the proximal and distal gut in response to a meal, cholecystokinin (CCK)
and peptide YY (PYY) are satiety hormones that stimulate anorexigneic
neurons and inhibit orexigenic neurons leading to satiation and satiety
[6, 7]. Additionally, CCK is known to stimulate the release of some
hormones including PYY and suppress the release of ghrelin [8].

Subjective feelings or ratings of appetite are commonly measured using
visual analog scales (VAS) anchored to questions about hunger and
fullness [9]. Finally, applied methods of measuring appetite most
commonly involve assessments of energy intake (EI) and/or macronu-
trient intake [10].

While high-fat (HF) diets are typically associated with weight gain
[11] due to its highly palatable nature [12], the fatty acid (FA)
composition of the diet may differentially influence appetite responses,
and potentially impact long-term weight management [13-15]. Some
acute meal challenge studies measuring subjective and applied appetite
found no differences based on FA composition [16-22], while other
studies do report differences [23-26]. Our lab has previously shown that
single meals rich in polyunsaturated fat (PUFA) elicit a stronger PYY
response when compared to a monounsaturated fat (MUFA) rich meal
[22, 26]. Additionally, a 7-day, PUFA-rich diet has been shown to in-
crease fasting and postprandial PYY, and decrease fasting ghrelin [27].
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These limited data suggest PUFA may have a greater effect on physio-
logic measures of appetite than MUFA, but is insufficient to make strong,
or longer-term, conclusions.

There are very few dietary intervention studies focusing on FA
composition, specifically PUFA vs. MUFA, and appetite [27-29], and
even fewer using a whole foods approach. Consumers recognize olive oil
(00) as a “heart healthy” MUFA-rich oil, primarily based on research on
the Mediterranean Diet [30]. While not as familiar to consumers, cot-
tonseed oil (CSO), which is rich in PUFAs, is present in the food supply
and has been linked to improvements in lipid metabolism and chronic
disease risk reduction [31-34]. Only one previous study has examined
CSO vs. OO0 on appetite [35]. They demonstrated the ability of CSO-rich
diets and meals to improve physiologic and subjective measures of
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appetite, even when compared to OO [35]. However, that trial only
included healthy males and was a 5-day diet protocol. The purpose of
this study was to examine the impact of an 8-week, HF diet enriched
with CSO or OO on fasting and postprandial appetite measures in a
parallel design in adults at-risk for chronic disease [36]. We evaluated
subjective ratings of appetite, self-reported EI, and biological hunger
and satiety hormones in response to a partial outpatient feeding proto-
col. We hypothesized that CSO would elicit more favorable changes in
physiologic and subjective measures of appetite with no differences in EI
compared to OO based on the previous short-term CSO trial [35].

[ Enrollment ]

Assessed for eligibility
(n=112)

Excluded (n=59)
Did not meet inclusion criteria (n=30)
Declined to participate (n=25)

Other reasons (n=4)

Randomized (n=53)

[ Allocation ]

A

Allocated to Cottonseed oil
(n=26)
«» Received allocated intervention
(n=25)
<+ Did not receive allocated
intervention (death in family)
(n=1)

A4

Allocated to Olive Oil
(n=27)

<+ Received allocated intervention
(n=25)

< Did not receive allocated
intervention (new job, deathin
family) (n=2)

[ Follow-Up ]

A

<+ Lost to follow-up (n=0)

<+ Discontinued intervention (did not
like intervention) (n=4)

A4

<+ Lost to follow-up (n=0)

<+ Discontinued intervention (did not
like intervention) (n=3)

«» Unsuccessful IV placement at final
visit (n=1)

[ Analysis ]

v

Analyzed (n=21)

Analyzed (n=21)

Fig. 1. CONSORT flow diagram selection of participants.
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2. Materials and methods
2.1. Study design

This was a single-blind, randomized, parallel trial (clinicaltrials.gov:
NCT04397055) involving an 8-week partial outpatient feeding inter-
vention. Recruitment began in May 2018 and final testing took place in
June 2021 when all primary and secondary outcomes were addressed.
The protocol included a screening visit and two testing visits (pre- and
post-intervention). Subjects were randomly assigned using balanced
blocks to either an OO or CSO intervention arm as previous described
[36]. This study was conducted according to the guidelines laid down by
the Declaration of Helsinki and the Institutional Review Board for
human subjects at the University of Georgia approved all procedures
involving human subjects (STUDY00005869). Informed written consent
was obtained from each participant prior to any testing procedures.

2.2. Participants

One hundred and twelve sedentary adults between the ages of 30 and
75y were assessed for eligibility (Fig. 1). Inclusion and exclusion criteria
were measured at the screening visit and has been described previously
[36]. Briefly, exclusion criteria included excessive alcohol use, tobacco
use, exercise (>3 h/week), weight instability (gain or loss >5% of body
weight in the past 3mo), lipid-lowering medications, diabetes medica-
tions, steroid/hormone therapies, and ADD/ADHD medications and
chronic/metabolic diseases.

2.3. Protocol

2.3.1. Screening visit

Prior to arriving at the Human Nutrition Lab (HNL) on the morning
of the screening visit, participants completed an 8-12 h overnight fast
and 24 h abstaining from exercise and alcohol. Following anthropo-
metric measures, a 30 min indirect calorimetry measurement (TrueOne
2400; Parvo Medics, Sandy, Utah, USA) was taken under standard
conditions [37]. The Weir equation was applied to the final 20 min of
respiratory gasses to calculate resting metabolic rate (RMR) [38]. Par-
ticipants’ RMRs were multiplied by 1.65, an average U.S. physical ac-
tivity factor [39], to estimate total daily energy needs. This was used to
calculate the test meal, as well as assignment to diet intervention energy
tiers. Using a random number generator and stratified balanced blocks
[36], a researcher who was not involved in the collection or analysis of
these data assigned qualifying participants to either the OO or the CSO
intervention groups.

2.3.2. Pre-intervention visit

Prior to the pre-intervention visit, participants completed a two-day
food record consisting of one week day and one weekend day [40]. For
this visit, participants arrived between 0700 and 0800 h to the HNL in
the fasted state (8-12 h fast) after consuming a standardized dinner meal
and snack (energy: 50% carbohydrate, 15% protein, 35% fat) the eve-
ning before the visit, which was provided by research personnel. Par-
ticipants were instructed to consume enough of the standardized meal to
be comfortably full. Height, weight, waist and hip circumference, blood
pressure, and body composition were measured upon arrival. Body
composition was measured by Bod Pod (Cosmed USA, Inc.). Next, par-
ticipants completed a 100 mm visual analog scale (VAS) for hunger,
fullness, prospective consumption, desire to eat to measure subjective
appetite [41]. An intravenous catheter was placed in the antecubital
vein and a fasting blood sample was collected. Saline was used to keep
the IV-line patent throughout the protocol.

Once fasting measures were completed, participants consumed a
high saturated fat (SFA) test meal which has been previously described
[36]. Briefly, 35% of individual estimated daily energy needs were
provided with 5%, 25%, and 70% of energy provided as protein,
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carbohydrate and fat, respectively. The FA breakdown was 47%, 16%,
and 7% of total energy from SFA, MUFA, and PUFA, respectively. A high
SFA meal was chosen to assess how changes in the fat composition of the
chronic diet may influence appetite responses to an occasional “un-
healthy” (high SFA) meal, which is commonly observed with weekend
eating habits [42]. Four ounces of water was used to rinse the container
and ingested to ensure the entire meal was consumed. A validated
sensory questionnaire was administered to assess sensory modalities of
the high SFA meal [43,44]. This questionnaire used a modified 9-point
hedonic scale with ‘1’ indicating ‘dislike extremely’ and ‘9’ indicating
‘like extremely’. Following the SFA-rich test meal, blood samples were
collected, and VAS questionnaires were administered, intermittently for
5 h (time points: 30, 60, 90, 120, 150, 180, 240, 300 min). VAS measures
taken at these time points were denoted as in lab (LAB) measures. Four
ounces of water was provided hourly. After 5 h, the IV was removed and
participants were instructed to eat a self-selected lunch within 1 h of
leaving the lab and a self-selected dinner 4 h later. Participants were also
provided with VAS questionnaires to complete once per hour for the
next 7 h (starting at 360 min post SFA test meal). VAS measures taken at
these time points were denoted as at-home (HOME) measures. In addi-
tion to our record of the SFA test meal, participants recorded all food and
drink for the rest of the day on a food record. Participants were
instructed to record everything consumed including condiments and
beverages with attention to ingredients in recipes and brands of prod-
ucts. Estimated quantities were recorded in standard measures such as
cups and tablespoons. Food records were analyzed using The Food
Processor SQL software (version 10.12.0). The combined analysis of the
SFA test meal and self-reported intake made up the total EI data.

2.3.3. Intervention protocol

The day following the pre-intervention visit, participants began the
8-week diet intervention. Participants were assigned to either CSO or
OO intervention groups but were blinded to their assignment. The par-
tial outpatient feeding of the intervention was designed to provide
approximately 60% of energy needs (actual range was 56-87% of energy
needs, with an average of 66+2% for CSO and 67+2% for OO) was
utilized to allow for control of most of the diet, while allowing partici-
pants to maintain some of their usual diet. Participants were sent home
with a one-week supply of daily meals and snacks that corresponded to
their assigned group. They were informed of their estimated daily en-
ergy needs, how many kilocalories were being provided by the study
foods, and how many kilocalories were left for them to fill with their
own foods.

With the exception of the intervention oils (CSO or O0), the two diets
were identical. All study foods were prepared by research personnel, and
ingredients were weighted to the 0.01 g. A 7-day rotating menu was used
to provide two meals plus snacks daily including breakfast and lunch/
dinner entrée. This allowed for one self-selected meal daily. The meals
provided included soups, sautéed vegetables with rice, turkey meatloaf
with mashed potatoes and baked products. Breakfast shakes were pro-
vided 5 days per week as one of the two meals. Participants were
instructed to prepare this breakfast shake by mixing proportioned shake
mix with milk of choice and designated amount of the assigned inter-
vention oil. The rest of the meals were pre-portioned by research
personnel, packaged in microwave and freezer safe containers, and
frozen. Participants were instructed on safe reheating practices.

Kilocalorie tiers, as described previously [36], were used to deter-
mine the quantity of food to provide participants. The intention of the
tiers were to provide some (approximately 60%; actual range of
56-87%) of the estimated energy needs as foods from the study, leading
to about 30% of their total energy needs being provided by the assigned
oil (CSO or 0OO). Kilocalorie tier assignment was non-random and
dependent on their estimated energy requirement, derived from their
RMR at screening. Tier intervals are presented in Table 1. Fatty acid
analyses of CSO and OO are presented in Supplemental Table 1.

During the intervention, participants completed weekly compliance
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Table 1

Nutrient breakdown of provided intervention foods for each kilocalorie tier.
Intervention tiers (kcal) Cottonseed oil Olive oil

<1600 1600-2299 2300-3000 >3000 <1600 1600-2299 2300-3000 >3000

Energy (kcal) 1090 1402 1678 2107 1090 1402 1678 2107
Energy (KJ) 4561 5866 7021 8816 4561 5866 7021 8816
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 10.1 121 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

Daily nutrients 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 and (KJ) in the second 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 vs. olive oil). <1600 kcal = <6694 KJ;
1600-2299 kcal = 6694-9619 KJ; 2300-3000 kcal = 9623-12,552 KJ; >3000 kcal = >12,552 KJ.

checklists as a self-reported measure of compliance, bi-weekly two-day
food records including a week day and a weekend day, and the sensory
evaluation questionnaire the first time they ate any of the provided
foods. Participants returned to the HNL on a weekly basis to pick up
meals and turn in study materials.

2.3.4. Post-intervention visit

Participants returned to the HNL for their post-intervention visit
after completing the 8-week partial outpatient feeding. All procedures
from the pre-intervention visit were repeated at the post-intervention
visit.

2.4. Plasma sample analyses

All blood samples were drawn into EDTA vacutainers (Becton,
Dickinson and Company, Franklin Lakes, NJ) with 10 pl/ml whole blood
each of 4-benzenesulfonyl fluoride hydrochloride (AEBSF) and Dipep-
tidyl Peptidase IV (DPP IV) inhibitor (Sigma Aldrich, St. Louis, MO,
USA), immediately placed on ice, and then centrifuged for 15 min at
4 °C. The plasma was aliquoted and stored at —80 °C until analysis. Total
PYY and active ghrelin were measured using radioimmunoassays (Mil-
lipore, Billerica, MA, USA), and total CCK was measured using an
extraction free enzyme immunoassay (Phoenix Pharmaceuticals, Bur-
lingame, CA, USA). Each participant’s total number of samples were run
within the same assay.

2.5. Statistical analysis

SAS version 9.2 (SAS Institute Inc., Cary, NC, USA) was used for
statistical analyses. The Food Processor SQL software (version 10.12.0)
was used to assess all food record data. All values are reported as mean
+ SEM unless otherwise noted. Statistical significance was set at p <
0.05. A sample size of 40 (20 per group) was estimated using a Cohen’s F
of 0.233 to detect a difference in postprandial ghrelin based on the re-
sults from Polley et al. [35]. A second sample size calculation estimated
a sample size of 24 (12 per group) using a Cohen’s F of 0.312 based on
the postprandial hunger VAS ratings presented also in Polley et al. [35].
Sample size was calculated using G*power 3.19.7 assuming at least 80%
power and an « of 0.05. The decision to use per-protocol analyses was

made a priori. A repeated measures (RM) linear mixed model for
treatment and visit was used to determine between and within group
differences for fasting hormone and VAS data, energy and macronutrient
intake on test days anthropometric data, and sensory evaluation data of
SFA test meals. Postprandial hormone and VAS data was assessed for
between and within group differences using a RM linear mixed model
for treatment, visit, and time point. All VAS data (incremental area
under the curve (iAUC) and time course) was analyzed with all time
points (0 — 720 min), as well as LAB (time points 0 — 300 min) and HOME
(time points 360 — 720 min) subgroups separately using similar linear
mixed models. In all linear mixed models, participants were modeled as
random effects. When significance was found, post hoc analyses were
done using Tukey’s test. Finally, unpaired t-tests were used to assess
differences between groups in self-reported compliance and sensory
evaluation data of intervention foods.

3. Results
3.1. Participants

Fifty-three participants were allocated to an intervention group, but
eleven did not start or complete the intervention and/or testing visits
(Fig. 1). Thus, forty-two individuals (12 women and 9 men in CSO and
14 women and 7 men in OO) completed the study and were included in
the final analysis. Participant anthropometrics at pre- and post-
intervention visits are presented in Table 2. Weight (kg) and BMI (kg/
m?) increased in both groups but this increase was not different between
groups. No other anthropometric characteristic changed during the
intervention. Compliance of subjects averaged at 91 + 2% and 92 + 1%
for CSO and OO groups, respectively, with no differences in compliance
between groups.

3.2. Physiologic responses

Fasting plasma CCK, PYY, and ghrelin levels are presented in Table 3.
There was a treatment by visit interaction (p < 0.05) with an increase in
fasting CCK in CSO and a decrease in OO from pre- to post-intervention
visit. There were no changes in fasting PYY or ghrelin. The time course of
the meal responses and corresponding iAUC for CCK, PYY, and ghrelin
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Table 2
Population characteristics.
Cottonseed oil (n = 21) Olive oil (n = 21) p-values
Pre-intervention Post-intervention Pre-intervention Post-intervention Treatment Visit Interaction
Anthropometric Characteristics
Age (y) 5342 - 5442 - 0.73 - -
Height (cm) 169.0 + 2.2 169.0 £+ 2.2 168.0 £ 1.9 168.0 £ 1.9 0.72 0.66 0.56
Weight (kg) * 78.6 + 3.6 79.6 + 3.5 77.9 + 3.6 78.9 + 3.7 0.89 <0.001 0.79
Body Mass Index (kg/m2) 27.3+0.9 27.7 £ 0.9 27.6 £1.2 279+ 1.2 0.86 <0.001 0.74
Waist to Hip ratio 0.85 + 0.02 0.85 £ 0.02 0.82 £+ 0.02 0.82 £ 0.02 0.39 0.24 0.34
Body Fat (%) 31.0+ 21 322+19 329+ 26 33.2+26 0.65 0.17 0.43

Values are presented as mean + SEM. Age was analyzed using a two-sample t-test. All other characteristics were analyzed using a linear mixed model for treatment and

visit.

" indicates visit effect for increase from pre-intervention to post-intervention regardless of group assignment.

Table 3
Fasting hormones and subjective appetite.
Cottonseed oil (n = 21) Olive oil (n = 21) p-values
Pre-intervention Post-intervention Pre-intervention Post-intervention Treatment Visit Interaction
CCK (ng/ml) * 0.54 £ 0.03 0.56 £+ 0.04 0.63 £+ 0.07 0.60 £+ 0.06 0.40 0.59 0.05
PYY (pg/ml) 96.5 + 7.05 93.6 + 6.37 97.5 £ 9.78 97.7 £ 9.75 0.82 0.61 0.56
Ghrelin (pg/ml) 125 + 14.3 128 £13.3 134 £ 14.6 131 £15.7 0.98 0.11 0.44
Hunger (mm) 46.6 + 4.8 51.4+7.1 48.1 £5.7 51.2+5.7 0.93 0.24 0.81
Fullness (mm) 28.7 £ 5.4 215+ 4.4 17.1 + 4.4 16.3 + 5.0 0.17 0.15 0.25
Prospective Consumption (mm) 49.3 + 4.6 47.4 + 4.9 50.8 + 4.2 52.0 + 4.4 0.59 0.92 0.59
Desire to Eat (mm) 51.8 £5.7 49.1 £ 5.5 52.6 £ 5.0 50.0 £5.7 0.89 0.43 0.99
Appetite Score (mm) 54.7 £ 4.3 56.6 + 4.8 58.6 + 4.0 59.2 + 4.6 0.57 0.58 0.79

All values are presented as mean + SEM. All fasting data was analyzed using linear mixed model for treatment and time.

" indicates a significant difference between groups (treatment by visit interaction at p < 0.05). Tukey’s test reveals this difference was driven by slight increases in
CCK in CSO and slight decreases in OO. CCK = Cholecystokinin, CSO = cottonseed oil, mm = millimeter, OO = Olive oil, PYY = Peptide YY.
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Fig. 2. Plasma postprandial change from baseline cholecystokinin (CCK) (A, B), peptide YY (PYY) (D, E), and ghrelin (G, H) at pre- and post-intervention visits. Data
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are presented in Fig. 2. There was a visit effect (p = 0.03) for higher
postprandial CCK (Fig. 2A, B) from pre- to post-intervention visit in both
groups, and this increase was not different between groups. Similarly,
the PYY meal response (Fig. 2D, E) was increased from pre- to post-
intervention in both groups (visit effect p = 0.006), but this change
was not different between groups. For ghrelin (Fig. 2G, H), there was a
significant treatment by visit interaction (p = 0.005) which was driven
by greater postprandial ghrelin suppression in CSO vs. OO, although
post hoc analyses did not reach significance. No significant differences
between groups were observed for iAUC measures (Fig. 2C, F, I).

3.3. Subjective ratings of appetite

There were no differences between groups for any fasting subjective
measure of appetite (Table 3). The time course of meal responses and
corresponding iAUC at pre-and post-intervention visits for VAS are
presented in Figs. 3 and 4 and Table 4. For the appetite score time course
data (Fig. 3A, B), there was a visit effect (p = 0.004) for an increase from
pre- to post-intervention, but no difference between groups. When
analyzed further, this ‘all day’ visit effect was driven by the LAB mea-
sures (visit effect p < 0.001) but not the HOME measures (visit effect p =
0.44).

Despite the time course composite appetite score (Fig. 3A, B)
changing in similar ways in both groups, there were differences between
groups for individual VAS questions. There was a treatment by visit
interaction (p = 0.04) for fullness (Fig. 3C, D). Post hoc analyses
revealed greater increases in fullness in the CSO group (p = 0.02) vs. the
0O group (p = 1.00). After further analysis, the HOME (interaction p =
0.04) rather than the LAB measures (interaction p = 0.46) drove the
fullness interaction. Conversely, prospective consumption ratings
(Fig. 4A, B) (“how much do you think you could eat right now?”) were
lower at the post- vs. pre-intervention in both groups (visit effect p =
0.003), but there was a greater decrease in OO vs. CSO group (treatment
by visit interaction p = 0.03; OO p = 0.003; CSO p = 0.92). The LAB
measures were found to mirror the visit (p < 0.001) and interaction
effects (interaction p = 0.02; OO p < 0.001; p = 0.48) but the HOME
measures were not significant. Time course ratings of hunger (Fig. 4C, D)
decreased regardless of group assignment (visit effect p < 0.001). After
further analysis, this decrease was present for both LAB (visit effect p <
0.001) and HOME measures (visit effect p = 0.009). There were no
differences between groups for desire to eat (Fig. 4E, F). Finally, for
iAUC measures, appetite score and hunger showed visit effects for LAB
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(Table 4) but no other main or interaction effects for iAUC were
observed.

3.4. Applied responses

Total energy and macronutrient intake from the pre- and post-
intervention visit days based on the analysis of the food diaries and
the provided SFA meal are presented in Fig. 5. There was a significant
difference in total EI (treatment by visit interaction p = 0.02) driven by a
trend for decrease in the CSO group (p = 0.11) compared to non-
significant increase in the OO group (p = 0.66). This reduction in total
El in the CSO group and increase in the OO group was driven by cor-
responding changes in energy from protein (treatment by visit interac-
tion p < 0.001; CSO p = 0.015; OO p = 0.011)) and carbohydrate
(treatment by visit interaction p = 0.002; CSO p = 0.02; OO p = 0.34).
There were no changes in EI from fat or alcohol.

3.5. Sensory evaluation

Sensory evaluations of the SFA meal and the intervention foods are
presented in Table 5. There were no significant differences within or
between groups for any characteristic of the SFA test meal. Additionally,
there were no differences between groups for overall acceptance of the
CSO or O0-enriched foods provided during the intervention.

4. Discussion

For the first time, we have shown that an 8-week, CSO-enriched diet
leads to better improvement in appetite control, compared to an OO-
enriched diet in adults at risk for chronic disease. Specifically, CSO
diet enrichment led to increases in fasting CCK, increased postprandial
feelings of fullness, and suppression of postprandial ghrelin when
compared to the OO-enriched diet. The only measure where OO was
better than CSO was for greater improvements in postprandial desire to
eat ratings. Similar between group improvements were observed in
postprandial feelings of hunger, appetite score, CCK and PYY. Finally,
and possibly most importantly, the aforementioned greater improve-
ments in subjective and physiologic measures of appetite with CSO diet
enrichment resulted in reductions in EI in the CSO, but not OO group.

Of the appetite hormones measured, CCK and ghrelin appear to be
consistently responsive to CSO consumption either in fasting or post-
prandial measures [35]. Our results demonstrated more favorable
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Fig. 3. Postprandial change from baseline subjective VAS (visual analog scale) appetite score (A, B) and fullness ratings (C, D) at pre- and post-intervention visits.
Data were analyzed using a linear mixed model for treatment, time, and visit. * indicates significant treatment by visit interaction for all day measures (time 0-720).
# indicates significant treatment by visit interaction for HOME measures. Pre- pre-intervention visit, post- post-intervention visit, All Day- VAS measures taken across
the whole visit day, LAB- VAS measures taken time 0-300, HOME- VAS measures take time 360-720.
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Fig. 4. Postprandial change from baseline subjective VAS (visual analog scale) ratings of prospective consumption (A,B), desire to eat (C, D), and appetite score (E, F)
at pre- and post-intervention visits. Data were analyzed using a linear mixed model for treatment, time, and visit. * indicates significant treatment by visit interaction
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Table 4
Incremental area under the curve subjective appetite.
Cottonseed oil (n = 21) Olive oil (n = 21) p-values
Pre-intervention Post-intervention Pre-intervention Post-intervention Treatment Visit Interaction

Hunger
All day (mm/d*h) -99+ 3.8 —-16.3 +5.8 —-13.2+ 4.7 —18.6 + 4.8 0.65 0.06 0.87
LAB (mm/d*h) —5.6 £ 4.3 -13.7 £ 6.4 —6.3 + 4.6 -14.9 £ 5.0 0.89 0.01 0.94
HOME (mm/d*h) -13.8 + 4.4 —18.9+ 6.6 -16.9 + 6.3 -23.1+6.0 0.62 0.13 0.87
Fullness
All day (mm/d*h) 17.1 + 4.6 22.1 +4.8 28.2 + 4.7 27.8 +4.7 0.16 0.40 0.33
LAB (mm/d*h) 9.4 +£5.2 159 +£5.8 17.3 £ 45 229+5.5 0.27 0.06 0.89
HOME (mm/d*h) 229+ 48 28.2+ 4.9 37.3+5.6 33.4+5.0 0.12 0.84 0.19
Prospective Consumption
All day (mm/d*h) -9.8 £ 4.0 -10.2 + 4.9 —13.3+ 4.6 -17.4 + 4.0 0.33 0.39 0.50
LAB (mm/d*h) —-4.0 +£ 4.1 —6.6 + 5.3 —6.1 + 4.6 —-143+ 4.1 0.38 0.07 0.33
HOME (mm/d*h) —-14.3 + 4.9 —-12.4 +5.7 —-17.5+ 5.9 —21.0 £ 5.2 0.39 0.81 0.40
Desire to Eat
All day (mm/d*h) -13.6 + 4.9 —10.9 + 4.6 -16.9 + 4.3 -17.0 £ 5.0 0.43 0.65 0.62
LAB (mm/d*h) —-8.1+5.5 —-8.0+54 —-109 + 4.1 —-13.8 + 4.9 0.49 0.63 0.62
HOME (mm/d*h) —18.4 +£ 5.7 —-13.5+5.3 —20.5 + 6.0 —21.6 £ 6.3 0.48 0.58 0.40
Appetite Score
All day (mm/d*h) -12.6 + 3.4 —149+ 4.6 —17.6 + 3.8 —-19.9 + 4.1 0.33 0.26 0.99
LAB (mm/d*h) ” —6.8 + 4.2 —-11.1 + 5.4 -9.9+3.6 -16.2 + 4.2 0.46 0.03 0.66
HOME (mm/d*h) -17.3 + 3.8 —-18.2+5.2 —-23.1+5.3 —24.8 +£5.1 0.33 0.60 0.88

All values presented as mean+SEM. These data were analyzed using linear mixed models for treatment and visit.

#

indicates a significant visit effect p < 0.05. Regardless of group, “LAB” hunger and appetite score were reduced at post-intervention vs. pre-intervention. All day =

measures taken time points 0-720 min, LAB = VAS measures taken time points 0-300 min, HOME = VAS measures taken time points 360 — 720 min, VAS = visual

analog scale, mm = millimeters.

fasting CCK responses with CSO compared to OO diets; however, the
previous CSO v. OO study by Polley et al. found CSO meals to elicit
greater postprandial CCK responses [35]. Additionally, postprandial
ghrelin is consistently suppressed whether CSO is consumed daily (and
not part of the test meal), or as part of the test meal [35]. While Polley
et al. did not find changes in ghrelin responses from pre- to 5-day
post-diet intervention, they were able to show that consuming CSO
meals suppressed ghrelin more than OO meals [35]. It is possible that
the longer intervention and lack of CSO and OO in test meals used in the

present study is responsible for the slight differences in hormone re-
sponses between trials. Of note, there is no established reference range
for changes in these hormones that would be considered clinically
relevant for appetite suppression. The work of others has demonstrated
that increases in CCK and decreases in ghrelin are associated with sub-
jective feelings of appetite and decreased energy intake [45, 46].
However, these examples observed more robust changes in those hor-
mones than presented here. Importantly, though, others have observed
changes in these hormones postprandially in similar magnitude as what
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Total Keal'd Total Kcal Fig. 5. Total and macronutrient intake
Treatment p=0.58 consumed on the days of the pre- vs. post-
2,464+123 2,115+123% 2.263+147 2.434=184 Visit p=0.41 intervention visits. Data were analyzed using a
3000 Interaction p=0.02  linear mixed model for treatment and visit and
are expressed in kcals (kilocalories). * indicates
Aleohol significant treatment by visit interaction. Pre-
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2500 5121 6733 Iﬁ"?’“’i‘g 5'3:0‘73 visit.
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Table 5
Sensory evaluation.
Cottonseed oil (n = 21) Olive oil (n = 21) p-values
Pre-intervention Post-intervention Pre-intervention Post-intervention Treatment Visit Interaction
Sensory evaluation of SFA meal
Appearance 55+04 5.7+ 0.4 5.2+04 5.6 £0.4 0.71 0.36 0.68
Taste/Flavor 6.8 £0.3 6.6 + 0.4 6.2 £ 0.4 6.0 £0.5 0.23 0.33 1.00
Texture/Consistency 5.9+0.4 5.8 +0.4 5.6 0.4 5.7+ 0.4 0.60 0.77 0.77
Aroma/Smell 6.4+04 6.4 +£ 0.4 6.0 £ 0.4 5.6 £0.4 0.20 0.56 0.44
Overall Acceptability 6.9 +0.3 6.5+ 0.3 6.0 £ 0.4 6.0 £ 0.4 0.10 0.29 0.29
Sensory evaluation of intervention food
Appearance 6.6 £0.2 - 6.9 £0.3 - 0.50 - -
Taste/Flavor 7.0 £0.2 - 7.4+ 0.2 - 0.14 - -
Texture/Consistency 6.7 £ 0.2 - 7.1+0.2 - 0.16 - -
Aroma/Smell 6.8 £0.2 - 7.2+0.2 - 0.23 - -
Overall Acceptability 7.0 £0.2 - 7.2+0.2 - 0.32 - -

Values presented as mean + SEM. Ratings are based on a 9-point hedonic liking scale with 1 indicating “extremely dislike”, 5 indicating “neither like or dislike”, and 9
indicating “extremely like”. Sensory evaluation of SFA meal was analyzed using a linear mixed model for treatment and visit while sensory evaluation of intervention
food was analyzed using a two-sample t-test. There were no differences within or between groups for sensory evaluation of the SFA meal or the intervention foods. SFA

= saturated fatty acid.

was observed in the current study but without reductions in energy
intake [47-49]. Furthermore, increases in fasting CCK are not
commonly observed in response to diet interventions; yet, small differ-
ences in basal CCK (<5 pmol/L) (similar to our observed changes) are
suggested to be a driver of reduced appetite and energy intake associated
with old age [50]. Taken together, this highlights that small changes in
fasting or postprandial appetite hormones are difficult to interpret at this
time but may still be physiologically relevant. The clinical relevance of
our results may lie more in the concurrence of improvements in physi-
ologic and subjective measures of appetite than either hormone change
independently, along with the subsequent changes in self-reported en-
ergy intake.

For VAS, the changes in fullness we observed in the CSO group were
similar to 4 weeks of a PUFA supplement study that resulted in im-
provements in fullness ratings and a reduction in EI compared to a
control diet [51]. Conversely, Polley et al. [35] reported decreased
hunger ratings with CSO, but similar improvements in fullness for CSO

and OO. Our study design was different from these two studies, and most
other FA composition and appetite literature, in that we included
“HOME” measures of VAS. While this gives us a more complete picture
of subjective appetite ratings across the entire day, it is difficult to
compare our results to previous studies. Some of our results were driven
by the HOME measures, demonstrating the importance for obtaining this
data outside of laboratory visits.

While our measure of EI is self-reported and should be interpreted
with some caution, it is not common to find differences in EI based on FA
composition acutely or with diet interventions [16-21,25,26,35]. This
highlights the importance of our data showing suppressed EI with CSO
vs. OO diet enrichment. It also suggests there may be additional char-
acteristic besides the FA composition of CSO that is suppressing appetite,
or the FA composition of CSO is uniquely able to suppress EI compared
to other oils. Unlike most other PUFA-rich oils, CSO also contains a
relatively high amount of SFA [52]. Since SFAs have been shown to have
a greater effect on postprandial appetite hormones and VAS in some
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studies [13,23,26,53], it is possible that the combination of high PUFA
and moderately high SFA of CSO has a more potent effect on appetite
regulation.

While CSO was more favorable than OO in many appetite-related
outcomes, we also observed several visit effects in both subjective and
physiologic measures that could have been a result of multiple factors.
First, there was a 1 kg average weight gain across the intervention that
was the same in both groups. Weight gain has known implications on
appetite and may explain some of the improvements observed in both
groups from pre- to post-intervention. However, the fact that this weight
gain was consistent between groups preserves the validity of the be-
tween group differences we have observed. Second, most studies that are
looking at the impact of FA composition on appetite regulation are
incorporating HF meals and/or diets [22,26-28, 54]. It is possible that
simply being on a HF diet could have driven some of our visit effects.
Lastly, differences in the rate of absorption of FA have been hypothe-
sized to drive differences in appetite hormone responses observed in
acute meal challenge studies [55]. Saturated FAs are absorbed more
slowly than unsaturated FAs suggesting that having the same high SFA
meal challenge could have driven some of the visit effects and overrode
the daily diet FA composition differences. However, our use of an
SFA-rich meal was intentional. Since it has already been shown that
acute CSO consumption more favorably alters appetite hormone levels
compared to OO [35], we sought to determine whether daily CSO con-
sumption could be protective, from an appetite standpoint, against an
occasional unhealthy (high SFA) meal.

The implications of reduced EI during an afternoon and evening of
self-selected meals becomes more apparent in the context of weight
management. Traditional weight loss recommendations are to reduce
intake by 500 — 1000 kcal/day (2092-4184 KJ/day) to observe 1-2 lbs.
of weight loss per week [56,57]. While this is an oversimplification of
the complicated physiologic mechanisms controlling weight loss [58,
59], it is of note that our observed reduction of 349 kcal (1460 KJ)
corresponds to 69.7% of this 500 kcal/day (2092 KJ/day) deficit
recommendation. This was achieved on a day when the breakfast test
meal was a fixed percentage of energy needs thus magnifying the 349
kcal (1460 KJ) reduction for the remaining meals of the day. Further-
more, it is well known that appetite increases proportional to weight loss
[60] making adherence to weight loss and weight maintenance pro-
grams difficult. Therefore, the reduction in EI with CSO diet enrichment,
along with the improvements in physiologic and subjective appetite
measures, demonstrates the potential usefulness of CSO in curbing
appetite, supporting weight loss, and encouraging weight maintenance.
This requires additional research with CSO incorporation as part of a
weight loss or weight maintenance protocol,

This study is not without limitations. A completely controlled
feeding trial may have been better to ensure weight maintenance, but
our partial outpatient feeding trial shows that even with some variation
in food choice we are still able to observe improvements between the
two intervention groups. Along those lines, the use of kilocalorie tiers
limited the precision of the proportion of energy we provided but were
employed for practicality of batch cooking of the intervention. Impor-
tantly the percent energy provided by study foods was not different
between groups, therefore preserving comparability between groups.
Secondly, we measured total PYY (PYY ; 3¢ and PYY 3_3¢) and CCK (CCK
33) rather than active forms. The biologically active forms of both of
these peptides are associated with appetite control [61,62], and by
measuring the total peptide we may be missing changes in the concen-
tration of the active forms specifically. However, the measurement of
these total forms has been shown to track similarly with their active
counterparts in postprandial responses [63,64]. Another limitation is
our use of self-reported compliance and intake. Self-reported measures
are known to introduce under- and over-reporting [65,66] which may
have influenced our results. Furthermore, the use of a relatively high
amount of oil may have limited the application of our results to people
following lower fat diets. While HF diets are gaining popularity (e.g.
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ketogenic diet), further research is needed to determine the effects of
lower doses of CSO. Additionally, the use of an average physical activity
factor for estimated energy expenditures of all participants may have
limited our ability to apply individual activity levels to our estimates, or
to account for limitations in physical activity due to COVID-19 re-
strictions. However, we do believe this average activity factor still
appropriately described our generally sedentary population. Finally, this
study was not designed to evaluate the effect of sex, race, or BMI; thus,
future work is required to elucidate these interactions.

In conclusion, this is the first study to find improvements in appetite
control with CSO diet enrichment in adults at risk for cardiovascular
disease. Fasting CCK and subjective feelings of fullness were higher, and
postprandial ghrelin and EI were suppressed, with CSO diet enrichment
compared to OO diet enrichment. The OO diet enrichment did improve
subjective desire to eat but there were no other measures where OO
enrichment was more favorable. Improvements in postprandial CCK,
PYY, subjective ratings of hunger and appetite score were not different
between groups and may be attributable to the HF diets or the slight
energy surplus (based on 1 kg weight gain over 8 weeks) rather than
characteristics of the individual oils. Future research should focus on the
potential use of CSO in the context of weight management including
diets with lower doses of CSO.
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