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Abstract

Background: The role of executive functions (EF) is to maintain particular behaviours in order to achieve intended goals. EF are
crucial in management of pre-diabetes, diabetes and obesity which are grievous diseases and can lead to severe complications. The
aims of our study were to: assess EF in group of obese subject with carbohydrate disorders, evaluate whether biochemical factors and
comorbidities related to metabolic disorders have adverse effect on EF in this group of patients. Methods: The study included 185
obese patients (146 women; 39 men) who were divided on three groups: pre-diabetic, diabetic and control subgroup. Patient underwent
Wisconsin Card Sorting Test (WCST) to evaluate EF. Assessed biochemical factors included C-peptide, fasting plasma glucose (FPG)
and glycosylated hemoglobin Alc (HbAlc). Results: Diabetic patients showed the worst WCST scores among the rest of groups.
Pre-diabetic individuals did not differ in EF performance from control subgroup. We observed significant correlations between FPG and
HbA1c and worse WCST scores in pre-diabetic subgroup. In diabetic patients C-peptide correlated with poorer EF. Depressive symptoms
and hypertension significantly correlated with non-perseverative errors in WCST. Conclusions: The subgroup of diabetic patients were
the most obese and had the worst glycemia parameters. They also showed the worst EF in WCST. According to obtained results,
hyperglycemia positively correlated with poor EF in pre-diabetes. However, in diabetic subjects cognitive deterioration may results
from insulin resistance rather than hyperglycemia. In obese individuals with carbohydrate disorders both hypertension and depressive

symptoms significantly contributed to EF dysfunction.
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1. Introduction

Modern advances in many fields, such as medicine
have improved daily lifestyle. However, better life condi-
tions, sedentary lifestyle, easiness in obtaining food with
high amounts of calories contribute to the development of
metabolic diseases—obesity and diabetes mellitus.

According to WHO, we are currently struggling with
obesity crisis. Data show that in 2016 more than 1.9 bilion
adults were overweight, (650 milion of them were obese);
regarding children and adolscents, over 340 milions of them
were overweight or obese [1].

International Diabetes Federation estimates that 1 in
11 adults (463 million people) suffers from diabetes mel-
litus, one fifth of diabetic patients are above 65 y.o., and
nearly 374 milion people have impaired glucose tolerance
(IGT) [2]. Those numbers are alarming and, if neglected,
will be rising every year.

Both, obesity and diabetes mellitus are associated
with grevious complications which can contribute to greater

mortality and such as cardiovascular disease (CVD) [3—
7]. Research also show the interplay between type 2 dia-
betes mellitus (T2DM), obesity and the pathogenesis of de-
pression indicating that mental disorders are risk factor of
metabolic diseases and vice versa [8].

An important element in the long-term therapy of pa-
tients with T2DM is glycemic control, which is an expres-
sion of compliance with treatment. The factors related to
glycemic control include demographic factors such as sex,
age, education, ethnicity, but also clinical parameters such
as duration of T2DM and psychological parameters such as
depressive symptoms or executive functions (EF) [9—12].

In neuropsychology, all abilities which allow people
to take actions in order to achieve their goals, is the set of
high cognitive processes called executive functions [13,14].
EF take part in actions associated with planning, making
decisions, monitoring errors and correcting them, as well
as performing complex actions by dividing particular steps
in proper sequences. One uses them during inhibiting some
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CONSEQUENCES OF DIABETES AND PRE-DIABETES AND THE ROLE
OF BIOCHEMICAL PARAMETERS OF CARBOHYDRATE METABOLISM FOR
THE FUNCTIONING OF THE PREFRONTAL CORTEX IN OBESE PATIENTS.

Methods

Background

Executive functions (EF)
manage obesity and T2DM.

N=185 obese patients 1. T2DM patients showed the worst WCST scores.

2. We have observed following correlations
within the study:
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Conclusions

1. Patients with T2DM showed the worst gycemia parameters and worst EF in WCST.

2. In pre-diabetic subjects hyperglycemia positively correlated with poor EF.
3. In T2DM subjects worse EF may result from insulin resistance.
4. In obese with carbohydrate disorders hypertension and depression contribute to EF dysfunction.
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Visual Abstract. EF, executive functions; T2DM, type 2 diabetes mellitus; WCST, wisconsin card sorting test; FPG, fasting

plasma glucose; WCST_NP, % of non perseverative errors of wisconsin card sorting test; HbAlc, hemoglobin Alc.

habitual responses or during resisting themselves from the
rewarding stimuli [15]. EF may be divided on attentional
control, inhibitory control, cognitive inhibition, cognitive
flexibility and working memory [16,17]. Patients use EF to
keep proper and healthy diet, stop themselves in eating high
carbohydrate foods or plan their day to maintain the balance
between physical activity and meals to control appropriate
glucose levels in blood and therefore, EF are crucial in man-
aging obesity and diabetes.

Evidence demonstrate that T2DM increases the risk
of cognitive decline and dementia [18]. Yeung ef al. [19]
showed that in comparison to healthy individuals, T2DM
patients gained significantly poorer results in tests assessing
executive functions. A meta-analysis reported that T2DM
was associated with significantly worse performance in
following cognitive domains: EF, speed processing, psy-
chomotor performance and verbal learning [20]. Diabetes
affects cognition on many ways-factors which may inflict
damage on brain functions are the duration of the diabetes or
the levels of glycemia. Results of Maastricht Aging Study
showed greater cognitive deterioration in diabetic subjects
in comparison to healthy ones over the period of 12 years
[21]. Another study demonstrates that elevated levels of

glycosylated hemoglobin were significantly associated with
poorer cognitive performance in the group of diabetic pa-
tients [22].

There are also reports describing the association be-
tween specific cognitive functions with poorer control of
T2DM [23,24]. In the elderly population these were mem-
ory impairment and executive dysfunction which lead to the
progression of the disease. An important element is the bi-
directional dependence of diabetes mellitus and cognitive
functioning, due to evidence that diabetes affects the func-
tion and structure of the brain [25-27].

Obesity also has been linked with poorer cognitive
functioning. Data point to the linkage between excessive
weight and deterioration in attention, memory and visuas-
patial domains [28-30]. Gathered evidence show that obese
individuals present worse EF in comparison to healthy con-
trols. The scrutinized connections between obesity and EF
suggest that the poorer cognitive performance in those do-
mains may be the culprit of further weight gain [31,32].

Some evidence however, show mixed results regard-
ing the influence of the obesity on cognition. In compar-
ison to normal-weight, obese participants had better per-
formance in tasks assessing visuospatial speed [33]. De-
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schamps et al. [34] in their follow-up study found lower
risk of cognitive decline in overweight subjects. Hence,
more research is needed in this field.

As stated before, numbers of patients who are suf-
fering from both obesity and T2DM are growing and as-
sessment of cognitive functions might bring promising data
which then could be utilized in order to create better treat-
ment plans or preventive programmes. Hence, the aim of
this study was to assess the EF in obese individuals with
T2DM and pre-diabetes in comparison to “healthy” obese
controls. We also evaluated whether biochemical factors
related to glycemia and insulin affect EF. The last step of
our analysis was to evaluate if diseases related to obesity
and diabetes take part in EF deterioration in this group of
patients.

2. Materials and methods
2.1 Participants

The study was conducted in a group of 185 Caucasian
people (146 women; 39 men) who were under outpatient
care in Endocrinology and Diabetology Clinic due to pri-
mary obesity. All patients were tested for carbohydrate dis-
orders. Analyzing the history of the disease and the results
of the oral glucose tolerance test (OGTT), the patients were
divided into three groups: in the first group there were 87
patients without carbohydrate disorders (65 women and 22
men), in the second group—42 patients with impaired glu-
cose tolerance (IGT) or impaired fasting glycemia (IFG) (33
women and 9 men) and in the third 56 patients (48 women
and 8 men) with diabetes. The median age was the high-
est in the subgroup of people with diabetes, and this group
was also the most severe. Demographic characteristics are
shown in Table 1.

The following inclusion criteria were adopted in the
study: adulthood (age between 16 and 69 y.o0.), consent to
study participation and primary obesity. Secondary causes
of obesity were excluded due to performed medical assess-
ment and the results of metabolic and hormonal tests. Seri-
ous psychiatric or neurological illnesses, addictions to any
illicit drugs or alcohol, or any significant somatic diseases
like cardiovascular disease, were implemented as exclusion
criteria.

We provided participants with detailed information
about the objectives and nature of the study before obtaining
their written informed consent to participate. The Bioethics
Committee at Nicolaus Copernicus University has agreed to
conduct the study (No. 533/2008).

2.2 Clinical assessments and measures

Obesity was diagnosed on the basis of anthropomet-
ric measurements and the calculation of the body mass in-
dex (BMI). BMI is an indicator of body fat concentration
and is calculated as weight (kg) squared height (m). Dis-
orders related to impaired glucose metabolism were diag-
nosed with an oral glucose tolerance test performed with
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75 g of anhydrous glucose in solution. If a patient had a
history of diabetes and received appropriate treatment, the
patient was included in the diabetes group. Glucose was
obtained initially, before glucose load, and two hours after
glucose ingestion. Patients fasted for at least 8 hours prior
to the OGTT.

Based on the OGTT results, patients were assigned to
individual study subgroups:

(1) if the fasting glucose level was below 99 mg%
(5.5 mmol/L), and after two hours below 140 mg% (7.8
mmol/L), the patient was not diagnosed with carbohydrate
disturbances.

(2) if the patient had elevated fasting blood glucose
levels above 100 mg% and the result was normal after two
hours, the patient had abnormal fasting glucose and was as-
signed to the IFG/IGT group.

(3) if the patient had a blood glucose level of 140—199
mg% (7.8-11.1 mmol/L) after 2 hours, he was diagnosed
with impaired glucose tolerance and was included in the
IFG/IGT group.

(4) if the blood glucose concentration was above 200
mg% (11.1 mmol/L) after 2 hours, the patient was diag-
nosed with diabetes mellitus

In order to determine the control of diabetes, the level
of glycosylated hemoglobin Alc (HbAlc) was determined
in the study population. It is considered a good indicator
of glycemic control in the last two to three months [35].
Fasting plasma glucose (FPG) and C-peptide were also de-
termined as complementary biochemical analyzes.

2.3 Psychological assessment

To assess the functioning of the prefrontal cortex, in
particular working memory and executive functions, a com-
puter version of the Wisconsin Card Sorting Test (WCST)
with instructions in Polish was used. The WCST analy-
sis was based on the following parameters: (1) the percent-
age of perseverance errors (WCST_P), reflecting thinking
rigidity and difficulties in adapting to changing conditions;
(2) the percentage of non-perseverance errors (WCST _NP),
which is the number of errors reflecting the effectiveness of
attention (reflecting disordered responses); (3) the number
of completed categories (WCST_CC), which is related to
the efficiency of thinking; expresses the ability to react cor-
rectly on the basis of the new information received, experi-
ence gained and feedback signals; (4) the number of cards
needed to compose the first category (WCST _1st), as an ex-
pression of the proficiency in formulating a logical concept;
(5) the percentage of responses consistent with the logical
concept (WCST_CLR), it is a parameter reflecting the abil-
ity to maintain the applied logical concept and shows the
ability to plan activities based on the information received.
WCST and its parameters selected for analysis are consid-
ered reliable in the assessment of the prefrontal cortex func-
tion [36].


https://www.imrpress.com

Table 1. Demographic and clinical parameters in study subgroups.

Nondiabetic (n = 87) IFG/IGT (n=42) Diabetic (n = 56) P Post hoc
Gender (9/3) 65/22 33/9 48/8 0.69 ns.
Age (y) 35.0 (18.0-68.0) 42.0 (18.0-69.0) 52.0 (31.0-61.0) <0.0001 Nondiabetic vs. IFG/IGT p = 0.00004 Nondiabetic
vs. Diabetic p < 0.00001 IFG/IGT vs. Diabetic p =
0.0004
BMI 41.5 (30.1-64.1) 42.5(31.2-58.6) 48.9 (35.5-61.3) 0.0036 Nondiabetic vs. IFG/IGT p = 0.83 Nondiabetic vs.

Diabetic p = 0.002 IFG/IGT vs. Diabetic p = 0.003

Degree of obesity (n, %)  1—0 (11.5%) 11—3 (26.5%)  1—5 (12%) [I—12 (28.5%) 1—8 (14%) II—18 (32%)  0.025  Nondiabetic vs. IFG/IGT p = 0.73 Nondiabetic vs.
111—4 (62%) I11—24 (59.5%) 11130 (54%) Diabetic p = 0.01 IFG/IGT vs. Diabetic p = 0.01

Hypertension (n, %) 21 (24%) 22 (52.4%) 28 (50%) <0.0001  Nondiabetic vs. IFG/IGT p =0.001 Nondiabetic vs.
Diabetic p < 0.00001 IFG/IGT vs. Diabetic p=0.03

Kruskal Wallis ANOVA; Post hoc analysis, Fischer NIR test.

Table 2. Metabolic results in study subgroups (median and range).

Nondiabetic (n=87)  IFG/IGT (n=42) Diabetic (n = 56) P Post hoc

Fasting glucose (mg/dL) 88.0(71.0-99.0) 103.0 (81.0-124.0) 130 (98-215.0) <0.0001  Nondiabetic vs. IFG/IGT p < 0.00001 Nondiabetic vs. Diabetic p < 0.00001
IFG/IGT vs. Diabetic p < 0.00001

o)

2,

(i

4

Ss3id NI

C-peptide level (nmol/L) 2.44 (0.28-11.8) 3.36 (0.22-101.0)  4.08 (0.33-101.0) 0.026 Nondiabetic vs. IFG/IGT p = 0.28 Nondiabetic vs. Diabetic p = 0.03 IFG/IGT
vs. Diabetic p =0.16

HbAlc (%) 5.4 (4.36-6.5) 5.8 (5.0-7.2) 7.8 (4.84-8.7) <0.0001 Nondiabetic vs. IFG/IGT p = 0.001 Nondiabetic vs. Diabetic p < 0.00001
IFG/IGT vs. Diabetic p < 0.00001

Kruskal Wallis ANOVA; Post hoc analysis, Fischer NIR test.
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Table 3. WCST results in study subgroups (median and range).

Nondiabetic (n =87) IFG/IGT (n=42)

Diabetic (n = 56) p

Post hoc

%Pers 10.0 (4.0-48.0) 10.5 (6.0-38.0) 14.0 (6.0-36.0) 0.03  Nondiabetic vs. IFG/IGT p = 0.37 Non-
diabetic vs. Diabetic p = 0.005 IFG/IGT
vs. Diabetic p < 0.05

%N_Pers 11.0 (3.0-59.0) 9.5 (1.0-33.0) 15.0(7.0-36.0)  0.0478 Nondiabetic vs. IFG/IGT p = 0.28 Non-
diabetic vs. Diabetic p = 0.16 IFG/IGT
vs. Diabetic p = 0.045

%CLR 74.0 (0.0-91.0) 73.0 (6.0-89.0) 65.5(9.0-84.0) 0.047  Nondiabetic vs. IFG/IGT p = 0.84 Non-
diabetic vs. Diabetic p = 0.03 IFG/IGT
vs. Diabetic p = 0.08

CcC 6.0 (0.0-6.0) 6.0 (0.0-6.0) 5.0 (0.0-5.0) 0.08  mns.

Ist Cat 12.0 (10.0-129.0) 12.0(10.0-129.0) 12.0(11.0-129.0)  0.74  ns.

%Pers, the percentage of perseverative errors; %N _Pers, the percentage of non-perseverative errors; %CLR, the percentage of re-

sponses consistent with the logical concept; CC, the number of completed categories; 1st Cat, the number of cards needed to compose

the first category; IFG, impaired fasting glucemia; IGT, impaired glucose tolerance.

2.4 Statistical analysis

The data were tested using the Shapiro-Wilk test and
it was found that the study group did not meet the criteria of
a normal distribution. The statistical significance of differ-
ences between the 3 groups was tested by Kruskal-Wallis
analysis of variance (ANOVA). Post hoc analysis was per-
formed using the Fisher NIR test. Correlation analysis was
performed using the R-Spearman correlation test. In order
to perform the multivariate analysis, a multiple regression
model was used. Statistica 13.0 (StatSoft Polska, Krakow,
Poland) was used for statistical analyzes.

3. Results

The parameters related to the occurrence of disorders
of carbohydrate metabolism and their advancement were
obviously higher in the IFG/IGT group and the highest in
the diabetes subgroup (Table 2).

The analysis of the results obtained in the WCST sub-
groups revealed significantly more perseverative and non-
perseverative errors and significantly fewer death responses
with the logical concept in the diabetes subgroup (Table 3).
There were no significant correlations between WCST re-
sults and biochemical parameters in the obese subgroup
without carbohydrate disorders.

There were no significant correlations between WCST
results and biochemical parameters in the obese subgroup
without carbohydrate disturbances. In the IFG/IGT and di-
abetes subgroups, there were numerous significant correla-
tions between worse WCST scores and poorer fasting glu-
cose, HbA1C and C-peptide parameters (Table 4).

In order to confirm the significance of the participa-
tion of carbohydrate disturbances in the WCST results, the
analysis of the multiple regression model was performed.
This analysis confirmed that age is the most common fac-
tor influencing the outcome. In addition, it was found that
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HbA 1c was significant in the context of WCST % Pers, hy-
pertension and depressive symptoms in WCST % N_Pers,
and depressive symptoms in terms of WCST _1st Cat (Ta-
ble 5).

4. Discussion

The aim of this study was to scrutinize the EF in obese
individuals with pre-diabetes and T2DM. In our assessment
we also took into consideration biochemical factors i.e.,
glycemia and insulin resistence (C-peptide, FPG, HbAlc),
and other comorbidities related to metabolic disorders like
hypertension and depression. In the next step of our analy-
sis, we performed calculations in order to find associations
between abovementioned factors and the performance of
executive functions measured with WCST.

Literature has reported relationship between obesity
and cognitive deterioration. The study of Gunstad ez al.
[37] showed that healthy individuals who were overweight
or obese had worse scores in tools assessing EF. However,
researchers did not observe any associations between at-
tention domains [37]. Also being obese is associated with
cognitive deficits in other domains like psychomotor, atten-
tion, memory, verbal fluency, or visuomotor skills [38—42].
Neuroimaging studies confirm those examples by observ-
ing changes in brain structure in obese people. Decreased
regional cerebral blood flow in prefrontal cortex in obese
individuals may be responsible for deteriorations of EF and
attention [43]. Data show relationship between greater BMI
and lower grey matter volume, as well as changes in white
matter which supports hypothesis of putative acceleration
of brain aging in obese people, which lead to cognitive de-
cline [44,45]. This is consistent with results of our study
presented in Table 3. The group of T2DM were the most
obese and showed the worst performance in WCST.
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Table 4. R-Spearman correlations WCST scores in women and men. Partial Kendall regression for significant correlations.

RESULTS IN NONDIABETIC PATIENTS

Fasting glucose [mg/dL] p C-peptide level [nmol/L) p HbAlc (%) p
%Pers 0.009 0.93 0.063 0.56 0.147 0.17
%N_Pers 0.217 0.04 0.020 0.85 —0.035 0.74
%CLR —-0.208 0.05 0.053 0.62 0.020 0.85
CcC 0.020 0.85 0.214 0.04 0.054 0.61
Ist Cat 0.153 0.15 0.054 0.61 0.0001 0.99

RESULTS IN IGT/IFG PATIENTS

Fasting glucose [mg/dL] p C-peptide level [nmol/L] p HbAlc (%) p
%Pers 0.327 0.03 0.301 0.05 0.445 0.003
%N_Pers 0.212 0.17 0.294 0.06 0314 0.04
%CLR —0.526 <0.001 —0.135 0.43 —0.446 0.003
CcC —0.458 0.002 —0.385 0.01 —0.448 0.003
Ist Cat 0.100 0.52 0.071 0.65 0.180 0.25

RESULTS IN DIABETIC PATIENTS

Fasting glucose [mg/dL] )4 C-peptide level [nmol/L] P HbAlc (%) P
%Pers 0.102 0.45 0.386 0.003 0.227 0.09
%N_Pers —0.120 0.37 0.572 <0.0001 0.198 0.14
%CLR —0.247 0.06 —0.449 0.0005 -0.247 0.06
CC —0.327 0.01 —0.495 0.0001 —-0.326 0.01
Ist Cat 0.344 0.009 0.239 0.07 0.344 0.009

%Pers, the percentage of perseverative erroros; %N_Pers, the percentage of non-perseverative errors; %CLR, the percentage

of responses consistent with the logical concept; CC, the number of completed categories; 1st Cat, the number of cards

needed to compose the first category; IFG, impaired fasting glucemia; IGT, impaired glucose tolerance.

However, obesity is not a single factor affecting cogni-
tive performance in this group. Literature presents findings
linking T2DM with cognitive deterioration. The study of
Redondo et al showed that in comparison to healthy individ-
uals, persons with T2DM gained worse scores in tests eval-
uating EF (including WCST). These findings point to dele-
terious effects of T2DM on cognitive performance, even
though T2DM subjects did not have elevated HbA1c values
[46]. Moreover, authors of the publication emphasize that
the exacerbation of EF presented in diabetic patients was
similar to cognitive decline of patients with Alzheimer’s
disease. Results indicate the close relationship between
T2DM and the pathogenesis of Alzheimer’s. Not to men-
tion, that Alzheimer’s disease is named “Type 3 Diabetes”
due to disturbances in insulin and glucose metabolisms in
central nervous system [47,48].

Our results are also consistent with other findings in
the literature, showing that comparing to healthy individ-
uals, diabetic subjects were characterized with cognitive
deficits in domains of executive functions [19,49,50].

Neuroimaging studies present evidence pointing to
deleterious impact of diabetes on cognition, as indicated
worse performance in utilized neuropsychological tests.
Brains of pre-diabetic and diabetic individuals showed de-
creased activation in prefrontal cortex (PFC) during cog-
nitive tasks in comparison to healthy subjects [51]. Diffu-
sion Tensor Imaging method showed neuronal microstruc-

tural abnormalities in patients with T2DM in brain regions
(including frontal lobes) which are responsible for domains
like memory, attention, speed processing and EF [52]. Es-
pecially changes in PFC may be linked to poorer results in
tests evaluating working memory, as shown in the study of
Huang et al. [53].

Table 4 presents correlations between WCST param-
eters and biochemical factors of diabetes. We gained
interesting findings in the subgroup of pre-diabetic pa-
tients. Worse EF performance in WCST domains positively
correlated with greater plasma glucose levels and worse
glycemia control measured with HbAlc levels. Regarding
pre-diabetes and cognitive functions, studies show mixed
results [54,55]. However, reports point to the association
between pre-diabetes and minor cognitive deterioration in
aspect of processing speed and EF. The study of Dybjer et
al. [56] observed associations between cognitive deterio-
ration in diabetic and pre-diabetic group, also in context of
glucose levels measured during oral glucose tolerance test.
Findings indicate that IFG was linked to worse cognitive
tests results implying that inadequate glucose metabolism
resulting in hyperglycemia may be responsible for cognitive
deterioration. Furthermore, FPG and glycemia measured
after 2 hours were also associated with cognitive perfor-
mance. This is in line with our findings, showing that higher
values of FPG levels and HbAlc in pre-diabetic group cor-
related with worse WCST performance. However, authors
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Table S. Multiple regression model for WCST results.

WCST_%Pers B coefficiency p 95% C.I. Lower 95% C.I. Upper
Gender —0.043 0.71 —0.28 0.19

Age 0.241 0.11 —0.05 0.54

BMI —0.041 0.84 -0.47 0.39
Hypertension -0.078 0.58 -0.36 0.20
Fasting glucose -0.190 0.26 -0.52 0.14
HbAIC 0.428 0.009 0.10 0.74
C-peptide 0.067 0.58 -0.17 0.31

BDI 0.198 0.35 -0.23 0.62
WCST %N Pers B coefficiency p 95% C.I. Lower 95% C.I. Upper
Gender —-0.090 0.40 -0.30 0.12

Age 0.428 0.002 0.15 0.70

BMI —0.135 0.50 —0.53 0.26
Hypertension 0.308 0.02 0.04 0.57
Fasting glucose -0.192 0.21 -0.49 0.11
HbAIC 0.034 0.81 -0.25 0.32
C-peptide —-0.073 0.51 —-0.29 0.15

BDI 0.363 0.02 —-0.02 0.75
WCST_%CLR B coefficiency P 95% C.I. Lower 95% C.I. Upper
Gender 0.093 0.41 —0.13 0.32

Age —-0.336 0.02 —0.62 —-0.04
BMI 0.060 0.77 -0.36 0.48
Hypertension —0.180 0.20 -0.45 0.09
Fasting glucose 0.178 0.27 -0.14 0.50
HbAIC —0.248 0.11 -0.55 0.06
C-peptide 0.050 0.67 —0.18 0.29

BDI -0.270 0.20 —0.68 0.14
WCST _CC B coefficiency p 95% C.I. Lower 95% C.I. Upper
Gender -0.118 0.29 -0.34 0.10

Age —0.394 0.007 —0.68 —-0.10
BMI 0.085 0.68 -0.33 0.50
Hypertension —-0.115 0.40 -0.38 0.16
Fasting glucose 0.201 0.21 —0.12 0.52
HbAIC -0.221 0.15 —-0.52 0.08
C-peptide 0.076 0.51 -0.15 0.31

BDI -0.369 0.04 -0.78 0.04
WCST _1st Cat B coefficiency p 95% C.I. Lower 95% C.1. Upper
Gender 0.143 0.22 —0.09 0.38

Age 0.385 0.01 0.08 0.68

BMI —0.222 0.31 —0.66 0.21
Hypertension -0.222 0.15 -0.07 0.49
Fasting glucose -0.236 0.16 -0.57 0.10
HbAIC —-0.091 0.56 -0.41 0.22
C-peptide —0.128 0.30 —-0.37 0.11

BDI 0.146 0.49 -0.28 0.57

%Pers, the percentage of perseverative errors; %N_Pers, the percentage of non-perseverative errors; %CLR, the percentage

of responses consistent with the logical concept; CC, the number of completed categories; 1st Cat, the number of cards

needed to compose the first category; BMI, body mass index; BDI, Beck Depressive Inventory.

of the previous study also admit, that having diabetes for
the prolonged time should be responsible for profound cog-
nitive deficits [56].

Pre-diabetes is characterized with inappropriate glu-
cose regulation leading to glucose imbalance reflected in
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hyperglycemia, as well as improper insulin metabolism
which may promote insulin resistance. Nonetheless, such
dysregulation, albeit greater than normal, can’t be classified
as diabetic. Results presented in Table 4 show, that within
the group of pre-diabetic patients, the FGP and HbAlc were
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significantly linked to worse WCST performance. Even
though, the pre-diabetic patients did not differ in WCST
scores in comparison to healthy individuals (Table 3), the
metabolic changes in patients in pre-diabetic stage seems
to contribute to worse cognitive performance in EF mea-
sured with WCST [57]. Those findings are in concordance
with the literature. Studies show that even in persons with-
out diabetes, higher glucose values were related to greater
risk of dementia [58]. Also, greater values of glucose blood
levels (even within normal ranges) were associated with
lower grey and white matter volumes in magnetic resonance
imaging (MRI) studies of healthy individuals—however the
study group included individuals in their 60s [59]. Another
studies point to FPG as an important factor of cognitive de-
cline in individuals with metabolic syndrome, as well as
in pre-diabetic patients with IFG [60,61]. Another impor-
tant aspect is the connection between overweight, obesity
or metabolic syndrome and worse EF performance [62].
Also in the stage of pre-diabetes, vascular dysfunctions may
develop and affect brain function. Results of Maastricht
Study revealed that pre-diabetes was linked to microvascu-
lar changes. Moreover, HbAlc and glucose levels were as-
sociated with vascular dysfunction which may contribute to
neuropathy and further cognitive decline [63]. To sum up,
our results suggest that cognitive decrements induced by
obesity may be exacerbated by additional changes caused
by greater glycemia values in pre-diabetes.

As shown in Table 4, also HbA 1c values significantly
correlated with some of the WCST scores associated with
worse EF performance. Literature show mixed results in
this regard. Study of Cukierman-Yaffe ef al. [22] points to
the inverse associations between HbA 1¢ values and cogni-
tive performance evaluated with battery of neuropsycholog-
ical tests. Also greater HbAlc correlatated with greater risk
to dementia, especially when the levels of HbAlc exceed
7% [64,65]. Nonetheless, results of other studies present
opposite findings. In their study, Ruis et al. [66] did not
find any relations between HbA 1¢ values and cognitive per-
formance. In the work of Nazaribadie ef al. [57] were
observed only significant correlations between HbAlc val-
ues and greater scores of perseverative errors in group with
T2DM. In the study comparing the EF performance be-
tween patients with Alzheimer’s disease and T2DM, group
of T2DM showed decline in WCST even though they pre-
sented good glycemic control. Such outcome suggests that
different mechanisms may be responsible for cognitive de-
cline similar to AD patients and that T2DM patients with
good glycemic control may still be at risk in developing AD
[46]. Proposed mechanisms resposible for cognitive dete-
rioration in diabetic patients are presented in the work of
Cukierman-Yaffe et al. [67]. Among them, authors include
the role of insulin in cognitive performance. Our results
(Table 4) indicate significant correlations between greater
insulin resistance (reflect by C-peptide values) and worse
WCST scores, i.e., deterioration in EF. Those findings are

in concordance with results in the literature which describe
the dependence between insulin metabolism and cognition.

Hyperinsulinemia and insulin resistance are detrimen-
tal for brain function for many reasons. One of them is
that insulin contribute to the excess of Advanced Glycation
End products (AGEs) which impair the wall of blood ves-
sels and in this manner may hinder proper blood flow in
brain or downregulate neurogenesis, which in turn may be
resposible for exacerbated memory [68]. Also accumula-
tion of AGEs has been proposed as the main factor of glu-
cotoxicity which may cause cognitive deficits similar to AD
[69]. Other studies show, that insulin resistance may be re-
sponsibile for Alzheimer-like cognitive deficits in diabetic
patients. Proposed mechanism is that insulin resistence via
activation of metabolic processes, leads to the creation of
neurofibrillary tangles and hence contribute to cognitive de-
terioration [70].

However, the Maastricht study did not confirm asso-
ciations with HOMA test or C-peptide and fasting plasma
insulin concentrations with cognitive performance among
patients with T2DM and good glycemic control. Authors
proposed that peripheral insulin resistance may be unrelated
to cognitive functions in the group of T2DM subjects, and
cerebral insulin resistance may be responsible for cognitive
deterioration in diabetic individuals [71].

Obesity is associated with hyperinsulinemia as well,
and may lead to neurocognitive dysfunction by mechanisms
described above. Building on results of our study it seems,
that insulin resistance is strongly associated with deterio-
ration of EF in obese individuals with T2DM rather than
hyperglycemia [72,73]. However, more studies are needed
to confirm these findings.

It is important to mention the other factors which have
crucial impact on cognitive deterioration in patients with di-
abetes and which were not included within study analysis.
Among them we can mention hypoglycemia, type of exer-
cise or sleep deprivation [74]. Stress may affect circadian
rythm and elicit changes within endocrinne system and in
this manner may lead to cognitive deterioration [75].

Table 5 shows results of the multiple regression model
for WCST scores. Obtained results indicate that comorbidi-
ties related to T2DM and obesity are significantly correlated
with EF measured with WCST. Furthermore, it seems that
EF dysfunctions in this group of patients may result from
different factors related to obesity and diabetes.

Many studies have showed associations beteween de-
pressive disorders and worse executive functions [76—78].
In comparison to healthy individuals, depressed patients
showed worse scores in WCST which is consistent with re-
sults of our study. Those premises are confirmed in MRI
studies, whereas patients with depression were character-
ized with smaller grey and white matter in comparison to
control group [79-81]. Those findings are of the great im-
portance due to mutual interactions between depression and
diabetes. Both depression and diabetes show similar patho-
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physiological paths, like changes within hypothalamic-
pituitary-adrenal axis leading to high cortisol level and fi-
nally insulin resistance [82,83]. Inflammatory system may
be also involed in the bidirectional way in the pathogenesis
of both diseases [84].

To emphasize the interdependent role of obesity, dia-
betes and depression, Mansur ef al. [8] proposed the term
“metabolic mood syndrome”. Synergistic effect of all dis-
eases may negatively affect PFC and in such manner ensue
further deterioration in executive functions. Disturbances
in EF may interfere with proper management of T2DM and
lead to hindrance in adequate glycemia monitoring. Neg-
ative thoughts related to depression may affect working
memory and disturb focusing on the goal—such as main-
taining proper glucose levels [85,86]. Outcomes of our
study also indicate that depressive symptoms are associated
with worse EF and may contribute to the “metabolic mood
syndrome”.

Another disease comorbid with obesity and T2DM is
hypertension and this disease may also be responsible for
the impairment of EF. Our results indicate significant corre-
lation between hypertension and greater percentage of non-
perseverative errors in WCST. Reaserches evaluating EF
established the detrimental role of hypertension in compar-
ison to healthy individuals [87,88]. This is in line with our
outcomes. The possible mechanism linking diabetes, hy-
pertension and worse cognitive performance may be cere-
brovascular dysfunction. Changes in endothelium which
occur due to hyperglycemia and hyperinsulinemia, in par-
ticipation with hypertension may lead to damage of brain
vessels and vascular dementia [89-91]. Such results are
particularly important, because hypertension and metabolic
syndrome are modifiable factors and can be treated. There-
fore, the general assessment of obese, diabetic patients
aimed at the evaluation of hypertension risk might prevent
those patients from cognitive decline related to vascular
damage.

5. Conclusions

Apart from somatic disorders, pre-diabetes, T2DM
and obesity have crucial influence on brain function. Re-
sults of our study indicate the important role of the biochem-
ical factors in context of EF in different stages of glycemic
dysfunction (i.e., pre-diabetes and diabetes). Moreover, it
seems that different factors, such as disorders related to
T2DM and obesity are engaged in poorer performance in
WCST and hence EF decline. Such results are very inter-
esting and promising, because both diabetes and obesity re-
quire proper management and prophylaxis, especially that
the number of people suffering from them are growing with
every day. Implementing lifestyle changes is challenging
and requires patients’ effort and proper support. Also pa-
tients need to maintain self-control and self-regulation—the
goal directed behavior associated with proper motivation to
achieve the chosen goal [92]. Therefore, the performance
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of EF on the highest level is particularly important and if
disrupted, may lead to nocuous complications of both dis-
eases, even death.

Furthermore, pre-diabetes, diabetes and obesity can be
prevented and knowledge obtained from studies assessing
cognitive functions might help in creating programmes aim-
ing at prophylaxis of neurodegenerations or helping with
patients’ self-management and compliance. However due
to mixed results and limitations associated with our study,
more research is needed.

6. Limitations

Unfortunately, our research is burdened with several
limitations. The study sample is relatively small and there is
a considerable age difference between participants. Our re-
search also lacks healthy non-obese and age-matched con-
trol group. Moreover, the study design contains following
pitfalls: no information regarding smoking, education sta-
tus and the duration of diabetes mellitus.
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