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ARTICLE INFO ABSTRACT

Keywords: Stress is a fundamental biological response that can be associated with alterations in cognitive processes. Un-
Obesogenic diet healthy dietary habits are proposed to modulate this effect, notably through their pro-inflammatory potential.
Inflammation

This cross-sectional study aimed to evaluate the influence of an obesogenic dietary pattern with inflammatory
potential on stress-induced cognitive alterations in healthy volunteers.

Fifty healthy adult participants were stratified into two diet groups: obesogenic vs. non-obesogenic, based on
their self-reported consumption of fat, sugar, and salt, assessed by the French National Program for Nutrition and
Health questionnaire and a food frequency questionnaire. Serum high-sensitive C-reactive protein (hsCRP) was
measured as a marker of systemic inflammation using ELISA. Verbal memory and sustained attention were
evaluated through the Verbal Recognition Memory (VRM) test and the Rapid Visual Information Processing
(RVP) test respectively, from the Cambridge Neuropsychological Test Automated Battery. Assessments were
performed before and after exposure to the psychological stressor Trier Social Stress Test (TSST). Stress response
was evaluated by subjective stress perception, salivary cortisol, blood pressure, and heart rate.

Twenty-two participants (44%) presented an obesogenic diet. Systemic inflammation was significantly higher
in the obesogenic diet group (p=0.005). The TSST induced a significant stress response, regardless of dietary
habits (Time effect p < 0.001). In the whole sample, exposure to TSST was associated with cognitive changes in
the form of impaired performance on the VRM test and overall improved RVP scores. However, the obesogenic
diet group exhibited an increased total number of false alarms (Time x Diet: p=0.014) on the RVP test after TSST
exposure as well as a greater impairment in immediate verbal recognition on the VRM test (Time x Diet:
p=0.002). This effect was not associated with the inflammatory component of the obesogenic diet.

These results suggest that an obesogenic diet may sensitize healthy individuals to the detrimental effects of
acute stress on cognitive performance.

Acute stress
Verbal memory
Sustained attention

Poor dietary habits, including western diets rich in fat, refined sugar,

1. Introduction and salt, have been repeatedly associated with deleterious health out-
comes. In addition to promote overweight and obesity, these diets can

Psychological stressors have a strong impact on mental and cognitive impact brain health and cognitive function (Attuquayefio and Steven-
health (Lupien et al., 2018). Even after acute exposure, stress was shown son, 2015; Spencer et al., 2017a). Accordingly, correlational and inter-
to alter cognitive abilities, notably attention and episodic memory ventional clinical studies indicate that Western-style diets are associated
(Arnsten, 2015; Shields et al., 2017). However, this effect is not always with smaller left hippocampal volumes (Jacka et al., 2015), and worse
consistent in the literature (Banks et al., 2014; Domes et al., 2004). Such cognitive performance (Francis and Stevenson, 2011), notably poorer
heterogeneity is, in part, explained by the multiplicity of factors that are verbal memory and attention (Attuquayefio et al., 2017; Edwards et al.,
likely to modulate the relationship between stress and cognitive func- 2011; Stevenson et al., 2020). Unbalanced diets were also found to in-
tion, among which dietary habits appear as potent candidates (Adan crease the risk of long-term cognitive deficits and the development of
et al., 2019). age-related memory decline, independently of body weight, in
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Abbreviations

CANTAB® Cambridge neuropsychological test automated

battery
CRO contract research organization
CRP C-reactive protein
DBP diastolic blood pressure
FET Fisher’s exact test
FFQ food frequency questionnaire

GLM RM general linear models for repeated measures
HR heart rate
HS high sensitive

PNNS French National Program for Nutrition and Health
RVPA’  rapid visual information processing signal A’

SBP systolic blood pressure

TSST Trier social stress test

VAS visual analog scale

VRM verbal recognition memory

preclinical and longitudinal epidemiological studies (Kesse-Guyot et al.,
2011; Noble et al., 2021; Spencer et al., 2017b). The specific influence of
unbalanced nutritional patterns on stress-induced cognitive alterations
remains poorly investigated. Nevertheless, reports in overweight/obese
subjects and animal models of diet-induced obesity show that cumula-
tive exposure to stress potentiates obesity-related memory and attention
impairments (Alzoubi et al., 2009; Lasikiewicz et al., 2013; Verdejo--
Garcia et al., 2015). Altogether, these data suggest that obesogenic di-
etary profiles may increase the vulnerability to stress-induced cognitive
disturbances, independently of body weight.

While different factors may contribute to the association of un-
healthy dietary habits with stress-induced cognitive changes, there is
converging evidence for the involvement of inflammatory processes. A
large body of data substantiates the role of inflammation, both at pe-
ripheral and central levels, in cognitive impairment (Fourrier et al.,
2019; Noble et al., 2010). Interestingly, the association of inflammation
with cognitive function is also observed in the context of Western-type
diets (Beilharz et al., 2014), which are known to harbor a high inflam-
matory potential, notably through their fat and sugar components and
obesogenic characteristics (Christ et al., 2019). The immune and stress
response systems are tightly interconnected and interact with each
other, consistent with findings showing an increased stress response to
an acute stressor in inflammatory conditions (Horowitz and Zunszain,
2015). Accordingly, it is thus possible that low-grade inflammation
related to obesogenic dietary patterns can sensitize individuals to
stronger stress-induced cognitive alterations.

This study aimed to evaluate the influence of an obesogenic dietary
pattern with inflammatory potential on stress-induced cognitive alter-
ations in healthy adult volunteers. In particular, we investigated if such
an obesogenic pattern is associated with an increased vulnerability to
cognitive alterations in an experimental model of acute stress, and if
systemic inflammation is associated with this effect.

2. Subjects and methods
2.1. Study participants

Fifty healthy adult volunteers (aged 18-50 years) were recruited
between March 2017 and February 2018 from an existing database
available at a contract research organization (CRO, CEN Nutriment)
based in Dijon, France. The database contains information from a large
cohort of volunteers from the Dijon area, stratified on their dietary
habits based on adherence to French dietary recommendations, assessed
by an online questionnaire of the French National Program for Nutrition
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and Health (“Programme National Nutrition et Santé", PNNS).

Exclusion criteria were: body mass index (BMI) greater than 35 kg/
m?% current diagnosis of severe or uncontrolled medical illness; trau-
matic or stressful event over the last six months; current anti-
inflammatory, immune-modulator, or lipid-lowering treatment; recent
(last six months) or current psychotropic treatment, intake of food
supplements for anxiety, depression or insomnia or for improving/
maintaining cognitive function; regular intake of corticosteroids; con-
sumption of illegal psychotropic substances; elevated alcohol and/or
cigarette consumption; recent (last three months) or current engage-
ment in weight loss programs; and pregnancy.

Eligible participants were screened by phone to verify suitability for
study inclusion.

All participants provided written informed consent after reading a
complete description of the study. The study was approved by the
Institutional Committee of Protection of Persons of the East Region I
(registration number 2016/40).

2.2. Procedures

2.2.1. Study protocol

The study design is summarized in Fig. 1. Eligible participants were
asked to come to the CRO for the inclusion visit, during which a brief
interview was carried out, and fasting blood samples were collected by
trained professionals. A new visit to the CRO was scheduled seven days
later to assess stress-induced cognitive alterations (test visit). This 2-h
visit took place in the early afternoon (from 1:00 p.m.) to reduce the
effects of circadian variation on cortisol concentrations. Participants
were instructed not to smoke or drink caffeinated beverages 2 h before
and during the visit and to withdraw from eating or drinking 1 h prior to
the scheduled time. Upon arrival, subjects rested for 10 min and then
performed a battery of cognitive tests (first session, pre-stress). After
completing the test battery and resting for 15 min, subjects provided the
first saliva sample (T-30), reported their perceived stress level on a vi-
sual analog scale (VAS-stress), and measures of systolic/diastolic blood
pressure (SBP and DBP, respectively) and heart rate (HR) were taken.
These measurements were repeated 30 min after (T0), followed by
exposure to the stress-induction paradigm. At the end of the test (T+20),
stress responses were re-assessed, and the second (post-stress) cognitive
evaluation was performed during which three saliva samples were
collected and the VAS-stress was quantified every 15 min (T+35, T+50,
and T+65).

The last saliva sample collection, VAS-stress, SBP, DBP, and HR as-
sessments took place 15 min after the end of the cognitive tests battery
(T+80). The cognitive assessment and stress-induction paradigm were
performed in two different rooms.

2.2.2. Stress-induction paradigm: Trier Social Stress Test (TSST)

Acute stress was induced by the TSST, a validated stress protocol
based on public speaking and evaluation designed to induce moderate
psychosocial stress in a laboratory setting. This paradigm incorporates
novelty, uncontrollability, and social-evaluative threat and was found to
reliably elicit cortisol and other neuroendocrine responses (Dickerson
and Kemeny, 2004). The TSST is fully described elsewhere (Kirschbaum
et al., 1993). Briefly, it consists of a role-playing scenario where subjects
have to outline their suitability for the “dream job” and complete an
unexpected mental arithmetic task (serial subtraction) in front of a panel
of two unresponsive committee members. A microphone and a
video-camera supposedly recording were placed in the room. Partici-
pants were given 10 min to prepare their speech, 5 min to present it, and
5 min to perform the mental arithmetic task the fastest and more precise
as possible.
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Fig. 1. Study protocol.

Participants were drawn from an existing database on a large cohort of volunteers with information available on adherence to the French dietary recommendations
(based on answers on the PNNS questionnaire completed online) (point 0). Potentially eligible participants were screened by phone to verify suitability for study
inclusion (point 1). Study participants (n = 50) were asked to come to the contract research organization for an inclusion visit that included the measurement of
sociodemographics and clinical characteristics, the administration of the FFQ, and the collection of blood samples (point 2). A 2-h new visit (test visit) was scheduled
seven days later, early in the afternoon (from 1:00 p.m.) (point 3). During this visit, participants were submitted to a battery of cognitive tests from the CANTAB®,
before and after TSST exposure. The stress response elicited by the TSST was monitored through salivary free-cortisol, perceived stress level (VAS-stress), SBP, DBP,
and HR. Saliva samples and VAS-stress were collected 30 min (T-30) and immediately before (TO, baseline) the TSST, immediately after (T+20), and at regular
intervals of 15 min until the end of the visit (T+35, T+50, T+65, T+80). SBP, DBP, and HR were measured at T-30, TO, T+20, and T+80.

CANTAB®, Cambridge Neuropsychological Test Automated Battery; DBP, diastolic blood pressure; FFQ, Food Frequency Questionnaire; HR, heart rate; PNNS, French
National Program for Nutrition and Health; SBP: systolic blood pressure; SS, saliva sample; TSST: Trier social stress test; VAS: visual analog scale.

2.3. Measurements

2.3.1. Socio-demographic, clinical, and lifestyle characteristics

Socio-demographics, clinical information (e.g., anthropometric data,
medical history, current treatments), and smoking and caffeine con-
sumption in the last 12 h were collected at study inclusion and at the test
visit, respectively. BMI was calculated as the ratio of the weight (kg) to
the square of height (m).

2.3.2. Dietary assessment

Dietary habits were assessed using the self-reported PNNS ques-
tionnaire in addition to a qualitative food frequency questionnaire (FFQ)
(Fig. 1). The PNNS questionnaire assesses the adherence to the main
points of the French nutritional recommendations, first defined in 2001
(Hercberg et al., 2008). The version used in this study was adapted from
previous works (Buscail et al., 2018; Méjean et al., 2010) and comprises
twelve questions. The first eight items refer to the frequency of intake of
bread and cereals, starch, legumes, milk and dairy products, meat/-
poultry/eggs, fish and seafood, fruits, and vegetables. The remaining
four items assess the consumption of added fat, sugary foods, salt, and
water, self-evaluated as “insufficient”, “satisfactory”, “fairly high” or
“very high”. The FFQ assesses the habitual consumption of broad food
groups and beverages, as described elsewhere (Cougnard-Grégoire et al.,
2016). In the present study, the assessed groups were focused on the use
of dietary fats for cooking, dressing, or spreading, in four categories:

LLITS

“never”, “rarely”, “most of the times”, and “always”. Added fats included

butter, cream, margarine, corn oil, peanut oil, sunflower oil, olive oil,
mixed oil, colza oil, walnut oil, and soya oil.

2.3.3. Obesogenic diet

Obesogenic dietary pattern was defined a priori based on intake
profile of relevant PNNS and FFQ items, including sugary foods, salt, and
added fat. These food items are known to promote weight gain (Schulz
et al., 2002; Tappy et al., 2018; Zhou et al., 2019) and for their in-
flammatory potential (Christ et al., 2019). Subjects were included in the
obesogenic diet group when they reported being “high consumers” of at
least two of the three food groups. For salt and sugary products, “high
consumers” referred to those reporting a “fairly high” or “very high”
intake of the respective items on the PNNS questionnaire. For added fat,
“high consumers” were the ones who reported 1) a “fairly high” or “very
high” intake of total added fat on the PNNS questionnaire or 2) to use
cream or butter, and peanut, sunflower, or corn oil “most of the times” or
“always” for spreading, cooking or dressing, on the FFQ questionnaire
(Cougnard-Grégoire et al., 2016; Samieri et al., 2013). Conversely,
participants who did not report this dietary pattern were included in the
non-obesogenic diet group.

2.3.4. Cognitive performance

Cognitive performance was assessed using the Verbal Recognition
Memory (VRM) and Rapid Visual Information Processing (RVP) tests of
the CANTAB®, a validated battery of computer-based neuropsycholog-
ical assessments (Sahakian and Owen, 1992).
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The VRM test assesses verbal episodic memory and new learning.
Participants were instructed to memorize a list of eighteen words
appearing on the screen, one at a time. Afterward, they had to recall out
loud the maximum number of words possible (free recall). Immediately
after this stage, participants were asked to indicate if they recognized
these words from a randomized sequence of thirty-six words, half
belonging to the original list to be memorized (targets) and half new
(distracters) (immediate recognition). This step was repeated 20 min
after (delayed recognition). Altogether, the three stages lasted approx-
imately 8 min. At each stage (immediate free recall and recognition,
delayed recognition), the total number of words correctly recalled or
recognized, i.e., all targets recognized and all distracters rejected, was
used as the outcome measure. Parallel versions with different lists of
words were used at each session to avoid learning effects.

The RVP test is a sustained attention/vigilance task with a small
working memory component. In this task, digits ranging from 2 to 9
appeared on the screen, one at a time in a pseudo-random order, at a rate
of 100 digits/minute for 4 min. Subjects were asked to press a response
pad when they detected the target sequences: 2-4-6; 3-5-7; 4-6-8. Target
sequences appeared 27 times. Performance on the RVP test was
measured using the signal A’ (RVPA’), i.e., signal detection measure of
sensitivity to the target regardless of response tendency (ranging from 0/
bad to 1/good), the mean latency for correct responses, the total number
of hits (ranging from 0 to 27), and the total number of false alarms
(ranging from 0 to 19).

2.3.5. Stress response

Subjective perception of stress was assessed by a VAS-stress, ranging
from 1 (not stressed) to 10 (very stressed). SBP, DBP, HR measurements
were taken as markers of sympathetic nervous system activity using an
automatic sphygmomanometer. The hypothalamic-pituitary-adrenal
(HPA) axis response to TSST was examined by salivary-free cortisol
(Stahl and Dorner, 1982). Saliva samples were collected by passive
drooling into Salivettes (saliva sampling devices, Sarstedt Ltd., London,
England). Samples were frozen at —80 °C until analysis. High-sensitive
(hs) salivary cortisol concentrations were determined by
enzyme-linked immunosorbent assay (ELISA) according to the manu-
facturer’s specifications (Salimetrics©, PA, USA). Assay sensitivity was
0.007 pg/dL, and the intra- and inter-assay coefficients of variation were
+4.6% and +6.0%, respectively.

2.3.6. Inflammatory profile

Fasting blood samples were collected for the measurement of serum
concentrations of high-sensitive C-reactive protein (hsCRP) as a marker
of systemic inflammation. After 30-45 min at room temperature, sam-
ples were centrifuged (3200 rpm, 10 min at 4 °C) and stored at —80 °C
until further analysis. Serum concentrations of hsCRP were determined
by ELISA according to the manufacturer’s specifications (CYT298, Mil-
lipore, Billerica, Massachusetts). Assays sensitivity and intra- and inter-
assay variability were respectively 0.20 ng/mL, + 4.6%, and +6.0%.

2.4. Analytical strategy and statistical analysis

Raw values for salivary-free cortisol and serum hsCRP concentra-
tions were log-transformed due to non-normal distribution, as assessed
by the Shapiro-Wilk test. Of note, hsCRP was missing for one participant
in the non-obesogenic diet group due to technical problems at blood
collection. Data from subjects who did not fully complete cognitive tests
were removed from the respective analyses. This was the case for one
participant for the VRM test and two participants for the RVP test, all
belonging to the non-obesogenic diet group.

Albeit parallel versions of the VRM test are supposed to be compa-
rable in terms of frequency of word use, target words displayed at the
first VRM session (pre-TSST) appeared to be overall more frequent than
the ones in the second VRM session (post-TSST) (70.31 vs. 47.25), as per
the online database “Lexique”, version 3.83 (New et al., 2007).
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Accordingly, the lists of words (targets and distracters), presented pre-
and post-TSST, were uniformized for data analyses to provide them with
a similar frequency and avoid any potential list effect. This uni-
formization was performed by excluding six words for which the fre-
quency was not identical, with the final targets and distracters lists
comprising twelve words each (mean frequency 23.23 and 23.65).

Dietary, socio-demographic, and clinical characteristics of the two
groups were compared using Student’s t-tests for continuous variables
and Chi-squared test (Xz) or Fisher’s exact test (FET) for categorical
variables, when adequate. All further analyses were controlled for age,
sex, BMI, treatments, and metabolic/endocrine comorbidities, due to
their potential confounding effect. Moreover, given the potential effect
of smoking and coffee consumption on the stress reactivity, analyses on
TSST-induced stress response were further controlled for these two
factors.

Circulating concentrations of hsCRP were compared between the
two diet groups using analyses of covariance (ANCOVA). Mean differ-
ences in stress response, VRM and RVP scores, between the two diet
groups before and after the TSST were analyzed using general linear
models for repeated measures (GLMs RM), with “Time” as the repeated
measure factor and “Diet” as the between-subjects variable. For stress
response measures, TO, i.e., the assessment point immediately before
TSST, was taken as the baseline time-point since it represents a more
stable measure than the one at T-30 (Balodis et al., 2010). For all GLMs
RM, the sphericity assumption was assessed by the Maulchy’s test, and if
violated, Greenhouse-Geisser corrections were applied. When appro-
priate, simple main effects and post-hoc comparisons using Bonferroni
corrected test were performed. Delta performance on VRM and RVP tests
was calculated when a significant “Time x Diet” interaction was
observed, by subtracting scores of the post-stress test session to the ones
of the pre-TSST test session. Delta scores were compared between the
two diet groups with ANCOVA, controlling for all covariates mentioned
earlier and pre-TSST (baseline) performance. The relationship between
hsCRP serum concentrations and delta scores was estimated by multiple
regression analyses.

All analyses were repeated after excluding the four participants with
class I obesity in the obesogenic diet group to confirm that obesity did
not drive the obtained results. Statistical analyses were performed with
the Statistical Package for the Social Sciences version 25 (IBM SPSS
Statistics for Windows; IBM Corp., Armonk, NY, USA). All probabilities
were two-sided, with the degree of significance set at p < 0.05.

4. Results
4.1. Dietary characterization of obesogenic diet

As shown in Table 1, twenty-two participants (44%) presented an
obesogenic dietary profile. As expected, participants in this group re-
ported a significantly higher intake of sugar, salt, and fat, compared to
those in the non-obesogenic diet group. The obesogenic dietary profile
was also characterized by lower daily consumption of fruits and vege-
tables. No significant differences were observed for the remaining food
groups assessed by the PNNS questionnaire.

4.2. Clinical characteristics of study participants

As shown in Table 2, there was no significant difference between the
two diet groups in terms of age, sex, weight, BMI, education level and
occupational category. Consistent with dietary habits, four (18.2%)
subjects in the obesogenic diet group presented a BMI > 30 kg/m?,
indicative of class I obesity. The prevalence of metabolic and endocrine
abnormalities, i.e., mild hypertension, mild hepatopathy, and hypo-
thyroidism, was comparable across the two diet groups. Use of any
treatment was overall more frequent in the non-obesogenic diet group.



L. Delgado et al.

Table 1
Dietary characterization.
Non- Obesogenic Statistics Effect p
obesogenic diet group size
diet group
Sample size, n 28 (56) 22 (44)
(%)

Obesogenic
food groups

High 11 (42.3) 15 (57.7) =41 o= 0.04
consumers 0.3
of sugar, n
(%)

High 4 (14.3) 15 (68.2) ¥ = b= <0.001
consumers 15.2 0.6
of salt, n(%)

High 3(10.7) 20 (90.9) ¥ = b= <0.001
consumers 31.9 0.8
of fat, n(%)

Other food and
beverage
groups”

Meat, poultry 0.6 (0.91) 0.6 (0.91) t=0.4 d= 0.71
and eggs, 0.1
times/day
(SD)

Dairy 1.6 (1.17) 1.5 (1.44) t=0.2 d= 0.85
products, 0.1
times/day
(SD)

Fruits and 3.5(1.62) 2.4 (1.99) t=22 d= 0.03
Vegetables, 0.6
times/day
(SD)

Fish and 1.2 (0.99) 1.3 (0.83) t=-0.4 = 0.66
seafood, -0.1
times/week
(SD)

Cereals, times/ 2.7 (1.29) 2.9 (1.63) t=0 d= 0.63
day (SD) -0.1

Water as main 27 (96.4) 17 (77.3) ¥ =43 b= 0.08
beverage, 0.3

yes(%)"

Continuous variables are presented as mean and standard deviation and
compared using Student’s t-test, whereas categorical variables are presented as n
(%) and compared by chi-squared test or Fisher’s exact test when 25% or more of
the observations had an expected frequency of five or less. Effect sizes corre-
spond to Cohen’s D coefficient for continuous variables and to the Phi (¢) co-
efficient for categorical variables.

@ Extracted from the PNNS questionnaire.

b Fisher’s exact test was used to compare categorical variables.

¢ Equivalent to reporting “drinking only or mostly water” in the PNNS
questionnaire.

4.3. Inflammatory profile

Differences in serum concentrations of hsCRP were assessed by
ANCOVA. As shown in Fig. 2, subjects in the obesogenic diet group
exhibited significantly higher circulating concentrations of hsCRP than
those in the non-obesogenic diet group [F (1,42) = 8.8, p = 0.005, n2 =
0.1], in line with the inflammatory potential of obesogenic dietary
patterns. This result was independent of obesity since it remained sig-
nificant after excluding from the analyses the four participants with class
I obesity (Table S1).

4.4. TSST-induced stress response

Stress response elicited by TSST was assessed using GLMs RM within
the whole sample and between the two diet groups, controlling for age,
sex, BMI, current treatments, presence of metabolic/endocrine comor-
bidities, and nicotine/caffeine consumption in the 12 h preceding the
test.
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As shown in Fig. 3A, high sensitive salivary cortisol concentrations
were increased in all study participants after TSST, with a peak at T+35,
returning to baseline at T4+-80 [Time effect: F(2.1, 90.6) = 11.8, p < 0.001,
r]z = 0.2 (TO vs. T+35: p = 0.022; TO vs. T+80, p=1.00)]. No significant
differences were found between the two diet groups with respect to
TSST-induced cortisol response.

TSST-induced changes in SBP and DBP were also observed (Fig. 3B
and C), with significant increases at T+20, regardless of dietary classi-
fication [Time effect: F1.7, 73.2) = 31.1, p < 0.001, nz = 0.4 for SBP;
Fa.8,78.2)=29.9,p < 0.001, n2 = 0.4 for DBP; TO vs. T+20, p < 0.001 for
both measures]. In contrast to BP measures, HR was not significantly
altered by TSST exposure (Fig. 3D). Of note, subjects in the obesogenic
diet group presented higher baseline HR values than those in the non-
obesogenic diet group [Diet effect: F(; 42) = 4.3, p=0.044; nz = 0.1;
obesogenic vs. non-obesogenic diet groups at TO, p=0.049].

Finally, exposure to TSST produced an equally marked psychological
response, assessed by the VAS-stress, in the two diet groups (Fig. 3E)
[Time effect: F3.1, 132.0) = 114.7, p < 0.001, n2 = 0.7]. Accordingly,
participants from both groups reported feeling significantly more
stressed immediately after the TSST (TO vs. T+20, p < 0.001), time point
after which the VAS-stress scores decreased gradually and returned to
baseline at T+80 (TO vs. T+80, p=1.00). Interestingly, stress response
was not affected by obesity, as an identical response pattern was
observed after excluding from analyses subjects with BMI >30 kg/m?>
(Table S2).

4.5. Relationship between diet and TSST-induced cognitive alterations

The influence of dietary habits on TSST-induced cognitive alterations
was assessed using GLMs RM controlled for age, sex, BMI, current
treatments, and presence of metabolic/endocrine comorbidities.

Exposure to TSST was associated with an overall impaired perfor-
mance on the VRM test [Time effect: F; 42) = 10.4, p=0.002, n? = 0.2 for
free recall; F(q 42) = 30.0, p < 0.001, n2 = 0.4 for immediate recognition;
Fa,42)=21.0,p < 0.001, n2 = 0.3 for delayed recognition] (Fig. 4A-C).
For the free recall and delayed recognition tasks, this impairment was
not affected by diet, with both groups showing a similar decrease in the
number of correct words following TSST (Fig. 4A and C). On the im-
mediate recognition task, a significant Time x Diet interaction was
observed, with only subjects from the obesogenic diet group exhibiting a
significant reduction in the total number of words correctly recognized
after TSST compared to baseline [Time x Diet: F(; 42) = 11.0, p=0.002,
12 = 0.2; obesogenic diet group: before vs. after TSST p < 0.001]
(Fig. 4B). Albeit performance before the TSST was greater in subjects
presenting an obesogenic diet than in subjects presenting a non-
obesogenic diet (p=0.018), this difference did not influence the wors-
ening effect of obesogenic diet on TSST-induced memory impairment.
Indeed, the magnitude of the change in performance at the immediate
recognition stage of the VRM (delta post-pre TSST) remained signifi-
cantly higher in the obesogenic diet group after controlling for pre-stress
scores (F(1,.41) = 6.3; p=0.016, 12 = 0.1) (Fig. 4D).

In contrast to VRM, performance on the RVP test was overall
improved on both groups after exposure to the TSST, as reflected in
increased RVPA’ (sensitivity to the target sequences, regardless of
response tendency) and number of total hits (Fig. 5A and B) [Time effect:
F(1,41y = 20.9, p < 0.001, n% = 0.3 for RVPA’; F(3 41y = 21.8, p < 0.001, n?
= 0.4 for total hits]. However, subjects from the obesogenic diet group
exhibited a higher number of false alarms after TSST compared to
baseline (Fig. 5C) [Time x Diet effect: F(; 41y = 6.6, p=0.014, nz =0.1;
obesogenic diet group: before vs. after TSST p < 0.05]. In contrast,
subjects from the non-obesogenic diet group tended to show a reduced
number of false alarms after TSST compared to baseline, as reflected in
the delta performance for false alarms between the two diet groups
(Fig. 5D) (F(1,40) = 6.3; p=0.017, nz = 0.1). No effect of TSST was
measured on the mean latency for correct response in both groups
(Fig. 5E).
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Table 2
Socio-demographic and clinical characteristics of study participants.
Non-obesogenic diet group Obesogenic diet group Statistics Effect size P

Sample size, n(%) 28 (56) 22 (44)

Age, years (SD) 38.8 (7.3) 36.3 (8.5) t=-1.1 d=-0.3 0.27

Females, n(%)" 26 (92.9) 17 (77.3) X2 =25 $=0.2 0.22

Weight, kg (SD) 66.3 (10.2) 70.6 (15.2) t=12 d=0.3 0.24

BMI, kg/m2 (SD) 23.8 (3.3) 24.99 (5.0) t=1.0 d=0.3 0.32
Normal weight, n(%)" 18 (64.3) 10 (45.5) ¥*> =55 V=03 0.07
Overweight, n(%) 10 (35.7) 8 (36.4)

Obese, n(%) 0 (0) 4(18.2)

Metabolic and endocrine alterations, n yes(%)" 2(7.4) 3(13.6) XZ =0.6 ¢=-0.1 0.64
Hypertension, n(%)" 0(0) 1(4.5) ¥=13 $=0.2 0.44
Hypercholesterolemia, n(%)" 1(3.6) 0 (0) X2 =0.8 ¢ =-0.1 1.00
Hepatopathy, n(%)* 0 (0) 1 (4.5) XZ =1.3 =0.1 0.44
Hypothyroidism, n(%)" 1(3.6) 2(9.1) ¥ =07 ¢=-0.1 0.58

Treatments, n yes(%) 18 (64.3) 5(22.7) X2 = 8.6 $=0.4 0.003
Hypothyroidism treatment, n(%)" 1(3.6) 1(4.5) Xz =0 ¢=0 1.00
Contraception/hormonal replacement treatment, n(%)™" 13 (46.4) 5(22.7) xz =3.0 ¢=0.2 0.08
Proton pump inhibitor treatment, n(%)" 1(3.6) 0 (0) ¥=08 ¢=0.1 1.00
Antihistaminic treatment, n(%)" 2(7.1) 0 (0) X2 =1.6 $=0.2 0.50

Education level®
Up to high school, n(%) 8 (28.6) 4(18.2) ¥ =06 ¢ =-0.1 0.45
Undergraduate or graduate degree, n(%) 19 (67.9) 16 (72.7)

Occupational category™*

Unemployed or without activity, n(%) 2(7.4) 2(10.0)
Self-employed/artisan, n(%) 13.7) 1(5.0)
High qualified workers, n(%) 2(7.49) 4 (20.0) X2 =24 V=02 0.7
Technicians/associate professionals, n(%) 16 (59.3) 8 (40.0)
Employees, n(%) 6 (22.2) 5(25)

Continuous variables are presented as mean and standard deviation and compared using Student’s t-test, whereas categorical variables are presented as n (%) and
compared by chi-squared test or Fisher’s exact test when 25% or more of the observations had an expected frequency of five or less. Effect sizes correspond to Cohen’s D
coefficient for continuous variables and to the Phi (¢) or Cramer’s V coefficients for categorical variables. BMI, body mass index.

2 Fisher’s exact test was used to compare categorical variables.
b Analysis performed only in women.
¢ Information was missing for three participants.
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Fig. 2. Serum concentrations of hsCRP in the non-obesogenic diet group (n =
27, white bar) compared to the obesogenic group (n = 22, grey bar). Statistical
analysis was performed on log-transformed data using ANCOVA controlling for
age, sex, BMI, current treatments, and presence of metabolic/endocrine
comorbidities. Data are expressed as unadjusted means (+SEM) of raw data for
readability purposes, **p < 0.01. hsCRP: high-sensitive C-reactive protein.

Similar results were obtained after excluding class I obese partici-
pants (Tables S3 and S4).

4.6. Association of inflammation with diet-related TSST-induced
cognitive alterations

Multiple regression analyses were performed to investigate if serum
concentrations of hsCRP were associated with the cognitive alterations
measured in the obesogenic diet group following TSST. As shown in
Table 3, the reduced scores of immediate recognition at the VRM test
and the increased number of false alarms on the RVP were not signifi-
cantly associated with hsCRP concentrations in the whole population
and in subjects from the obesogenic diet group. Nevertheless, a statis-
tical trend between performance in immediate recognition and hsCRP

levels was measured in the whole sample.
Similar results were obtained after excluding class I obese partici-
pants (Table S5).

5. Discussion

There is increasing emphasis on the sensitizing role of unhealthy
dietary habits in the development of cognitive alterations. While most
research has focused on aging contexts, the present study aimed to
evaluate the influence of dietary habits with obesogenic and inflam-
matory potentials on stress-induced cognitive alterations in healthy
adult volunteers. We showed that healthy adults with obesogenic di-
etary habits exhibit higher systemic inflammation (heightened hsCRP
concentrations) and an increased sensitivity to TSST-induced alterations
in verbal memory and sustained attention. Moreover, our results suggest
that diet-related systemic inflammation did not significantly account for
stress-induced changes in cognitive performance in subjects from the
obesogenic diet group.

Forty-four percent of the study sample reported having obesogenic
dietary habits, defined by high intake of at least two unhealthy food
groups: fat, sugar, and salt. Interestingly, the daily intake of fruits and
vegetables was also decreased in this group. Previous studies have
identified similar obesogenic dietary patterns in representative cohorts
of the French adult population. However, the prevalence of this dietary
pattern was lower than the one found in our study (Gazan et al., 2016).
This difference may rely on the fact that subjects from the present study
were recruited on the basis of their adherence (or not) to the French
dietary recommendations. Consistent with previous reports on the in-
flammatory potential of unhealthy diets (Griep et al., 2013; Shivappa
et al., 2018), individuals in the obesogenic diet group exhibited signif-
icantly higher serum hsCRP concentrations than the non-obesogenic diet
group. Importantly, this difference was independent of BMI and
remained significant after excluding participants with class I obesity
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Fig. 3. Stress response in the whole population under study (n = 50, solid black lines, filled square) and in the two diet groups (non-obesogenic diet: n = 28, dashed
grey lines with open circle; obesogenic diet: n = 22, solid grey lines with filled circle).

TSST-induced stress response was assessed by measuring A) salivary high-sensitive cortisol concentrations, B-C) blood pressure, D) heart rate, and E) VAS-stress.
Panels A-C and E: TSST induced a stress response in the whole sample, regardless of dietary habits. Panel D: No significant change was measured in heart rate
following TSST. Statistical analyses were performed on log-transformed data for salivary cortisol and on non-transformed data for the remaining measures, using
GLMs RM, followed by post-hoc comparisons using the corrected Bonferroni test, when adequate. All analyses were controlled for age, sex, BMI, current treatments,
presence of metabolic/endocrine comorbidities, and nicotine/caffeine consumption in the 12 h preceding the test. Data are expressed as unadjusted means (+SEM) of
raw data for readability purposes. * represent the differences in the whole sample vs. TO. *p < 0.05; **p < 0.01; ***p < 0.001. § represents the differences between the
obesogenic and non-obesogenic diet groups at TO. §p < 0.05. DBP, diastolic blood pressure; HR, heart rate; hs, high-sensitive; SBP, systolic blood pressure; VAS, visual

analog scale.

from the analysis.

While chronic low-grade inflammation represents a fundamental
characteristic of obesity, it is also well recognized that diets rich in fat,
sugar, and/or salt can, per se, trigger inflammatory responses through
different mechanisms (Christ et al., 2019). Among these, the gut
microbiota has been identified as a potential modulator of inflammation
(Christ et al., 2019). Unhealthy diets, mainly those rich in saturated fat,
have been related to altered microbiota composition, disrupted intesti-
nal permeability, and increased endotoxemia, that may all contribute to
chronic low-grade inflammation (Sandhu et al., 2017). However, clin-
ical evidence integrating dietary habits, gut microbiota composition,
and systemic inflammation is still scarce, especially in healthy subjects
(Chun Kong et al., 2014), and further studies are needed to unravel the
mechanisms by which unhealthy diet promotes inflammation.

To test the hypothesis that obesogenic diet sensitizes healthy in-
dividuals to stress-induced cognitive alterations, we used the TSST, a
gold-standard acute laboratory stressor, as an experimental model of
acute stress, and the CANTAB®, a standardized and validated test bat-
tery for the assessment of cognitive performance. Our results confirmed
that the TSST induced a significant stress response, measured by salivary
cortisol levels, blood pressure, and subjective stress perception, in the
whole sample regardless of dietary habits. Moreover, exposure to TSST

was associated with decreased performance on the VRM test of
CANTAB® battery, together with overall improved RVP scores. Impor-
tantly, a Time x Diet interaction was measured for the immediate
recognition stage of the VRM and the total number of false alarms on the
RVP, with reduced performance being observed only in the obesogenic
diet group. In particular, subjects in the obesogenic diet group exhibited
a significant reduction in the total number of words correctly recognized
after TSST (VRM) and an increased number of false alarms (RVP)
compared to baseline. These alterations, notably as they relate to
episodic verbal memory, are consistent with previous reports doc-
umenting associations between high-fat/high-sugar diet and reduced
verbal memory performance in healthy human participants (Attu-
quayefio et al., 2016).

Although acute stressors have been reported to impair verbal mem-
ory and sustained attention (Olver et al., 2015; Stawski et al., 2008),
inconsistencies are found in the literature, with some studies reporting
improved performance (Kamp et al., 2019; Schwabe et al., 2013) and
others no changes (Banks et al., 2014; Domes et al., 2004; Luethi et al.,
2009). Differences in study design (e.g., time between stress onset and
cognitive evaluation) and sample features (e.g., sex and BMI) may
explain such heterogeneity of results between studies (Shields et al.,
2017). Interestingly, stress-induced alterations in verbal memory and
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Fig. 4. Total number of words correctly recalled or
recognized on the VRM test before (solid bars) and
after (striped bars) TSST exposure, in the non-
obesogenic (white bars; n = 27), and obesogenic
(grey bars; n = 22) diet groups. Panels A-C: Exposure
to TSST was associated with overall impaired perfor-
mance. Panels A and C: Diet did not influence free
recall and delayed recognition performance. Panels B
— and D: Only participants in the obesogenic diet group
exhibited a significant reduction in the total number
of words correctly recognized/rejected after TSST
compared to baseline, in the immediate recognition
stage of the test. This result is confirmed by the
comparison of the delta performance (post vs. pre-
TSST) between the two diet groups. Statistical ana-
lyses were performed using GLMs RM, followed by
post-hoc comparisons using the corrected Bonferroni
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sustained attention (increased false alarms) in the obesogenic diet group
were not related to obesity status, suggesting that dietary habits, per se,
may modulate the relationship between stress and cognitive perfor-
mance. In support of this notion, a healthy diet enriched in omega-3
polyunsaturated fatty acids and vitamin A was found to normalize the
memory deficits induced by a chronic stress in rats (Provensi et al.,
2019).

The influence of the obesogenic dietary profile on immediate
recognition (VRM) and total false alarms (RVP) post-TSST, but not on
the other cognitive outcomes, suggest that these cognitive processes
present a specific sensitivity to dietary factors. In line with this, clinical
studies in non-stress conditions have shown that macro and micro-
nutrients do not equally affect each of the VRM domains (Bensalem
et al., 2019; Gibson et al., 2013). The three domains of verbal episodic
memory in the VRM test — free recall, immediate and delayed recogni-
tion — differ in terms of memory processes, task complexity and neuro-
anatomical substrates (Gagnon and Wagner, 2016; Shields et al., 2017).
Similarly, the components of the RVP test — total hits, total false alarms,
mean latency - rely on different cognitive functions, involve different
levels of cognitive demand, and reflect distinct neuropsychological
processes. It is possible that tasks involving higher cognitive deman-
d/attentional resources or relying on specific neuroanatomical networks
are more prone to be modulated by diet. In addition, the increase in false
alarms measured post-TSST in subjects with obesogenic dietary habits
may reflect a higher sensitivity to stress-induced attentional bias or
impulsive behavior. Further clinical studies, with measures of perceived
task-related difficulty and psychological processes, as well as preclinical
research with neuroanatomical investigations, are needed to address
this issue. Surprisingly, the obesogenic diet group performed better than
the non-obesogenic diet group on immediate recognition pre-TSST. The

Non-obesogenic diet Obesogenic diet

reliability of this finding needs to be confirmed in larger clinical sam-
ples, using a more systematic and detailed assessment of dietary intake.

In contrast to what was expected, alterations in the immediate
recognition stage of the VRM and the increased number of false alarms
on the RVP test were not associated with serum levels of hsCRP. This
observation is not consistent with a large body of literature proposing
inflammation as a mediator of diet-induced cognitive alterations
(Kanoski and Davidson, 2011; Spencer et al., 2017a). There are several
possible explanations for this discrepancy. First, hsCRP may not be the
most relevant or specific marker of diet-related systemic inflammation.
Second, it is possible that the magnitude of the increase in hsCRP in
relation to obesogenic diet is not sufficient to affect cognition. Third,
given that TSST may exacerbate inflammatory processes (Prather et al.,
2008), it is possible that obesogenic diet leads to a heightened
TSST-induced inflammatory response, consistent with the inflammatory
priming effect of high-fat diets in rodents exposed to stress (Sobesky
et al., 2014). This effect is likely to modulate diet-related TSST-induced
cognitive alterations. Since blood collection was performed seven days
before the tests, this priming effect could not be investigated.

The present study bears some limitations that should be taken into
consideration when interpreting the results. First, the small sample size
may have contributed to reduce the power to detect significant associ-
ations between the two diet groups. Accordingly, further studies in
larger samples are required to confirm the findings. Second, the dietary
information used in this study was derived from qualitative question-
naires with questions on broad food groups. Thus no/limited informa-
tion was available on the portion size, sources of added fat, sugary and
salty foods, or nutritional composition. Although the present dietary
characterization was in line with the literature in terms of obesogenic
and inflammatory potential, more detailed dietary and nutritional
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Fig. 5. Performance on the RVP test, before (solid bars) and after (striped bars) TSST exposure, in the non-obesogenic (white bars; n = 26), and obesogenic (grey
bars; n = 22) diet groups. Panels A-B: The signal RVPA’ and the number of total hits were increased in both diet groups after TSST. Panels C and D: The number of
total false alarms was increased after TSST exposure only in the obesogenic diet group. This result is confirmed by the comparison of the delta performance (post vs.
pre-TSST) between the two diet groups. Panel E: Mean latency for correct response was not affected by TSST in both diet groups. Statistical analyses were performed
using GLMs RM, followed by post-hoc comparisons using the corrected Bonferroni test when adequate (panels A-C and E) and ANCOVA (panel D). Aanalyses were
controlled for age, sex, BMI, current treatments, and presence of metabolic/endocrine comorbidities (panels A-C and E) and pre-TSST performance (panel D). Data

are expressed as unadjusted means (+SEM); *p < 0.05; ***p < 0.001.

Table 3
Association of serum hsCRP concentrations with diet-related TSST-induced
cognitive changes.

Delta immediate recognition VRM Delta total false alarms RVP

b F R p b F R p
Whole population
Log hsCRP -0.30 1.85 0.10 0.06 0.04 0.91
Obesogenic diet group
Log hsCRP 0.11 1.19 0.05 0.69 0.12 1.33 0.09 0.68

—0.01 0.81

Multiple regression analyses controlled for age, sex, BMI, current treatment use,
and metabolic/endocrine comorbidities. Whole population: n = 48 for delta
immediate recognition on the VRM test, and n = 47 for delta total false alarms on
the RVP test. Obesogenic diet group: n = 22 on both tests. hsCRP, high sensitive
C-reactive protein; RVP, rapid visual information processing; VRM, verbal
recognition memory.

information is needed to refine the profile of obesogenic food “high
consumers”, who are at risk for stress-induced cognitive alterations. The
type of assessment of food intake at inclusion and the small size of the
clinical samples impeded the constitution of a “strict” non-obesogenic
food group comprising subjects being simultaneously “low consumers”
of fat, sugar, and salt. However, a “strict” obesogenic/non-obesogenic
diet stratification (i.e., high versus low consumers of all the

obesogenic food groups) would increase the robustness of the results.
Third, while participants were asked to refrain from eating and drinking
1 h before the test visit, pre-TSST glycemia levels could not be measured,
precluding the assessment of their influence on stress response and
cognitive performance. Finally, the lack of a control “non-stressed”
group did not allow us to determine the respective effect of dietary
pattern and acute stress on study outcomes. Albeit an extensive analysis
of the relationship between diet and stress reactivity was beyond the
scope of this study, future epidemiological studies evaluating the in-
fluence of regular dietary habits on stress reactivity would be highly
relevant.

In conclusion, findings from the present study suggest that an obe-
sogenic diet, defined by a “high intake” of at least two of the three
obesogenic food groups (fat, sugar, and salt), may sensitize healthy in-
dividuals to stress-induced alterations in verbal memory (reduced im-
mediate recognition) and sustained attention (increased total false
alarms). While the underlying mechanisms still need to be determined,
these findings open new avenues for future research. A better under-
standing/characterization of these effects on representative samples is
highly relevant to define nutritional strategies for the prevention of
stress-related cognitive deficits, in modern societies burdened by
Western-type diets and psychosocial stress.
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