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Abstract

Objective—Metabolic Syndrome (MetS), the clustering of obesity, high blood pressure, and
disordered glucose and lipid/lipoprotein metabolism within a single individual, is associated with
poorer cognitive function. It has been hypothesized that cognitive impairment in MetS occurs
primarily within the context of inflammation. MetS risk factors are also associated with thinning
of the cerebral cortex. However, the mechanisms by which MetS and inflammation affect the
brain are poorly understood. The present study used statistical mediation to examine the
relationship between MetS risk factors, cortical thickness in a priori regions of interest (ROIs) and
inflammation. ROIs were chosen from the previous literature.

Research Design and Methods—TForty-three adults between the ages of 40 and 60 years
underwent a health screen, neuropsychological testing and structural magnetic resonance imaging.
Serum levels of pro-inflammatory markers (interleukin 1, interleukin 2, interleukin 6 and C-
Reactive Protein) were measured using enzyme-linked immunosorbent assays.

Results—A higher number of MetS risk factors were associated with thinning in the inferior
frontal ROI (3=—-0.35, p = 0.019) as well as higher levels of serum interleukin 2 (3=0.31, p=0.04).
A higher level of serum interleukin 2 was also associated with reduced thickness in the inferior
frontal gyrus (3=—0.41, p=0.013). After accounting for the effects of interleukin 2, the number of
MetS risk factors was no longer associated with cortical thickness in the inferior frontal gyrus
indicating successful statistical mediation.

Conclusions—The results indicate a potentially important role for inflammation in linking MetS
to cortical thinning and cognitive vulnerability.
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Introduction

Cardiovascular risk factors such as hypertension and diabetes have been consistently
associated with poor cognitive function in midlife and increased risk of dementia in older
age (Knopman, 2001; Hofman, 1997). Metabolic Syndrome (MetS), a clustering of
cardiovascular risk factors such as diabetes, hypertension, obesity and dyslipidemia within a
single individual, appears to confer an even greater risk for cognitive impairment than the
sum of its individual components (Yaffe, 2007). Individuals with MetS components such as
diabetes and high triglycerides have an increased risk for Alzheimer’s disease (Raffaitin,
2009). Higher numbers of MetS risk factors are also associated with poorer cognition in
midlife (Yaffe, 2009). As cognitive function is the most important predictor of functional
ability and quality of life (Black, 2002) it is of utmost importance to uncover the
mechanisms by which MetS-related cognitive decline occurs and to develop targeted
interventions. Those mechanisms, however, are as of yet unclear.

One hypothesis, advanced by Yaffe and colleagues (Yaffe, 2004), is that cognitive
impairment in MetS occurs primarily within the context of inflammation. Systemic markers
of inflammation have been associated with poorer cognitive function in patients with
Alzheimer’s Disease (Holmes, 2009). Pro-inflammatory cytokines such as interleukin 1
(IL-1) cause activation of inducible nitric oxide sythase (iNOS) astrocytes, which could
indirectly potentiate NMDA-induced neurotoxicity (Hewett, 1994). Higher serum
concentrations of interleukin 6 (IL-6), on the other hand, also have been linked to NMDA-
induced neurotoxicity through increases in calcium influx (Qiu, 1998). Induction of
interleukin-2 (IL-2), on the other hand, is associated with disruption of blood brain barrier
functionality, which could lead to structural damage (Ellison, 1987). Thus, it is reasonable to
hypothesize that higher serum levels of pro-inflammatory cytokines may induce changes in
the cerebral cortex such as cortical thinning, which in turn may lead to cognitive decline.

In the present study, we employed structural MRI to determine whether alterations in
cortical thickness are discernible in cognitively intact middle-aged adults with varying
numbers of MetS risk factors and if those changes might be related to peripheral
inflammation. Based on published research on MetS and cortical thickness (Dickerson,
2009; Leritz, 2011), we hypothesized that participants with a greater number of MetS risk
factors will have cortical thinning in the bilateral regions in the inferior frontal, and middle
frontal gyri, as well as supra marginal and cingulate regions of interest as described in
published literature (Leritz 2011). We further hypothesized that this association will be
statistically mediated by serum levels of pro-inflammatory cytokines, namely IL-1, IL-2,
IL-6 and C-Reactive Protein (CRP). A successful mediation would imply that the structural
changes in the cerebral cortex seen in MetS occur through inflammatory processes. This
could lead to the development of targeted interventions towards peripheral inflammation, to
slow down the process of cortical thinning.
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Research Design and Methods

Participants

Procedures

Forty-three adults between the ages of 40 and 60 years were recruited through flyers and
newspaper advertisements. Individuals with a history of coronary artery disease, angina
pectoris, myocardial infarctions, heart failure and cardiac surgery were excluded. Additional
exclusion criteria included history of neurological disease (e.g Parkinson’s disease,
neurodegenerative illness, clinically significant traumatic brain injury), major co-morbid
psychiatric illness (schizophrenia, anxiety), substance abuse (i.e diagnosed abuse and/or
previous hospitalization for substance abuse), metabolic disorder (thyroid disorder),
smoking (within the last 2 years) and MRI contraindications. Participants who passed the
initial screen were enrolled in the study after providing written consent.

The study procedures were approved by the local institutional review board. Participants
completed a medical history questionnaire. They also underwent a cognitive screen, a health
visit including a fasting blood draw to obtain serum levels of pro-inflammatory cytokines
and brain imaging on separate days, completing the study within 1 month.

Cognitive Screen

Details of cognitive assessments administered have been previously published (Eagan,
2012). Briefly, a measure of full-scale intelligence quotient (FSIQ) and a mini mental state
evaluation were obtained. Both tests were administered and scored by a trained research
assistant using standard administration and scoring criteria.

Health Screen

Fasting blood concentrations of glucose, triglyceride, HDL-cholesterol, and LDL-cholesterol
were determined using the standard enzymatic technique. Arterial blood pressure was
measured using a standard oscillometric blood pressure monitor (VP-2000, Colin Medical
Instruments, San Antonio, TX) after at least 15 minutes of rest. Body Mass Index (BMI) was
calculated as weight in kilograms divided by the square of height in meters. MetS risk
factors were classified according to the 2009 criterion issued jointly by the International
Diabetes Association, World Health Federation, International Artherosclerosis Society and
the International Association for the Study of Obesity (Alberti, 2009): abdominal obesity
(BMI >30); elevated triglycerides (=150mg/dL and/or treatment for elevated triglycerides);
reduced high density lipoprotein (HDL) cholesterol (< 40mg/dL for men and <50mg/dL for
women and/or pharmacological treatment for cholesterol management); elevated blood
pressure (systolic blood pressure = 130mmHg and/or diastolic blood pressure = 85 mmHg
and/or antihypertensive drug treatment); elevated fasting glucose (=100 mg/dL or treatment
with a hypoglycemic agent).

A 3 mL fasting blood sample was also collected from the antecubital vein by venipucture.
Serum was separated within 2 hours of the collection, and aliquots were stored at -80°C
until later analysis. Prior to the analysis, the serum sample was diluted 100-fold. Serum
concentration of C Reactive Protein (CRP) was measured using high sensitivity human
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ELISA kits (Alpha Diagnostics, San Antonio, TX). Serum concentration of interleukin 1
(IL-1), interleukin 2 (IL-2), interleukin 6 (IL-6), were measured using commercially
available human enzyme-linked immunosorbent assays (EMD Millipore Corporation).

Neuroimaging data acquisition
Magnetic Resonance Imaging (MRI) data for each participant was acquired in a single
session on a 3T GE Signa Excite MRI scanner equipped with a standard head coil. T1 -
weighted anatomical scans of the entire brain were collected using a high-resolution spoiled
gradient echo sequence (256 x 256 matrix, field of view = 24 x 24 cm?2, 1 mm slice
thickness, 0 gap).

Neuroimaging data processing

Structural images were processed using Freesurfer Image analysis suite, which is
documented and freely available for download online (http://surfer.nmr.mgh.harvard.edu).
Image processing involves first motion correction of one volumetric T1—weighted image,
computerized removal of non brain tissue using a hybrid watershed/surface deformation
procedure, automated Talairach transformation, intensity normalization, tessellation of the
gray matter, white matter boundary, automated topology correction and surface deformation
following intensity gradients to optimally place the gray/white and gray/cerebrospinal fluid
borders at the location where the greatest shift in intensity defines the transition to the other
tissue class. Once the cortical models are complete, a number of deformable procedures can
be performed for further data processing and analysis including surface inflation,
registration to a spherical atlas which utilized individual cortical folding patterns to match
cortical geometry across participants, and creation of a variety of surface based data
including maps of curvature and sulcal depth (Fischl, 2000). This method uses both intensity
and continuity information from the entire three dimensional MR volume in segmentation
and deformation procedures to produce representations of cortical thickness, calculated as
closest distance from the gray/white boundary to the gray/cerebrospinal fluid boundary at
each vertex in the tessellated surface. Freesurfer output was visually examined by a trained
graduate student. Minor errors detected in segmentation were manually fixed using the edit
tool, without the need for control points, and reprocessed.

Cortical thickness was extracted from the following a priori regions of interest to be
analyzed for purposes of this study: bilateral middle frontal gyri, bilatertal inferior frontal
gyri, supramarginal and posterior cingulate. These regions of interest were selected based on
their published association with MetS risk factors (Leritz, 2011). Using the Analysis of
Functional Neurolmages (AFNI) software (Cox, 1996), spherical regions of interest, 5 mm
in diameter, were created around the Talairach atlas central coordinates of the regions
exhibiting MetS-related changes in cortical thickness in the report by Leritz and colleagues
(2011). The coordinates for these regions of interest are presented in table 1.

Statistical analyses

Statistical analyses were conducted in three steps: 1) Cortical thickness in bilateral regions
was examined for laterality effects (significant differences in thickness between the left and
right hemisphere) using paired t-tests. Since none were found, cortical thickness values
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within left and right hemisphere regions were averaged together in order to reduce the
number of conducted comparisons; 2) Associations between mean cortical thickness within
the resultant ROIs and number of MetS risk factors were explored using linear regressions;
3) Associations between cortical thickness in the one ROI with significant MetS effects
(inferior frontal gyrus) and levels of pro-inflammatory cytokines were examined using linear
regressions after rank-transforming cytokine values in order to fulfill assumptions of
normality. 4) Finally, a single mediation analysis was performed to assess if IL-2, the only
inflammatory variable related to reduced inferior frontal gyrus thickness, explains the
association between number of MetS risk factors and cortical thickness in the inferior frontal
ROI.

Mediation was assessed using both the traditional causal steps approach and non-parametric
bootstrapping procedures (Preacher, 2004). Multiple regression was used to assess
mediation according to traditional causal steps approach. The causal steps approach
postulates that four conditions must be met to determine mediation; (i) a significant
relationship between the independent variable (number of MetS risk factors) and the
dependent variable (thickness), (ii) a significant relationship between the independent
variable and the potential mediator (serum levels of IL-2), (iii) a significant relationship
between the potential mediator and the dependent variable and (iv) a nonsignificant
relationship between the independent variable and the dependent variable after controlling
for the potential mediator. An additional assessment on the significance of the mediation
model was conducted by using confidence intervals. Confidence intervals were obtained
using Preacher and Hayes bootstrapping method for assessing indirect effects (Preacher,
2004). A 95% confidence interval that does not include 0 was used as the criterion for
significance.

A Sidak adjusted two-tailed level of 0.02, recommended for intercorrelated outcomes
(Sidak, 1967), was used for the initial step of the analyses to account for multiple
comparisons due to the high number of ROIs. A less conservative two-tailed a level of 0.05
was used as the criterion for statistical significance in the mediation analysis, as well as the
analyses of the serum levels of the cytokines, as these analyses were performed on only a
single ROI. All statistical analyses were carried out using IBM SPSS 19.0 software (SPSS
Inc.).

Descriptive Statistics

Participants had a mean age of 48.17 years (S.D 9.28), with 14.48 years of education (S.D
3.5). On average, they reported 2.63 (S.D 1.43) MetS risk factors. Twenty one participants
identified as Caucasian, 14 as Hispanic/Latin American, 1 as African American and 4 as
“Other”. Participants were cognitively intact at the time of assessment, with a mean MMSE
score of 28.22 out of 30 (S.D 1.42) and a full-scale intelligence quotient (FSIQ) of 114.11
(S.D 11.82, average range). Further information about the demographic and physiological
characteristics of the sample can be found in Table 2.
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Cortical thickness and MetS risk factors

Mean thickness in each of the bilateral ROIs is presented in table 1. Higher number of MetS
risk factors was associated with lower thickness in the inferior frontal gyrus (3=—-0.35, p =
0.019) (Figure 1). As covariates such as age (t=0.56, p = 0.58), FSIQ (t=0.23, p =0.82) and
gender (t=—0.61, p =0.54) were not significantly correlated with thickness in this ROI, these
covariates were not included in further analyses.

MetS risk factors and inflammation

The relationship between MetS risk factors and higher levels of the pro-inflammatory
cytokines IL-1, IL-2,IL-6 and CRP were assessed using individual linear regressions. The
only inflammatory cytokine that was significantly associated with MetS risk factor number
was serum IL-2 (p=0.31, p=0.04). This association is depicted in Figure 2.

Mediation Analysis

As the inferior frontal ROI was the only ROI significantly associated with number of MetS
risk factors (3=-0.35, p=0.019), this ROl was selected for further analysis. Higher number
of MetS risk factors was also associated with higher serum levels of IL-2 (= 0.31, p =0.04).
Higher levels of serum IL-2 were also associated with reduced thickness in the inferior
frontal ROI (=—0.41, p=0.013). After accounting for the effects of IL-2, number of MetS
risk factors no longer accounted for any unique variance (= —0.25 p=0.124). The
association between IL-2 and cortical thickness remained significant in the model (= -0.35
p=0.019) indicating successful statistical mediation. The significance of this mediation
effect was further confirmed by the 95% confidence intervals (95% C.l = -0.061 - —0.0012)
derived by Preacher and Hayes bootstrapping method.

Conclusions

The main finding of this study was that higher numbers of cardiovascular risk factors
(obesity, hypertension, hyperglycemia, dyslipidemia) in middle age were related to
significantly thinner cortical mantle in the inferior frontal cortex. More importantly, this
relationship was significantly mediated by increases in the peripheral inflammatory marker
IL-2, implicating inflammation as a significant contributor to midlife brain vulnerability.

Cortical thickness

Cortical thickness defined on MRI is a relatively new measure of brain integrity estimated
through automated reconstruction of the gray/white and pial surfaces in the brain and
measuring the distance between the two surfaces. This allows for better accuracy in
measuring the cerebral cortex, which is folded and difficult to assess through manual
methods (Fischl, 2000). The measurement is of interest because changes in cortical
thickness are observed in neurodegenerative conditions such as Alzheimer’s disease
(Dickerson, 2009). Cortical thinning has been highlighted as an early marker of Alzheimer’s
disease symptomatology and has been observed in asymptomatic amyloid positive older
adults who are considered to be at high risk for dementia (Dickerson, 2009). In addition,
cortical thinning in frontal regions has been documented in relation to lower global cognitive
functioning in patients with Alzheimer’s disease (De Leon, 1997).
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Our findings of reductions in cortical thickness related to higher number of MetS risk factors
are consistent with the previous literature reporting cortical thinning in the inferior frontal
cortex associated with high cholestrol (Leritz, 2011). They are also consistent with previous
studies linking MetS to higher numbers of silent infacts (Kim, 2012) and ultrastructural
tissue damage in the frontal and temporal lobes on diffusion tensor imaging (Kwon, 2006).
As cortical thinning is also related to poorer cognitive function (Segura, 2009), this study
could further elucidate the mechanisms underlying the association between MetS risk factors
and cognitive function. Broadly, our findings contribute to the growing body of literature
redefining MetS as a syndrome with significant implications for the brain. Our results also
highlight the association between inflammation and brain integrity. Mounting evidence
suggests that inflammation is associated with adverse cognitive outcomes (Yaffe, 2004;
Yaffe 2003). Most importantly, our results point towards inflammation as a possible
mechanism explaining the cumulative effects of higher numbers of MetS risk factors on
brain integrity.

Inflammation

In this study, higher levels of peripheral IL-2 were related to significantly lower cortical
thickness in the inferior frontal gyrus. 1L-2 is naturally released as part of the body’s
immune response (McGreer, 1999) and is produced by T-cells in response to antigenic or
mitogenic stimulation. Moreover, administration of IL-2 is associated with poorer working
memory and planning ability in cancer patients (Capuron, 2001). As fMRI studies (Fletcher
et. al, 1998; Henson et al, 1999) have shown increased activation of the inferior frontal gyri
during working memory retrieval tasks, it is possible to suggest that higher levels of IL-2
would cause selective structural damage to the inferior frontal gyrus as a precursor to
cognitive decline.

One potential mechanism via which inflammation might have a negative impact on brain
integrity is through impairing endothelial function. Inflammation is associated with poorer
endothelial function through diminished production of nitric oxide (NO) (Venugopal, 2002),
a critical vasodilator. NO is critical for regulating blood flow in the central nervous system.
Cerebral endothelial cells secrete NO, which helps to maintain resting vascular tone and
regulate local flow adjustments in response to hypercapniac demands (Lavi, 2003; White,
1998; White 2000). Poorer endothelial function has been associated with diminished BOLD
response during a cognitively demanding task in middle-aged adults (Gonzales, 2010). IL-2
in particular, could affect endothelial function through increasing blood brain barrier
permeability. Unlike other cytokines, IL-2 does not require a saturable transport system to
cross the blood brain barrier (Forman, 2008). Thus, IL-2 levels can accumulate more quickly
in the brain compared to other cytokines, causing more damage to endothelial cells.
Chronically high levels of I1L-2 are also associated with capillary leakage syndrome
(Waguespack, 1994). This may impair cerebral microcirculation, which would have an
effect on endothelial cells located in and around the blood brain barrier.

Alternatively, inflammation may exert its deleterious effects on brain integrity through
oxidative stress. Inflammation triggered by a high fat diet is also related with diminished
serum levels of brain derived neutrophic factor (BDNF) (Wu, 2004), a protein that is vital
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for neuronal survival and differentiation. Supplementation with anti oxidants in the same
study reversed cerebral oxidation and restored BDNF levels, indicating that oxidative
damage subsequent to inflammation may directly impair neuronal viability (Wu, 2004); thus
impacting cortical thickness.

Comparison with previous findings

Limitations

To the best of the author’s knowledge, this study is the first to directly examine
inflammation as a potential mediator of the relationship between MetS and cortical
thickness. Each arm of the mediation relationship that was found, however, is consistent
with other work implicating MetS (Yaffe, 2009; Black 2002; Yaffe, 2004; Holmes, 2009)
and inflammation (Yaffe, 2004; Yaffe, 2003) in cognitive decline and/or neurodegeneration.

An unanticipated finding was the lack of association between cortical thickness in the
inferior frontal gyrus and levels of CRP. Previous studies have shown that CRP in particular
is associated with poorer cognitive function in people with high BMI (Wu, 2004) as well as
MetS (Yaffe, 2003) and induces neurochemical changes that are associated with poorer
cognition (Sweat, 2008). However, the published correlation with IL-2 induction and
cognitive function in domains associated with the inferior frontal gyrus (Capulon, 2001)
supports our results. It is possible that the unique effects of IL-2 on the blood brain barrier
(Ellison, 1987) are driving the changes in the particular region of the cerebral cortex as seen
here. It is also possible that as CRP is associated with increased risk for coronary heart
disease (Karakas, 2009; Rost, 2001) that the effects of CRP on the brain are seen at a
subcortical level, which is beyond the scope of the current study.

The main limitation of this study is the small sample size (n =43) which restricted the
number and types of analyses that we could perform. Larger sample sizes would allow us to
examine the synergistic effects of inflammatory cytokines via moderated mediation and
mixed models. The small sample size also reduced the power of the statistical analyses that
were performed. Longitudinal studies would be helpful in examining the effect of the
observed cortical thinning on long term cognitive health.

Also, the reported effect represents the results of a statistical mediation procedure. While
generally indicative of a cause and effect relationship, this may or may not be the case here.
While it is plausible to suggest that elevated IL-2 levels may be responsible for thinning in
the inferior frontal ROI, it is also possible that both may be related to genetic influences or
developmental factors. Confidence in the reported mechanism can be gained through
longitudinal studies where temporal precedence between elevated IL-2 levels and cortical
thinning in the inferior frontal ROI can be clearly established.
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Figure 1. Scatterplot depicting the relationship between MetSrisk factorsand thicknessin the
inferior frontal ROI
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Figure 2. Scatterplot depicting the relationship between serum levels of IL-2 and thicknessin the
inferior frontal ROI
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Table 1
Coordinates of regions of interest
Region L ocation Y Z Mean
(left/right/bilateral) thickness
(mm)
Inferior frontal ~ Bilateral +/-44 24 2 245
Middle frontal ~ Bilateral +-37 -29 26 1.89
Cingulate Bilateral +/-6 28 31 3.06
Supramarginal ~ Bilateral +/-51 -48 31 250
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Participant characteristics

Mean (SD)

Age (years)

Education (years)
Gender

Serum IL-1, pg/dl
Serum IL-2, pg/dl
Serum IL-6, pg/dl
Serum CRP, pg/dI

BMI

HDL cholesterol, mg/dl
LDL cholesterol, mg/dl
Triglycerides, mg/dI

Glucose, mg/dl

Systolic blood pressure, mmHg

Diastolic blood pressure mmHg

48.17 (9.28)
14.48 (1.5)

25 males

0.76 (1.53)
1.41 (2.19)
4.77 (3.59)
2.65 (2.17)
29.84 (5.86)
44.25 (15.49)
123.76 (38.07)
173.96 (95.11)
108.77 (34.18)
126.88 (16.76)
76.30 (9.75)
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