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ARTICLE INFO ABSTRACT
Keywords: Background: Alterations in cognitive performance have been described in patients with major depressive disorder
Major depressive disorder (MDD). However, the specific risk factors of these changes are not yet known. This study aimed to explore

Inflammation, Oxidative stress
Metabolic Syndrome
Cognitive performance

whether inmunometabolic parameters are related to cognitive performance in MDD in comparison to healthy
controls (HC)

Methods: Sample consisted of 84 MDD patients and 78 HC. Both groups were compared on the results of cognitive
performance measured with the Cambridge Neuropsychological Test Automated Battery (CANTAB), the presence
of metabolic syndrome (MetS) and an inflammatory/oxidative index calculated by a principal component
analysis of peripheral biomarkers (tumor necrosis factor, C-reactive protein and 4-hydroxynonenal). A multiple
linear regression was carried out, to study the relationship between inmunometabolic variables and the global
cognitive performance, being the latter the dependent variable.

Results: Significant differences were obtained in the inflammatory/oxidative index between both groups
(Faisn= 12.93; p < .001), also in cognitive performance (F(1157y= 56.75; p < .001). The inmunometabolic
covariate regression model (i.e., condition (HC/MDD), sex, age and medication loading, MetS, inflammatory/
oxidative index and the interaction between MetS and inflammatory/oxidative index) was statistically significant
(F7157)= 11.24; p < .01) and explained 31% of variance. The condition, being either MDD or HD, (B=—0.97; p <
.001), age (B=—0.28; p < .001) and the interaction between inflammatory/oxidative index and MetS (B=-0.38;
p = .02) were factors associated to cognitive performance.

Limitations: Sample size was relatively small. The cross-sectional design of the study limits the possibilities of
analysis.

Conclusions: Our results provide evidence on the conjoint influence of metabolic and inflammatory dysregulation
on cognitive dysfunction in MDD patients. In this way, our study opens a line of research in immunometabolic
agents to deal with cognitive decline associated with MDD.
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Y. Sanchez-Carro et al.
1. Introduction

Major depressive disorder (MDD) is a common psychiatric disorder
and a leading cause of disability worldwide (World Health Organization,
2017). Cognitive symptoms, such as difficulty concentrating, difficulties
in making plans, and frequent forgetfulness (Christensen, Baune, 2019)
are a prominent feature of the disorder, along with sadness and anhe-
donia (Culpepper et al., 2015). Domains such as psychomotor speed,
memory and executive functions have been found to be affected in MDD
patients (Davis et al., 2017; Douglas and Porter, 2009; Eraydin et al.,
2019) from the onset of the first episode (Chen et al., 2015; Vicent-Gil
et al., 2018) and even after the episode has remitted, as a result of
functional and anatomical brain changes (Janssen et al., 2007; Kanner,
2004; Salvat-Pyjol et al., 2017).

There is a gap of knowledge, however, regarding the mechanisms
underlying the development of cognitive symptoms in MDD. The study
of immunometabolic alterations could be a factor of particular interest,
as they seem to affect essential cognitive mechanisms such as synaptic
plasticity, neurodegeneration and neurogenesis (Bernardino et al., 2008;
Hein et al., 2010; McAfoose and Baune, 2009; Sierra et al., 2007) and
have an impact on brain function (Livingston et al., 2020; Yates et al.,
2012). Alterations in the periventricular and subcortical white matter
and a negative correlation between fasting blood glucose levels and
hippocampal cell density have been linked to immunometabolic dysre-
gulation (Livingston et al., 2020; Yates et al., 2012).

Immunometabolic alterations have been associated with the pres-
ence of atypical symptoms (Lamers et al., 2020; Lasserre et al., 2017;
Milaneschi et al., 2020; Penninx et al., 2013), functional status (Baune
et al., 2010) and symptom aggravation (Rock et al., 2014) in MDD pa-
tients. In this regard, a bidirectional relationship has been described
between depression and metabolic risk factors such as obesity and hy-
pertension (Carey et al., 2014; Dunbar et al., 2008; Repousi et al., 2018).
The presence of metabolic syndrome (MetS) has been associated with
the severity of depressive symptoms (Raikkonen et al., 2002). Con-
cerning the study of the immune system in MDD, two biomarkers have
been widely explored (Mac Giollabhui et al., 2020): increases in positive
acute phase proteins such as C-reactive protein (CRP) (Howren et al.,
2009) and dysregulation of tumor necrosis factor (TNF-a) (Dowlati
et al., 2010). However, the mechanisms whereby these inflammatory
factors are disbalanced in MDD patients remain largely unknown. If the
inflammatory response becomes chronic, then it may contribute to the
increase of free radicals, producing a homeostatic imbalance and an
increment of oxidative stress (Biswas et al., 2017). It is a well-recognized
mechanism in aging and disease, which has also been related to path-
ophysiology of MDD (Maes et al., 2011). The 4-hydroxy-2-nonenal
(HNE) aldehyde is one of the main end products of lipid peroxidation
related to health problems (Csala et al., 2015). Patients with depression
have an increased circulating plasma level of HNE that is associated to a
lower antioxidant protection capacity in these subjects (Liu et al., 2015;
Romano et al., 2017).

Therefore, a relationship between immunometabolic alterations and
cognitive performance is to be expected in patients with MDD. More
research is necessary in this regard, since there are few studies related to
this topic (Chang et al., 2012; Grassi-Oliveira et al., 2011; Krogh et al.,
2014), not supporting these relationships in all of them (Chen et al.,
2020). On the other hand, most of the studies that analyze the rela-
tionship between MetS and cognition are focused on the elderly popu-
lation and dementia (Lai et al., 2020; Segura and Jurado, 2009), being
necessary to provide evidence in patients with MDD, as there are very
few studies and inconclusive data in this regard (Kopchak and Pulyk,
2017).

In addition to studying both, MetS and inflammation in relation to
the cognitive performance of MDD patients, it is important to study their
impact jointly. MetS triggered by chronic inflammation could represent
a greater risk factor for poor clinical prognosis (Barzilay et al., 2001;
Pradhan et al., 2001) and cognitive impairment (Yaffe et al., 2004).
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Therefore, the present study aimed at determining differences in the
immunometabolic status and cognitive performance between healthy
controls (HC) and MDD patients and to examine the relationship be-
tween the immunometabolic profiles of MDD patients and its influence
on cognitive performance. MDD patients with MetS and high inflam-
matory profile were hypothesized to have poorer cognitive performance.

2. Method

In this cross-sectional study, a sample of 175 participants was
recruited (94 MDD patients and 81 HC). All patients were recruited from
primary healthcare centres of Madrid and the outpatients’ psychiatric
services of University Hospital La Princesa (Madrid, Spain), Bellvitge
University Hospital and Hospital del Mar (Barcelona, Spain). Patients
had to meet criteria for a current episode of MDD according to the
Diagnostic and Statistical Manual of Mental Disorder 4th Edition (DSM-
IV-TR) (American Psychiatric Association, 2000), which was confirmed
with the Mini International Neuropsychiatric Interview (MINI) (Fer-
rando et al., 2000). Sex- and age-matched HC were recruited from the
community; absence of current or past major psychopathology was
confirmed with the MINI interview.

To be included in the study, patients and HC should meet the
following inclusion criteria: 18-69 years old, White persons with Eu-
ropean ancestry and ability to understand and to sign the informed
consent. Patients should meet the criteria for the diagnosis of MDD ac-
cording to the DSM-IV-TR.

The exclusion criteria were: presence of any neurological or in-
flammatory disorder, use of antibiotic and/or anti-inflammatory treat-
ment, and pregnancy; absence of current or past mental disorders
different from MDD, history of maniac/hipomaniac episodes and treat-
ment with electroconvulsive therapy (ECT) for the current episode and
in the last 6 months, for MDD patients.

The study was carried out in accordance with the declaration of
Helsinki and following the good practice guidelines. The Local Ethics
Committees of each hospital approved the research protocol Clinical
Research Ethics Committee (CEIC) of La Princesa University Hospital,
CEIC of Bellvitge University Hospital and CEIC of the Parc de Salut Mar.

2.1. Demographic, clinical and lifestyle variables

Demographic variables assessed in all participants were age, sex,
marital status, estimated intelligence quotient (IQ) through the vocab-
ulary subtest from the Wechsler Adult Intelligence Scale-Third Edition
(Wechsler, 2004), years of education and current job status. Lifestyle
was explored through related variables such as tobacco use (subjects
were classified as smokers, abstainers and non-ever smokers), alcohol
consumption (drinkers, abstainers and non-ever drinkers) and general
physical activity measured using the International Physical Activity
Questionnaire (IPAQ) (Craig et al., 2003) by ranging “last week activity”
into low, moderate and high exercise. All lifestyle factors were
self-reported by the subjects.

For the patient sample, the following clinical variables were
included: antidepressant medication, recorded as the defined daily dose
(DDD); that is, the assumed overall maintenance dose per day for a drug
used for its main indication in adults by the World Health Organization
Anatomical Therapeutic Chemical Classification System (WHO, 2019)
(see Supplementary Materials, Table S1 for more details), severity of the
depressive episode measured by Hamilton Depression Rating Scale
(HDRS) (Hamilton, 1960) and stage of illness measured by the Maudsley
Staging Method (MSM), which is a multidimensional staging model
(Fekadu et al., 2009, 2018) that allows staging of resistance to treatment
of the patient with MDD along with severity scores from 2 to 13, mild
2-5, moderate 6-9 and severe 10-13 (see the procedure in Supple-
mentary Material, Table S2). To calculate MSM, the following variables
were collected: 1) duration of depressive episode, according to the
following categories: acute (<12 months), subacute (13-24 months) and
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chronic (> 24 months), 2) severity of current episode measured by the
Clinical Global Impression scale (CGI) (Guy, 1976), and 3) treatment
failures (resistance) assessed by the Thase and Rush scale (Thase and
Rush, 1995).

2.2. Neuropsychological assessment

Cambridge Neuropsychological Test Automated Battery (CANTAB)
was used to evaluate cognitive performance of all participants. This
battery has been extensively utilized across neuropsychiatric patients
(Kim et al., 2014; Levaux et al., 2007), and has been validated for major
depression (Sweeney et al., 2000).

Five CANTARB tests were administered on a desktop computer with a
touch-sensitive screen, namely:

Motor Screening Task (MTS): to assess the participant’s speed of
response measured by mistakes and response latency.

Rapid visual information process test (RVP): to check visual sus-
tained attention, measured by correct answers, false alarms, and
response latency.

Delayed Matching to Sample (DMS): is a short-term memory task,
measured by correct delayed answers and response latency.

Spatial working memory (SWM): to measure strategy use and
working memory, measured by effectiveness of the strategy used to
solve the test and response latency.

One touch Stockings of Cambridge (OTS): to check spatial planning,
measured by number of items solved in the first response and
response latency.

The assessment covered the cognitive domains of speed of processing
(MTS), attention (RVP), visual memory (DMS) and executive function
(SWM and OTS).

2.3. Physical examination

All participants underwent a physical examination that included a
blood draw, obtaining three samples: a sample for the collection of
metabolic biomarkers, a sample for HNE quantification and another
sample for TNF-a and CRP concentration analysis. For blood sample
drawing, patients were summoned in the early morning, between 8:00
and 10:00 a.m., after a previous fasting night. An indwelling venous
catheter was inserted in the antecubital vein. Measures of weight and
height to obtain the body mass index (BMI) (kg/mz), waist circumfer-
ence (cm) and blood pressure (mm/Hg) were collected at recruitment
site by standardized procedures and using the same measurement tools.

According to the guidelines of the Adult Treatment Panel III (Expert
Panel on Detection, Evaluation, and Treatment of High Blood Choles-
terol in Adults, 2001), indicators for MetS were: waist circumference
and blood pressure (systolic blood pressure and diastolic blood pres-
sure), high density lipoprotein cholesterol (HDL-C), triglycerides
(mg/dL), and fasting blood sugar level (FBS) (mg/dL). See the Supple-
mentary Material for further details (Table S3).

2.4. Inflammatory and oxidative stress biomarkers

Concentrations of HNE, as an oxidative stress biomarker, and two
inflammatory biomarkers, TNF-a and CRP, were quantified. Blood
samples were collected in tubes containing ethylenediamine tetra acetic
acid (EDTA) for HNE, and tubes without additives to collect TNF-a and
CRP. All samples were centrifuged after plasma separation and subse-
quent storage until quantification analysis. All samples were stored at a
temperature of — 80°C and were analyzed by the same laboratory,
blinded for case and control status. The following analysis protocol was
followed: TNF-a was quantified by solid phase sandwich ELISA assays on
the automated AP22 IF BLOT ELITE system (DAS srl) using a commercial
invitrogen™ kit. The minimum detectable dose of Hu TNF-« for this
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commercial kit is 1.7 pg/mL and inter and intra-assay precision < 10%
in both cases (8.5% and 5.2% respectively). On the other hand, CRP
quantification was carried out by using serum samples, under the
analytical method of immunoturbidimetry, with a Cobas 8000 analyzer
(Roche Diagnostics) with reference values of 0.0-0.5 mg / dL. Finally,
HNE concentration was quantified in plasma samples by using the
OxiSelect HNE adduct competitive ELISA kit (Cell Biolabs, San Diego,
CA, USA) using HNE-conjugated bovine serum albumin (HNE-BSA) as
standard (range 1.6-200 pg/mL), following the manufacturer’s in-
structions with and inter and intra-assay precision < 15%.

2.5. Data analyses

All data were analysed using IBM SPSS Statistics (IBM SPSS Statistics
for Window’s, Version 24.0) and R Software. Multiple imputation pro-
cedures were conducted to estimate missing values of inflammatory and
oxidative stress biomakers, under random forest algorithms, 50 itera-
tions and 10 imputations. As a result, 11.31% of the missing data were
imputed (see the Supplementary material to view density plots, Fig. S1).

All variables (including individual scores of demographics, clinical,
lifestyle, health-related, cognitive and immunometabolic measures)
were compared between HC and MDD patients by means of 3 test (or
exact F test by the Fishers exact test) for categorical variables and t-tests
for continuous variables. The Cramer’s V (for categorical variables) and
the Cohen’s d (for continuous measures) statistic were used as effect size
estimates.

Logarithmic transformations were performed for the immunometa-
bolic biomarkers which did not follow a normal distribution. Cognitive
scores were standardized so as to have comparable measures; those tests
in which higher scores mean worse performance were inverted (i.e.,
mistakes and response latency of MTS, false alarms, and response la-
tency of RVP and latency of DMS, SWM and OTS) to have a common
metric across them. Then, composite scores were calculated to obtain
four cognitive domains: processing speed, attention, visual memory and
executive function.

A principal component analysis (PCA) was carried out to extract
summative profile factors from the inflammatory and oxidative stress
markers, as well as from cognitive domain scores. PCA allows extracting
uncorrelated factors (components) derived from linear combinations
that maximize variance. A factor is retained when its eigenvalue is
greater than 1 (i.e., this means that the factor would account for a sig-
nificant proportion of the total variance explained by the markers/
domain scores). To compare the PCA inflammatory/oxidative factors
and global cognitive factors between the study groups, analysis of
covariance (ANCOVA) was conducted. Participant’s sex, age and BMI
were used as covariates (i.e., variables to control the analysis for) for the
PCA inflammatory/oxidative components; and sex, age and IQ for the
PCA cognitive factors. A significant (with p value <0.05) F statistic value
indicates that difference between the study group exists. The nzpamal was
used as an effect size estimate.

Afterwards, a multiple linear regression was carried out to study
whether the sociodemographic and clinical variables would be related to
PCA global cognition components. In this regard, a forward covariate
entry strategy was followed and four regression models were estimated:
1) Model without covariates, 2) Model with clinical covariates: condi-
tion (control/MDD patient), sex (male/female), age and medication
loading (meaured by DDD), 3) Model with metabolic covariates (besides
the model 2 covariates): MetS (no/yes), 4) Model with inflammatory
covariates (besides the model 3 covariates): PCA inflammatory/oxida-
tive factor scores and 5) Model with immunometabolic covariate
interaction covariate (besides the model 4 covariates): interaction be-
tween MetS and inflammatory/oxidative index. The IQ variable was
included in all models as a weighing variable, to control for baseline IQ
level. The regression model with a better fit was endorsed by lower
levels of the Akaike Information Criterion (AIC). The B coefficient (with
95% confidence interval) was used as a loading estimate.
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3. Results

Final sample was comprised of 162 participants (78 controls and 84
patients), due to missing data of the drop-out participants. Both groups
were comparable in terms of age, sex and civil status. Patients attended
fewer years of formal education (t = 3.14; p < .001; d= 0.48) and had a
lower premorbid IQ (t = 3.22; p < .01; d= 0.51). On the other hand,
there were significant differences in employment status (x* = 61.99; p <
.001; Cramer’s V= 0.62), observing a higher percentage of employed HC
active in work compared to MDD patients with a higher percentage of
people on sick leave (Table 1). A higher percentage of MDD patients had
moderate (68.67%) versus mild (22.89%) and severe (8.43%) scores on
MSM.

Regarding lifestyle variables, no significant differences were
observed in smoking patterns. However, there were significant differ-
ences in alcohol consumption ()(2 =12.32; p < .01; Cramer’s V = 0.28),
and physical activity (3> = 14.97; p < .001; Cramer’s V = 0.30). A higher
proportion of alcohol drinkers was found among the HC participants.
Conversely, a higher likelihood to follow a sedentary behavior was
found among the patients, with a lower percentage of subjects who
regularly did moderate or vigorous physical activity.

Metabolic risk markers showed relatively similar levels between both
samples (see Table 1). Significant differences were found for CRP and
HNE levels. MDD patients had higher levels of CRP (t = —3.10; p = <.01;
d= —0.50), and HNE (t = —2.70; p < .01; d= —0.49) than control
subjects.

3.1. Cognitive performance

PCA on the cognitive domain scores yielded a one-factor solution
based on eigenvalues above 1 (A = 1.93). All the four domains saturated
on this factor, with loadings >[TS8 0.60 absolute terms (see the loadings
in Supplementary Material, Table S4) and explained a 48.28% of vari-
ance. Therefore, a global cognition factor was found to embrace cogni-
tive domain scores. Significant between-group differences were found, F
(1, 157) = 56.75, p < .001, regarding this Global Cognitive Index
derived from PCA. More concretely, MDD patients (m = —0.33; sd =
1.04) showed significantly lower cognition levels than their healthy
counterparts (m = 0.36; sd = 0.67). The magnitude of differences was
large, as proven by the effect size estimate, ﬂzpamal: 0.15.

3.2. Metabolic syndrome and inflammatory/oxidative index

No significant differences were observed between the MDD patients
(19.50%) and HC (24.36%) in the presence of MetS (X2 =0.40; p =[TS8
0.53amer’s V = 0.06). In the study of the inflammatory status, a single
component was extracted by PCA (4 = 1.26). The component explained
42.02% of outcome variance and covered the three inflammatory bio-
markers: TNF-a, CRP and HNE (see the loadings in Supplementary
Material, Table S5), i.e., a general inflammatory/oxidative factor. Sig-
nificant differences were obtained between patients and HC, F (1157) —
12.93; p < .001; nzpamalz 0.07, which indicates a medium effect size of
the differences. MDD patients had higher scores in this factor (m = 0.26;
sd = 0.99) compared to the HC (m = —0.28; sd = 0.94).

3.3. Association and interaction of MetS and inflammatory/oxidative
index with cognitive index

Linear regression modeling to explain the PCA cognition score
showed that the model including the interaction between the PCA in-
flammatory/oxidative factor and MetS (model 5) fitted better to data
(AIC= 408.67) than the rest of models: clinical covariate model
(AIC=409.11), metabolic covariate model (AIC= 410.15), inflamma-
tory/oxidative covariate model (AIC=412.12) and unconstrained model
(AIC= 461.51). This model was endorsed by an F (7154) = 11.24; p <
.01 and explained 31% of the variance. In other words, the model
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Table 1
Demographics, clinical and health-related variables of HC and MDD patients.
Variables Healthy MDD Patients t2/y? Effect
Controls N=84 size
N=178
Female (%) 67.95 72.62 -0.23 -0.05
Age, years 48.97 (10.32) 50.37 (10.20)  0.86 0.14
1Q 115.69 (10.65) 110.01 (11.75) -3.22 -0.51
Years of schooling 16.04 (5.51) 13.52(5.02) -3.14 -0.48
Employment Status (%) 85.90 27.38 -61.99
Active in Work 10.26 21.43
Unemployed 1.28 46.43
Sick Leave 2.56 4.76
Retired
Marital status (%) 24.36 24.10 -3.45 -0.15
Never married 60.26 56.63
Married/partnered 7.70 15.66
Separated/divorced 7.70 3.61
Widowed
Tobacco use (%) 17.95 32.14 -5.51 -0.18
Smokers 51.28 35.71
Non-ever smokers 30.77 32.14
Abstinent
Alcohol consumption 65.38 39.28 -12.31 -0.28
(%) 33.33 53.57 -14.97 ¥
Drinkers 1.28 7.14
Non-ever drinkers 17.95 46.43
Abstinent 60.26 30.10
Physical activity (%) 21.79 15.48
Low
Moderate
High
Psychomor Speed 0.22 (0.44) -0.21 (0.69) 4.74 -0.75
Attention 0.16 (0.59) -0.15 (0.78) 2.84 -0.45
Memory 0.35 (0.50) -0.33 (0.92) 5.81 -0.91
Executive function 0.75 (1.73) -0.69 (2.17) 4.64 -0.73
BMI 25.90 (4.47) 26.48 (4.79) 0.80 0.12
SBP (mm/Hg) 126.73 (17.24) 123.08 (17.04)  -1.35 -0.21
DBP (mm/Hg) 78.40 (10.19) 76.56(11.88) -1.05 -0.16
Waist 88.05 (13.77) 91.50(13.37) 1.62 0.25
HDL-C (mg/dL - log) 61.73 (15.70) 62.90 (20.63)  0.06 0.01
1.77 (0.12) 1.78 (0.14)
Glucose (mg/dL - log) 95.96 (95.95) 94.79 (94.80)  -0.64 -0.10
1.98 (0.06) -1.97 (0.07)
Triglycerides (mg/dL - 111.39 (77.77) 108.13 (62.86) 0.25 0.04
log) 1.97 (0.24) 1.98 (0.20)
TNF-a (pg/mL- log) 7.73 (3.25) 6.82 (3.41) -1.82 -0.28
.84 (0.21) .78 (0.22)
CRP (mg/dL - log) 0.17 (0.27) 0.20 (0.19) 3.10 0.50%*
-1.00 (0.43) -.80 (0.37)
HNE (mg/dL - log) 17.02 (12.43) 28.45(29.74) 2.70 0.49*
1.12 (0.40) 1.31 (0.38)
Antidepressant 2.78 (2.14)
treatment
HDRS 20.76 (5.37)

Duration of Episode
(Months)

Treatment Resistant (%)
Stage 0
Stage I
Stage II
Stage III
Stage IV

CGI (%)
Borderline mentally ill
Mildly ill
Moderately ill
Markedly ill
Severely ill
Among the most
extremely ill patients

17.80 (24.87)

16.67
21.43
25.00
14.28
22.62

1.19
5.95
39.28
40.48
10.71
2.38

(continued on next page)
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Table 1 (continued)

Variables Healthy MDD Patients t2/y* Effect
Controls N=84 size
N=78
MSM (%) 22.89
Mild 68.67
Moderate 8.43
Severe

Note. Percentage of cases are displayed for dichotomous and categorical vari-
ables. Means and standard deviation (between brackets) are displayed for
continuous variables. Effect size estimates (Cohen’s d for continuous outcomes
and Cramer’s V for non-continuous outcomes).

Mean scores and standard deviations for HDL-C, glucose, ttriglycerides, TNF-a
CRP and HNE are given in mg/dL or pg/mL and on a logarithmic scale.

1Q= Intelligent quotient, BMI = Body mass index, SBP= Systolic blood pressure,
DBP= Diastolic blood pressure, HDL-C = High-density lipoprotein cholesterol,
TNF-o0 = Tumor necrosis factor, CRP= C-reactive protein, HNE= 4-Hydrox-
ynonenal, HDRS= Hamilton Depression Rating Scale, CGI= Clinical Global
impression scale, MSM= Maudsley staging method.

*p<.05

" p<.01

" p <.001

comprising clinical, metabolic, inflammatory and metabolic*in-
flammatory interaction covariates explained better the PCA cognition
score than the remaining ones. In this model, the clinical condition (B=
—0.97; CI= —1.32, —0.61), age (B= —0.28; CI= —0.41, —0.14) and the
interaction between MetS and the inflammatory/oxidative index (B=
—0.38; CI= —072, —0.05) showed a significant loading related to global
cognitive performance. Regression coefficients of covariates are dis-
played in Table 2. Being a patient with major depression, being older
and having metabolic syndrome together with higher levels in the in-
flammatory/oxidative index, were related to poor cognitive
performance.

The results indicated that the presence of MetS, and the alterations in
the inflammatory/oxidative index were not independently related to
cognitive performance. In this way, as we can see displayed in Fig. 1, the
interaction between the presence of MetS and high levels of inflamma-
tion scores were related to poorer cognitive performance in our sample.

Thus, cognitive performance scores showed a significant relationship
with the inflammatory/oxidative index in those subjects who presented
MetS (F (1,33) = 9.16; p <[TS8 0.01) compared to those who did not (F
(1125) = 0.08; p = .77) (see supplementary material,Table S6 for more
details).

Table 2
Regression coefficients by predictors in the realization of the linear regression
model for the study of the relationship with cognitive performance.

B CI t- SE
value
(intercept) 0.38 (0.06,0.70) 2.32 0.16*
Condition (reference=healthy -0.97 (-1.32, -5.42 0.17
control) —0.61) R
Sex (reference=man) 0.16 (—0.13,0.45) 1.09 0.14
Age -0.28  (-0.41, -4.18 0.06
—0.14) e
Medication load 0.05 (—0.12, 0.23) 0.62 0.09
MetS (reference=no) 0.19 (—-0.14, 0.51) 1.14 0.16
Inflammatory/oxidative index 0.05 (—0.09, 0.20) 0.72 0.07
Interaction between MetS and -0.38  (-0.72, -2.30 0.17*
Inflammatory/oxidative index —0.05)

Note. MetS =Metabolic syndrome. B= Beta coefficient, CI= 95% confidence
interval, SE=Standar Error.
**p<.01

“p<.05

" p <.001

Psychoneuroendocrinology 137 (2022) 105631

4. Discussion

According to our results, we observe that some factors are involved
in cognitive function of the study participants: the condition of being
either a depressive patient or control, age and the interaction between
MetS and the inflammatory/oxidative score. More specifically,
belonging to the group of patients, being older and having MetS,
together with high levels of the inflammatory/oxidative index, is asso-
ciated with a worse cognitive performance.

In previous studies, it has already been observed that, in a specific
way, MDD may lead to transient decline in varying cognitive domains
such as verbal learning, verbal fluency, psychomotor speed, memory
and executive functions (Douglas and Porter, 2009; Davis et al., 2017;
Eraydin et al., 2019). This transient decline may become enduring
cognitive deficits after the disorder being overcome due to anatomical
and functional changes at the brain level (Kanner, 2004; Janssen et al.,
2007; Salvat-Pujol et al., 2017).

On the other hand, age was revealed as a relevant covariate to
explain general cognition decline. It has been well supported that one of
the main risk factors for cognitive decline is aging in both community
and clinical samples (Kirova et al., 2015; Romero-Ayuso et al., 2021). In
turn, depression is more prevalent in older adults (Andreas et al., 2017),
leading to an increasing risk of conversion to dementia (Butters et al.,
2008; Byers and Yaffe, 2011).

Our study supports the impact of the interaction MetS together with
alterations in the inflammatory/oxidative index on cognitive perfor-
mance. More concretely, we found that individuals showing at least
three metabolic risk factors (in other words, MetS), together with higher
levels in the inflammatory/oxidative index would be related to poorer
cognitive performance. These results are in line with those found by
Yaffe’s team in their study with healthy older people. in which subjects
with MetS and high inflammatory levels, measured with CRP and IL-6,
were at risk of deterioration in their mental state (Yaffe et al., 2004).

Alterations in the immune and metabolic system and the presence of
oxidative stress are closely related, with a link between them derived
from dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis
(Horowitz et al., 2020; Fiksdal et al., 2019; Rhen and Cidlowski, 2005).
In addition, low-grade chronic inflammation has been proven to be a
characteristic pathological feature of obesity and MetS, with high levels
of fatty acids contributing to an increase in the release of
pro-inflammatory cytokines, with some studies linking the presence of
obesity and cognitive decline with inflammation with a mediating role
(Chan, 2019; Miller and Spencer, 2014).

Metabolic dysregulation contributes to neuronal alterations and
synaptic relationships, with a reduction in serum adiponectin concen-
tration (APN) related to being overweight, which contributes to the
accumulation of amyloid-p protein and an increase in microglia and
astroglia, related to cognitive impairment (Wang et al., 2021). In addi-
tion, hypertension, another risk factor for the presence of MetS, is a risk
factor for the appearance of arterial smooth muscle hyperplasia and the
formation of atherosclerosis, which in turn promotes the production of
reactive oxygen species production and inflammation in cerebral blood
vessels (Wang et al., 2021). The excessive action of cytokines also pro-
motes oxidative stress, that favors a homeostatic imbalance (Biswas
et al., 2017) with an even greater hyperactivation of the microglia that
has neurotoxic effects and consequences on learning and memory
(McAfoose and Baune, 2009). In this way, subjects with immunometa-
bolic alterations could be more vulnerable to the presence of cognitive
deleterious changes, seeing their brain circuits such as the basal ganglia
or anterior cingulate cortex altered, due to the altered action of essential
pathways such as kinurenine (Miller et al., 2013) or changes in the white
matter and cell density of the hippocampus (Yates et al., 2012; Living-
ston et al., 2020).

Recent evidence shows that not all patients with depression have
immunometabolic alterations and suggests a link between atypical
depression (i.e., MDD featured by atypical behavioural symptoms, such
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Inflimmatorv/oxidative Index

Global Cognitive Factor

as hyperphagia, weight gain, hypersomnia, fatigue) and inflammatory
imbalance (i.e., increased pro-inflammatory levels) (Lamers et al., 2020;
Milaneschi et al., 2020) and an elevated risk of MetS (Lasserre et al.,
2017; Penninx et al., 2013). With our results, we observe that the
cognitive symptoms also experienced by these patients are also related
to the immunometabolic alteration they suffer. In this way, patients with
a greater number of vegetative and cognitive symptoms could be a more
inflamed group.

This inflammation could lead to the appearance of metabolic dis-
eases comorbid with depression, especially in this group of patients,
since it seems to have a mediating role in both pathologies, for example,
patients with depression have a greater risk of arterial hypertension and
patients with type 2 diabetes were 1.2-2.3 times more likely to have
depressive symptoms than the general population (Qiu et al., 2021). The
relationship between the two appears to be measured by inflammation,
since it has been observed that NLRP3 inflammatory bodies can mediate
hippocampal neuroinflammation and depression-like behavior and at
the same time, can cause changes in the levels of hormones, mediators
and inflammatory factors in endocrine regulation, and abnormal func-
tion or expression of some receptors (Feng et al., 2019; Qiu et al., 2021).

Besides, our results suggest an interactive pattern of relationships
between the immunometabolic dysregulation, age (Wang et al., 2021)
and depression (Dunbar et al., 2008; Carey et al., 2014; Mazereeuw
etal., 2015; Chan, 2019). We speculate that a link between the onset and
maintenance of cognitive problems may be related to higher-order
dysregulation of the HPA axis (affecting both inflammation and meta-
bolic processes), vascular disease and microglial changes (Butters et al.,
2008; Byers and Yaffe, 2011; Wang et al., 2021).

Bearing our results in mind, we show that the evaluation of cognitive
performance and the inmunometabolic status in patients with MDD
seems as an essential step to prevent possible subsequent alterations and
to carry out an effective and comprehensive treatment. Treatments that
prevent increases in inflammatory levels such as physical exercise or
that aim to reduce them, such as anti-inflammatories are already being
tested with MDD patients with different results (Eyre et al., 2015;
Kappelmann et al., 2018; Kopschina Feltes et al., 2017; Lee et al., 2021;
Repple, Opel, 2021). The relationship found in our work of these

Psychoneuroendocrinology 137 (2022) 105631

Fig. 1. Interaction between MetS and inflam-
matory factor in the regression model for
cognitive performance, Note. MetS= Metabolic
syndrome. The dots represent the participants
without MetS, the triangles represent the par-
ticipants with MetS. HC values are displayed in
red and MDD patient values are displayed in
blue color. The relationship between the global
cognitive factor and the inflammatory/oxida-
tive index was significant in the case of the
participants with MetS (r = —.46, p < .01), but
not significant in the case of the participants
without MetS (r= -.02, p=.77).

biomarkers with cognition could mean that this type of treatment could
be effective for the cognitive ailments expressed by patients with
depression, therefore a further study in this regard is pertinent.

The study opens a line of research in immunometabolic agents (but
not only inflammatory) to deal with cognitive decline associated with
MDD and it would be important to continue with longitudinal lines of
research that consider the evolution of cognitive performance, in the
presence of these related factors, being able to establish trajectories and
risk scores.

Regarding the limitations of the study, we must point out that our
results were derived from analyses using a relatively limited sample size.
Note that our sample would be large enough for parametric analysis
based on linear modelling (e.g., ANCOVA models) (Shieh, 2020). On the
other hand, the sample was somewhat heterogenous as patients from the
clinical sample had a lower IQ and different employment features than
HC. Both variables have been related to cognitive performance (Fisher
etal., 2014; Mohn et al., 2014). Note that the employment status is often
associated with the IQ level (Richardson and Norgate, 2015). Moreover,
analysis on cognitive performance was controlled for the IQ in our study.

Another limitation is precisely its cross-sectional design, which limits
the possibilities of analysis and prevents infering causal relationships.

Another possible limitation is that the analyses were carried out on
composite scores (factors) and not on individual tests scores. However,
composite scores have the benefit of reducing the number of variables to
be tested and thus, increase the statistical power when using limited
sample sizes.

5. Conclusions

In summary, our results show the relevance of the study of immu-
nometabolic biomarkers and their interactions in relation to cognitive
performance, opening a line of research in patients with MDD. Specif-
ically, in our study we provide evidence of the joint association of
metabolic and inflammatory dysregulation with cognitive symptoms
suffered by these patients.

Further research should be done to support our results. It would also
be pertinent to carry out studies in these specific populations,
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considering factors related to depressive symptomatology and cogni-
tion, such as active lifestyles (Katayama et al., 2021; Sanchez-Carro
etal., 2021), sleep patterns (Hu et al., 2021) and interventions that have
shown positive results in reducing inflammation and exert protective
effects on the brain, such as physical exercise (Erickson et al., 2019; De
la Rosa et al., 2020) and adjuvant treatment with anti-inflammatory
drugs (Salagre et al., 2017).
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