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ABSTRACT 
 
 

BACKGROUND: Major Depressive Disorder (MDD) is a severe progressive psychiatric 

disorder, with lifetime-recurrent episodes. Both early and recent stressful life 

experiences (SLEs) have been reported to rise the risk of developing depression and 

to alter the brain structure. Recent findings point out a key role of both metabolic 

and inflammatory markers in the pathophysiology of the disorder. The aim of the 

study was to explore the complex interplay between SLEs, measures of peripheral 

immune and metabolic markers, and a multimodal neuroimaging profile in MDD 

patients. 

METHODS: Sixty-one MDD patients were recruited within the psychiatric ward of 

Ville Turro, San Raffaele Hospital, and underwent multimodal MRI acquisition, venous 

blood sampling and clinical evaluation. Thirty-three healthy controls underwent a 

blood sampling. We tested the effects of inflammatory and metabolic analytes 

(Luminex system) and specific immune cells populations (FACS staining) on DTI 

measures of white matter (WM) microstructure and on gray matter (GM) volumes. 

We used voxel based morphometry technique for regional GM volumes and whole 

brain tract-based spatial statistics to obtain DTI measures (fractional anisotropy, 

axial, radial, and mean diffusivity) of WM microstructure. Furthermore, the influence 

of inflammatory markers on the association between SLEs and WM was tested with 

mediation effect models.  

 

RESULTS: We found an overall increase of both pro- and anti- inflammatory 

mediators in MDD patients compared to HC. Moreover, an effect of both early and 

recent SLEs on WM alterations in the left uncinate fasciculus was observed and was 

mediated by specific cytokines (IL-2, IL-5, IL-6, IL-12 and VEGF). Several cytokines, 

chemokines and immune cells resulted to be associated with both WM and GM 

structure, while metabolic markers associated with DTI measures of WM 

microstructure. The detected effects suggests the existence of both toxic and 

regenerative processes which act in a complex interplay. Finally, a link between 

inflammatory markers and cognitive domain emerged, with an interaction effect of 

CCL2 and IL-16 and FA on symbol coding. 

 

CONCLUSION: These findings support the hypothesis that activated metabolic and 

inflammatory response systems might be involved in MDD pathophysiology, 



interfering with brain structure in crucial cortico-limbic networks important for mood 

regulation and neurocognitive functioning. Moreover, exposure to SLEs seems to play 

a pivotal role in inducing a state of chronic inflammation in which early life 

experiences seems to prime microglia, so that a second hit in late adolescent or 

adulthood induced an exaggerated microglial response. 
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1 ACRONYMS AND ABBREVIATIONS 

 
AD: Axial Diffusivity 

BACS: Brief Assessment of Cognition in Schizophrenia  

BBB: Blood-brain Barrier  

CC: Corpus Callosum 

CM: Central Memory cells 

CNS: Central Nervous System 

CNVs: Copy Number Variants  

CR: Corona Radiata  

CRP: C-reactive Protein 

CSF: Cerebrospinal Fluid 

DTI: Diffusion Tensor Imaging 

DMSO: Dimethyl Sulfoxide 

EM: Effector Memory cells 

FA: Fractional Anisotropy 

FBS: Fetal Bovine Serum 

FX: Fornix 

GLM: General Linear Model 

GM: Grey Matter  

GR: Glucocorticoid receptor 

Grz: Granzyme 

GWAS: Genome Wide Association Studies 

HC: Healthy Controls 

HDRS: Hamilton Depression Rating Scale  

HPA: Hypothalamic-Pituitary-Adrenal axis 

ICAM: Intracellular Adhesion Molecule-1 

IDO: Indole amine 2,3 dioxygenase  

IFN-γ: Interferon gamma 

IFOF: Inferior Fronto-occipital Fasciculus  

IL: Interleukin 

KYN-A: Kynurenic Acid  

KYN: Kynurenine 

LF: Longitudinal fasciculus 

LPS: Lipopolysaccharide 

MCP-1: Macrophage Chemoattractant Protein-1 

MD: Mean Diffusivity 
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MDD: Major Depressive Disorder 

MNI: Montreal Neurological Institute  

NK: Natural Killer  

PBMCs: Peripheral Blood Mononuclear Cells 

PBS: Phosphate Buffered Saline 

Perf: Perforin 

PET: Positron Emission Tomography 

PMA: Phorbol-12-Myristate-13-Acetate 

ONS: Parasympathetic Nervous System 

QUIN: Quinolinic Acid  

RD: Radial Diffusivity 

ROI: Region of Interest 

SNP: Single-Nucleotide Polymorphism  

SNS: Sympathetic Nervous System 

TBSS: Tract Based Spatial Statistics  

TEMRA: Terminally differentiated Effector Memory cells Re-expressing CD45RA 

Th: T-helper  

Treg: T-regulatory cells 

TNF-α: Tumor Necrosis Factor-alpha 

TRP: Tryptophan 

UNC: Uncinate Fasciculus 

VBM: Voxel-Based Morphometry 

WM: White Matter 
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3 INTRODUCTION 

 
 

3.1 Major Depressive Disorder: clinical features 

 

Major Depressive Disorder (MDD) is a severe progressive psychiatric disorder 

characterized by at least two weeks of depressed mood, changes in sleeping and 

eating habits, loss of interest and pleasure and impaired cognitive functioning. 

Globally it affects about 5% of the adult population every year (Kessler & Bromet, 

2013), being the fourth leading cause of disability worldwide (Murray & Lopez, 1997). 

Evidence reports that women have a significantly higher lifetime risk of developing 

MDD than men (Kuehner, 2003). Though the average age of onset is approximately 

25 years (Bromet, Andrade et al., 2011), a considerable proportion of patients have 

their first episodes of MDD during adolescence, showing greater psychosocial 

impairment, medical and psychiatric comorbidity, and suicidality (Zisook, Lesser et 

al., 2007). Most patients experience a chronic or recurring course, making the 

management of this disorder challenging: subjects who recovers from a first episode 

of depression have a 40% to 60% chance of experiencing a subsequent episode. This 

percentage increases up to 90% for individuals with a history of three episodes 

(Nuggerud-Galeas, Saez-Benito Suescun et al., 2020).  

Depression causes a severe functional impairment and affects the interpersonal 

relationships (Kennedy, Lin et al., 2002), thus reducing the quality of life 

(Papakostas, Petersen et al., 2004). Indeed, MDD patients are at a high risk of 

developing comorbid anxiety disorders, alcohol and/or drug use disorders (Hasin, 

Goodwin et al., 2005, Kaufman & Charney, 2000), which further increases the suicide 

rate (Nock, Hwang et al., 2010). Moreover, depression was found to concur to the 

onset of several pathological conditions, such as diabetes, hypertension, chronic 

respiratory disorders and cardiovascular disease (Badescu, Tataru et al., 2016, Dhar 

& Barton, 2016, Evans, Charney et al., 2005, Gerald & Moreno, 2016). 

The complex underlying mechanisms that contribute to the various somatic 

consequences of MDD, including unhealthy lifestyle, poor personal care, drugs side 

effects and shared pathophysiology might explain the unfavorable health outcomes 

in MDD patients (Penninx, Milaneschi et al., 2013). 

In view of the debilitating impact of depression, a deeper and more accurate 

research is needed to further investigate its pathophysiologic pathways. The 

identification of new biomarkers would in fact help in provide more accurate 

diagnoses and tailored treatments. 
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3.1.1  Cognitive impairments 

 

Cognitive impairments is a core feature of MDD, involving several domains, such as 

attention, memory, processing speed, executive function and learning (Lam, 

Kennedy et al., 2014, Murrough, Iacoviello et al., 2011a). 

Evidence shows an association of cognitive dysfunction with poorer psychosocial and 

occupational functioning (Evans, Iverson et al., 2014, Woo, Rosenblat et al., 2016). 

This impairment may precede the illness onset (Vinberg, Miskowiak et al., 2013),  be 

present among patients experiencing their first episode (Lee, Hermens et al., 2012) 

and persist in the remission phase (Hasselbalch, Knorr et al., 2011a). 

Moreover, cognitive dysfunction are reported to be associated with an unfavorable 

antidepressant treatment response (Story, Potter et al., 2008) and represent a 

contributing factor for relapse (Simons, Jacobs et al., 2009). 

Several neurobiological mechanisms, such as inflammatory processes, have been 

proposed to contribute to the observed cognitive deficits. Interestingly, patients with 

inflammatory and metabolic comorbidities are at higher risks of developing cognitive 

alterations and mood disorders (Jantaratnotai, Mosikanon et al., 2017, Mansur, Lee 

et al., 2018). 

 

 

3.2 Neurobiology of depression 
 

Depression is a multifactorial disorder whose etiopathogenesis is not yet fully 

understood: a complex set of biological and environmental factors has been proposed 

as exerting an important interplay which act cumulatively throughout individual’s 

lifetime. 

 

3.2.1 Genetic vulnerability 

 

MDD heritability ranges from 30% to 50% (Kendall, Van Assche et al., 2021). 

First-degree relatives of depressed individuals have 3-fold increased risk of 

developing a major depressive disorder compared to the general population 

(Sullivan, Neale et al., 2000). A moderate heritability has been consistently replicated 

in twin studies, that compare monozygotic and dizygotic twins (Kendler, Ohlsson et 

al., 2018, Polderman, Benyamin et al., 2015). 
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Depressive disorder is a polygenic disease, where numerous and partially 

overlapping interconnected genes predispose to the onset of the disorder (Lopizzo, 

Bocchio Chiavetto et al., 2015), thus making the identification of single candidate 

genes difficult. 

Several studies repeatedly identified candidate genes implicated in MDD. Foremost 

among these are serotonin-related genes, such as the serotonin transporter gene 

(5HTT) and serotonin receptor 2A (HTR2A), that have been associated with 

antidepressant treatment outcome (McMahon, Buervenich et al., 2006, Serretti, Kato 

et al., 2007), suicidal behavior (Lee, Hong et al., 2015) and seems to interact with 

stressful life events (Caspi, Sugden et al., 2003, Jokela, Keltikangas-Jarvinen et al., 

2007). Genetic variations in brain-derived neurotrophic factor (BDNF), catechol-O-

methyltransferase (COMT) and tryptophan hydroxylase (TPH2) has been also 

delineated in MDD (Antypa, Drago et al., 2013, Dwivedi, 2009, Zill, Baghai et al., 

2004). 

Recently, genome-wide association studies (GWAS), that simultaneously test 

common single nucleotide polymorphisms (SNPs) and copy number variations (CNVs) 

have replaced association studies with candidate genes. However, MDD has been 

challenging for GWAS (Levinson, Mostafavi et al., 2014). One of the first largest 

GWAS (Sullivan, de Geus et al., 2009) study identified 11 signals localized to a 167 kb 

region overlapping the piccolo (PCLO) gene, which is involved in synaptic vesicle 

trafficking and in monoaminergic neurotransmission and is found to be altered in 

MDD (Leal-Ortiz, Waites et al., 2008) and to be associated with antidepressant 

treatment response (Schuhmacher, Mossner et al., 2011). However, a large-scale 

replication attempt (6,079 MDD independent cases and 5,893 controls) was not able 

to replicate the findings (Sullivan et al., 2009). 

 

3.2.2 Environmental stressors 

 

Environmental stressors associated with affective disorders include adverse 

childhood experiences and both acute and chronically stressful life events. 

Adverse childhood experiences (ACEs) involve several forms of abuse such as 

psychological, physical, and sexual (Felitti, Anda et al., 2019). Mounting data 

reported an association of physical, sexual abuse (Kendler, Bulik et al., 2000, 

MacMillan, Fleming et al., 2001) and psychological and emotional abuse (Li, 

Carracher et al., 2020, Shapero, Black et al., 2014) with increased prevalence of 

depressive disorders. 
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ACE are not only a strong risk factor for the development of MDD, but are also 

predictive of an increased severity of symptoms, suicidal attempts, an earlier onset 

and a chronic or recurrent course (Bifulco, Moran et al., 2002, Gamble, Talbot et al., 

2006, Sarchiapone, Carli et al., 2007, Wiersma, Hovens et al., 2009). 

Moreover depression can be triggered by recent stressors. Depressed patients 

were 2.5 times more likely to experience stress than controls, and 80% of depressed 

patients preceded a major adverse life event (Mazure, 1998a). Several studies 

focused on interpersonal loss, loss of self-esteem or role loss (Mandal, Ayyagari et 

al., 2011, Tennant, 2002), low socioeconomic status, work and family stress, 

children’s developmental disabilities, as critical factor that significantly contribute to 

depression (Muntaner, Eaton et al., 2004, Phelan, Schwartz et al., 1991, Singer, 

2006). 

Stressful life events seem to exert detrimental effect on brain structure. Reduction 

in grey matter (GM) volume and white matter (WM) microstructure alterations have 

been reported in healthy subjects exposed to recent stress (Ganzel, Kim et al., 2008, 

Gianaros, Jennings et al., 2007, Sublette, Galfalvy et al., 2016a) and ACE 

(Dannlowski, Stuhrmann et al., 2012, Howell, McCormack et al., 2013, Lim, Radua 

et al., 2014). 

Few neuroimaging studies were conducted on patients with mood disorder, whose 

results replicated an effect of both early and recent stress on WM and GM 

microstructure (Poletti, Aggio et al., 2018b, Poletti, Locatelli et al., 2016b, Teicher & 

Samson, 2016). 

The hypothalamic–pituitary–adrenal (HPA) axis plays a pivotal role in explaining 

the long-lasting consequences of trauma. Its stress-related overactivation during the 

developmental processes, led to an altered functioning that would remain 

permanently unstable, hyper-stimulated, or vulnerable (Faravelli, Gorini Amedei et 

al., 2010), indicating that ACE was linked to impaired glucocorticoid-mediated 

feedback control of the HPA (Heim, Mletzko et al., 2008). 

Functional abnormalities of the HPA axis and impaired negative feedback 

regulation is a hallmark of MD. Indeed, increased concentrations of cortisol have been 

observed in patients with major depression (Nemeroff, 2016) and among non-

affected offspring of depressed patients (Vreeburg, Hartman et al., 2010). The finding 

of a glucocorticoid resistance is corroborated by studies that showed an higher 

activation of the inflammatory system in MDD (Young, Bruno et al., 2014), which is 

controlled by the inhibitory action of cortisol. 
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3.2.3 Immunological alterations in MDD 

 

Several mechanisms are implicated in the pathophysiology of depression, such as 

changes in neurotransmission, HAP axis, genes and structural brain alteration. In the 

last years mounting data focused their attention on inflammation.  

In fact MDD patients exhibit increased cerebrospinal fluid (CSF) and peripheral 

blood inflammatory biomarkers. 

Increased levels of Interleukin (IL-1β), IL-6, Tumor Necrosis Factor-alpha (TNFα), 

C-reactive protein (CRP), chemokines, cell adhesion molecules, such as human 

macrophage chemoattractant protein-1 (MCP-1), soluble intracellular adhesion 

molecule-1 (sICAM-1) and E-selectin (Abelaira, Reus et al., 2014, Levine, Barak et 

al., 1999, Raedler, 2011, Rajagopalan, Brook et al., 2001, Young et al., 2014) were 

the most frequenly reported data. Recent studies conducted on post-mortem brain 

tissue (Steiner, Bielau et al., 2008) and using positron emission tomography (PET) 

imaging (Setiawan, Wilson et al., 2015) highlighted a condition of neuroinflammation 

and microglial activation in the Central Nervous System (CNS) of MDD patients. 

Moreover, administration of cytokine treatments, such as interferon (IFN)-α, as 

part of treatment for cancers or hepatitis C induce 45% of patients, that are free of 

any psychiatric antecedent, to develop MDD excepting that they are under 

antidepressant treatment (Capuron, Gumnick et al., 2002, Musselman, Lawson et al., 

2001). 

Further confirmation of the role of inflammation in the onset of mood diseases can 

be detected in preclinical studies, where healthy mice treated with inflammatory 

cytokines or exposed to lipopolysaccharide (LPS) displayed depressive-like behavior 

(Bruning, Martini et al., 2015, O'Connor, Lawson et al., 2009). 

To date, it has been demonstrated that peripheral immune responses are able to 

enter and affect the brain and several pathways have been proposed. Cytokines can 

induce the activation of afferent neurons, such as vagus nerve that innervated the 

infected site, which in turn activate cytokine release from microglia in brain (Dantzer, 

2009). In a second pathway cytokines stimulate leukocytes in the choroid plexus and 

circumventricular organs, regions that lacks endothelial tight junctions, thus allowing 

the diffusion of cytokines into brain (Quan, Whiteside et al., 1998). Peripheral 

cytokines can also reach the brain crossing the blood brain barrier (BBB) through 

saturable active transport molecule (Banks, 2006). 

These immune-to-brain communication routes finally conduct to the release of 

pro-inflammatory cytokines by activated microglia.  
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A BBB integrity disruption has been associated with MDD, allowing peripheral 

signals to easily reach the brain and maintain a chronic inflammatory condition (Wu, 

Yin et al., 2021a). 

Once in the brain cytokines are able to influence neurotransmission. Inflammatory 

signals, in particular  Interferon-γ (IFN-γ) and TNF- α activate the indoleamine 2,3-

dioxygenase (IDO) pathway, which breaks down tryptophan (TRP) into kynurenine 

(KYN), thus reducing the amount of serotonin. In support of the role of IDO, its 

blockade has been found to inhibit the depressive-like behavior induced by 

administration of LPS in mice (O'Connor et al., 2009). KYN can be then converted 

into kynurenic acid (KYN-A) and quinolinic acid (QUIN). In depression, an imbalance 

caused by immune activation shifts the metabolism of KYN away from KYN-A and 

toward QUIN (Myint, Kim et al., 2007). QUIN induce glutamate release by activating 

N-methyl-D-aspartate (NMDA) receptors and promote oxidative stress, both 

contributing to CNS excitotoxicity. 

Moreover, an excessive exposure to pro-inflammatory molecules impairs astrocytic 

and oligodendroglia functions, with consequent altered glutamate reuptake, 

increased glutamate release, apoptosis and demyelination processes, decline in 

neurotrophic factor, such as BDNF, that disrupt neural plasticity (Miller, Maletic et 

al., 2009). 

All these changes could at least in part explain the structural brain alteration that are 

consistently reported in MDD (see below). 

Finally, a recent model suggest that also cell-mediated immunity can play a role in 

the pathogenesis of MDD, observing that immune suppression and immune activation 

co-occur. MDD patients have an early mild T cell defect, defined by a reduced 

maturation of T-helper (Th-2) and Th-17 cells, that becomes more important with 

age, also including a decreased maturation of T regulatory cells together with 

increased immune activation (Grosse, Hoogenboezem et al., 2016). 

 

3.2.4 Metabolic alterations in MDD 

 

In recent years evidence showed that MDD is often associated with nutritional and 

metabolic diseases including, but not limited to obesity, dyslipidemia, raised fasting 

plasma glucose, type 2 diabetes (T2D) and metabolic syndrome (MetS) (Ali, Stone 

et al., 2006). 

In a study conducted on 2783 patients with T2D, 10.6% were diagnosed with MDD 

and 17% showed moderate to severe symptoms of depression (Lloyd, Nouwen et al., 

2018). Moreover, a recent meta-analysis and systematic review demonstrated that 
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patients with MetS had a 1.27-fold to 1.49 times higher risk of depression than 

controls (Pan, Keum et al., 2012a). Besides, depression is associated with an 

increased risk of developing obesity and its related metabolic complications (Alzoubi, 

Abunaser et al., 2018, Blasco, Garcia-Jimenez et al., 2020) suggesting a bidirectional 

association between the disorders (Luppino, de Wit et al., 2010), that shared many 

underlying mechanisms (Duarte-Silva, de Melo et al., 2021). 

Mounting data observed that these metabolic comorbidities are linked to a worse 

clinical course of MDD. Indeed, obese depressed subjects seems to have a more 

chronic course of disease (Opel, Redlich et al., 2015, Vogelzangs, Kritchevsky et al., 

2010), an increased suicide risk (Rihmer, Purebl et al., 2008), and a slower and 

poorer clinical response (Kloiber, Ising et al., 2007, Uher, Mors et al., 2009). 

Moreover, obesity affect neurocognitive functioning worsening attention, memory, 

processing speed and executive function (Liu, Carvalho et al., 2014).  

Even though the neurobiological mechanisms underlying the relationship between 

obesity and MDD are still unknown, neuroimmune processes have been increasingly 

considered as key marks of metabolic alterations and have been found to be 

associated with affective disorders (Capuron, Poitou et al., 2011, Dowlati, Herrmann 

et al., 2010). Adipocytes in white adipose tissue are not simple inert storage cells; 

they release several hormones and immune factors, such as adipokines in order to 

regulate and maintain metabolic homeostasis (Tilg & Moschen, 2006). 

In obese conditions, adipocyte hypertrophy induce the recruitment of innate 

immune cells and stimulates the production of inflammatory mediators, promoting a 

low-grade pro-inflammatory state (Choi, Joseph et al., 2013). Moreover, obesity 

caused disruptions in the balance between Th-1 and Th-2-type signals (Feuerer, 

Herrero et al., 2009, Nishimura, Manabe et al., 2009). All these inflammatory signals 

then reach the CNS, triggering neuroinflammation (Castanon, Luheshi et al., 2015). 

Lately, the gut microbiota has attracted interest as another salient contributor to 

the pathogenesis of obesity and depression, where endotoxemia induced by impaired 

gut permeability, seems to contribute to a central inflammation (Jayashree, Bibin et 

al., 2014, Maes, Kubera et al., 2008). A study conducted by Breum et al. (Breum, 

Rasmussen et al., 2003) highlighted that an activation of obesity-related 

inflammatory mediators can to promote the IDO–KYN pathway: a reduction in 

tryptophan concentrations and higher levels of the KYN/tryptophan ratio were in fact 

reported in obese compared to lean subjects, revealing an IDO activation, leading to 

the above mentioned consequences. 

Therefore, all these evidence point toward a perspective where depression, 

overweight, and inflammation are interconnected and create a “vicious cycle”. 
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3.2.5 Neuroimaging biomarkers 

 

In vivo structural imaging researches have confirmed that neuroanatomical 

alterations are involved in the etiology of MDD, even though the exact underlying 

reasons for these changes are still unclear. 

Indeed, numerous cross-sectional studies have explored regional brain volumes 

in patients with MDD. Even if smaller volumes in several brain regions have been 

detected, the most consistent evidence support a reduced size of hippocampal 

volume in individuals with MDD (Campbell, Marriott et al., 2004). In a meta-analysis 

conducted by the ENIGMA working group, based on several independent research 

samples, decreased hippocampal volumes were reported, whereas no other 

subcortical structures showed significant results (Schmaal, Veltman et al., 2016). 

Some meta-analyses found volumetric alterations in other subcortical brain 

regions, including the amygdala, thalamus and ventral striatum (Kempton, Salvador 

et al., 2011), and in cortical regions, including the anterior cingulate cortex, 

orbitofrontal cortex and prefrontal cortex (Campbell & MacQueen, 2006, Hajek, 

Kozeny et al., 2008), indicating that depressive symptoms could be related to meso-

limbic structural changes (Amico, Meisenzahl et al., 2011). 

Diffusion tensor imaging (DTI) is a method that measures the diffusion of water 

molecules in tissues, allowing the investigation of white matter and neural fiber tracts 

and have become a rapidly growing area of research in psychiatric disorders (Mahon, 

Burdick et al., 2010, Samartzis, Dima et al., 2014). Several studies highlighted 

significant reductions of fractional anisotropy, often associated with decreased axial 

and increased radial diffusivity in several fiber tracts, suggesting a pattern of reduced 

fiber density, axonal diameter and myelination. The most reported changes involve 

the superior longitudinal fasciculus (Murphy & Frodl, 2011, Zou, Huang et al., 2008), 

the corpus callosum (Guo, Liu et al., 2012b, Korgaonkar, Grieve et al., 2011, Wise, 

Radua et al., 2016), internal capsule (Bae, MacFall et al., 2006, Guo, Liu et al., 

2012a), cingulum (Bracht, Linden et al., 2015b, Zhu, Wang et al., 2011), uncinate 

fasciculus (Bracht et al., 2015b, Taylor, MacFall et al., 2007) and frontal and temporal 

lobes (Alexopoulos, Kiosses et al., 2002, Sexton, Mackay et al., 2009b).  

Both gray and white matter modifications have been reported to be present in 

untreated depressed patients (Aghajani, Veer et al., 2014, Hamilton, Siemer et al., 

2008), in untreated MDD patients with first episode (Chen, Guo et al., 2017, Han, 

Choi et al., 2014), in high-risk unaffected relatives of patients with MDD (Huang, Fan 

et al., 2011, Zhang, Sweeney et al., 2020) and in late-onset depression (Ballmaier, 

Kumar et al., 2004, Lesser, Hill-Gutierrez et al., 1993).  



 

 
 

15 

Finally, these neuropathological changes have been linked to a worse 

psychopathology, being associated with suicide (Jia, Huang et al., 2010, Lee, Kim et 

al., 2016), higher severity of symptoms (Bell-McGinty, Butters et al., 2002, Dalby, 

Frandsen et al., 2010) and poorer cognitive performance (Duffy, Paradise et al., 

2014b, Vasic, Walter et al., 2008); changes that may be in part normalized by 

antidepressant treatment (Banasr, Soumier et al., 2006, Bracht, Jones et al., 2015a). 

 

 

3.3 Research questions 

 

In the last years, growing evidence points out that several mechanisms, which 

include metabolic, immuno-inflammatory and HPA axis dysregulations, are involved 

in the etiology, maintenance and progression of MDD, outlining a complex picture of 

the disorder (Otte, Gold et al., 2016, Penninx et al., 2013). A deeper investigation of 

the interplay between these factors is needed to further investigate this complexity. 

 

To date, studies exploring the mutual interconnection between inflammation, 

metabolic dysfunction and brain structure have not yet been performed, leaving 

unaddressed some interesting research questions: 

• Are immunological and metabolic parameters related to clinical and 

neuropsychological variables?  

• Are these immuno-metabolism markers associated to brain structural 

changes? Do they changes over a six-month period? 

• What role do stressful life events play? 

 

We wanted to integrate the findings in order to obtain a more defined picture of 

the neurobiological underpinnings of MDD, considering that the pathophysiologic 

molecular and cellular mechanisms described above may concur to the brain 

structural alterations in MDD as identified by neuroimaging data. 
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4 AIM OF THE WORK  

To date, the pathophysiologic mechanisms underlying the development of 

depression have been only partially elucidated. Multiple independent lines of evidence 

described an association of MDD with metabolic and inflammatory dysregulations 

(Otte et al., 2016, Penninx et al., 2013). Moreover, brain structure alterations in 

cortico-limbic networks have been reported and related to cognitive and affective 

symptoms (Bell-McGinty et al., 2002, Vasic et al., 2008). 

However the nature of these associations and the mutual interconnections remain 

poorly understood. No study exist trying to individuate a specific profile of patients 

using an integrative and multimodal approach. 

The aim of the project is to elucidate the clinical and neuroimaging profile of MDD 

from a neuro-immunological and metabolic perspective and to provide a rational link 

between immunology, metabolism and mental status. We studied 61 consecutively 

admitted inpatients affected by MDD, using a multimodal brain imaging approach, 

including (1) DTI study of WM integrity and (2) Voxel-based morphometry (VBM) 

study of GM volumes. The resulting individual neuroimaging profile was correlated to 

immuno-metabolic markers obtained through Luminex and flow cytometry 

immunophenotyping technology. 

We expected that changes in the inflammatory and metabolic assets will be 

associated with clinical features and brain structure alterations, bringing to important 

clinical implications. A deeper understanding of the mechanisms of MDD and the 

knowledge on relevant biomarkers would help in provide potential support in clinical 

decision making, promoting more tailored treatments, that might point to manage 

inflammation.  
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5 RESULTS 
 
 

5.1 Sample Characteristics 
 

123 patients with a diagnosis of Major Depressive Disorder, consecutively 

admitted to the San Raffaele Hospital - Mood Disorders Center over a three-year 

period (November 2018 - December 2021) were screened for inclusion in the study. 

Of these, 83 patients (i) met the exclusion/inclusion criteria, (ii) gave informed 

consent to be enrolled, (iii) were included in the study, (iv) completed the initial 

clinical evaluation, and 61 underwent multimodal brain imaging. 

 

Therefore, our final sample involved 61 biologically unrelated inpatients (32F;29M) 

with an active depressive episode, without psychotic features, in course of Major 

Depressive Disorder (DSM-5 criteria, SCID-I interview), who have met the eligibility 

criteria listed in the paragraph 8.1 “Participants”. 

A sample of 33 healthy controls was recruited and underwent a blood sampling. 

Due to the SARS-CoV-2 pandemic, we were unable to collect a sufficient sample as 

planned and we could not acquired MRI images.  

All the clinical and demographic characteristics of MDD sample are reported in 

Table 1. Of the 61 participants, 36 had a normal weight and 25 were 

overweight/obese. No patients met the criteria for a diagnosis of Metabolic 

Syndrome, whereas two patients resulted to have Type 2 Diabetes. Evaluating 

indexes that suggest metabolic alterations, nearly 50% and 72.13% of the total 

sample showed respectively serum total cholesterol levels and low-density 

lipoproteins (LDL) indicative of a hypercholesterolemia; moreover, a percentage of 

26.3% had higher levels of triglycerides than the normal range. Finally, 27% of the 

patients exceeded the cut-off point of Homeostasis model assessment of insulin 

resistance (HOMA -IR), resulting insulin resistant.  
 

Of the 61 patients enrolled, only nine patients were assessed at 6 month follow-

up, completing the whole protocol, not allowing us to observe any inflammatory and 

metabolic changes during a 6-months period. 

In chronic psychiatric populations, one-half of patients is expected to drop out 

during follow-up studies (Amico, 2009). Wellbeing of psychiatric patients is usually 

the main reason for their refusal to continue their participation to the study. 
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Moreover, COVID-19 emergency slowed down and hampered the recruitment at the 

follow-up.  

 

 Whole  
sample 
(N=61) 

 

Mean±SD 
 

Normal 
weight  
(N=36) 

 

Mean±SD 

Overweight/ 
obese  

(N=25) 
 

 Mean±SD 

 
p-value 

Age 50.62±10.07 50.06±9.89 51.44±8.50 0.606 
Sex (F/M) 32/29 24/12 8/17  
Age at illness onset 32.26±12.83 32.72±13.016 31.6±12.80 0.739 
Illness duration (yrs) 18.36±11.70 17.33±10.20 19.84±13.67 0.441 
Duration of the current 
episode (wks) 32.02±38.71 28.11±30.55 37.64±48.26 0.388 

N° of depressive 
episodes 5.03±5.073 4.72±5.06 5.48±5.17 0.572 

HDRS (baseline) 19.75±6.86 20±6.87 19.35±7.00 0.727 
HDRS (1 month) 4.55±5.18 5.26±5.95 3.48±3.59 0.162 
BDI (baseline) 15.5±8.52 15.34±8.80 15.73±8.31 0.871 
BSI (baseline) 5.06±7.25 5±7.73 5.14±6.65 0.943 
Imipramine equivalents 187.52±85.38 189.80±89.56 184.25±80.67 0.801 
Body Mass Index 24.55±3.77 22.08±2.22 28.10±2.48    0.000 
HOMA-IR 1.50±1.28 1.45±1.05 1.94±1.27 0.063 
Triglycerides 137.81±62.32 111.00±51.70 152.02±69.13  0.016* 
Cholesterol 198.05±39.47 196.94±42.89 199.64±34.75 0.788 
LDL 117.61±34.99 118.16±39.17 116.80±28.69 0.876 

  
Table 1. Clinical and demographic characteristics of the sample, as a whole and in      
relation to body mass index (BMI). Means, standard deviations and p-values are reported. 

 
  

5.2 Luminex Quantification 

 

We studied a total of 12 metabolic markers and 52 cytokines and chemokines. In 

the Bio-Plex ProTM Human Cytokine 27-plex, four analytes IL-10, IL-15, G-CSF and 

GM-CSF were excluded from the analyses because more than 20% of the 

quantification obtained were out of the limit of the standard range. Otherwise, none 

of the analytes quantified with the Diabetes 10+2-plex and Chemokine 40-plex 

panels was out of the standard range. Since premade configurations panels were 

used, eleven analytes (IL-1β, IL-2, IL-4, IL-6, IL-8, Eotaxin,IP-10/CXCL10, MCP-

1/CCL2, MIP-1α/CCL3, IFN-γ and TNF-α) between the ProTM Human Cytokine 27-plex 

panel and the ProTM  Human Chemokine 40-plex panel overlapped. Of these analytes 

we selected the ones from 40-plex since they did not contain any imputation values.  

The matching strategy allowed us to obtain a subsample of 41 MDD patients 

perfectly matched to our HC group, achieving more comparable outcomes. Thus, a 

comparison between healthy controls and MDD subsample of inflammatory markers 

was performed, highlighting significant differences, where overall MDD sample 

showed higher levels of cytokines and chemokines (Table 2). 
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 Mean ± Std. Dev 

Healthy controls 

(N=33) 

 MDD subsample 

(N=41) 
p-value 

(27P) IL-1ra 81.08±62.48 189.30±105.71 0.000* 

(27P) IL-5 11.45±5.48 22.50±38.91 0.08* 

(27P) IL-7 10.59±8.89 31.30±21.95 0.000* 

(27P) IL-9 67.82±41.19 75.35±20.63 0.343 

(27P) IL-12 4.47±2.00 9.14±10.48 0.008* 

(27P) IL-13 2.58±3.65 4.19±3.01 0.046* 

(27P) IL-17 5.60±2.66 9.53±5.45 0.000* 

(27P) FGFb 16.29±7.94 35.85±14.15 0.000* 

(27P) PDGFbb 517.66±943.59 1291.97±837.28 0.000* 

(27P) MIP-1β 51.85±28.32 59.40±13.99 0.168 

(27P) RANTES 2045.58±2102.80 2960.19±1027.50 0.027* 

(27P) VEGF 136.37±105.93 213.76±295.26 0.125 

(40P) CCL21 6972.11±3366.45 6317.73±1931.75 0.326 

(40P) CXCL13 15.74±18.28 33.91±13.36 0.000* 

(40P) CCL27 603.86±365.75 1230.59±502.91 0.000* 

(40P) CXCL5 286.18±439.63 1260.80±723.63 0.000* 

(40P) CCL11 27.14±20.48 59.73±16.15 0.000* 

(40P) CCL24 180.80±197.08 307.00±176.88 0.006* 

(40P) CCL26 17.91±19.73 51.03±22.92 0.000* 

(40P) CX3CL1 75.70±61.62 201.81±77.67 0.000* 

(40P) CXCL6  33.49±56.27 92.18±59.60 0.000* 

(40P) GMCSF  24.83±33.56 143.75±78.89 0.000* 

(40P) CXCL1 160.85±157.84 369.05±246.76 0.000* 

(40P) CXCL2 416.28±768.40 1087.25±720.88 0.000* 

(40P) CCL1  32.44±37.28 94.71±27.91 0.000* 

(40P) IFN-γ  23.37±29.49 103.36±47.84 0.000* 

(40P) IL-1β 2.94±1.49 7.38±2.86 0.000* 

(40P) IL-2 9.47±12.27 31.80±14.50 0.000* 

(40P) IL-4 9.54±9.74 42.95±15.80 0.000* 

(40P) IL-6 6.50±7.26 28.01±12.14 0.000* 

(40P) IL-8 5.86±6.31 16.62±6.22 0.000* 

(40P) IL-10 18.02±26.52 59.68±31.68 0.000* 

(40P) IL-16 502.43±414.09 1104.73±826.14 0.000* 

(40P) CXCL10  84.36±59.01 193.62±75.03 0.000* 

(40P) CXCL11 14.79±20.94 36.86±23.03 0.000* 

(40P) CCL2 19.09±6.66 30.34±10.50 0.000* 

(40P) CCL8 18.58±18.47 45.10±18.18 0.000* 

(40P) CCL7 53.77±74.44 236.73±91.44 0.000* 

(40P) CCL13 31.26±39.40 139.85±77.39 0.000* 

(40P) CCL22 523.49±365.80 1020.48±331.12 0.000* 

(40P) MIF 4541.08±7402.03 36525.97±17702.50 0.000* 
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(40P) CXCL9 125.15±166.41 339.28±161.52 0.000* 

(40P) CCL3 3.13±2.76 8.91±2.10 0.000* 

(40P) CCL15 1870.67±802.98 3095.81±1084.96 0.00* 

(40P) CCL20 5.71±5.12 21.43±23.39 0.000* 

(40P) CCL19 173.60±344.94 590.05±461.07 0.000* 

(40P) CCL23 233.25±146.53 402.72±187.41 0.000* 

(40P) CXCL16 392.72±93.88 465.43±144.80 0.011* 

(40P) CXCL12 1187.12±596.03 2567.18±1134.60 0.000* 

(40P) CCL17   74.26±174.11 221.84±219.54 0.002* 

(40P) CCL25 291.98±306.31 828.04±300.25 0.000* 

(40P) TNF 14.90±15.46 44.03±16.68 0.000* 

 
Table 2.Mean and Std. Dev. Descriptive statistics of analytes of both the Cytokine-27 plex 
(27P) and the Chemokine-40 plex (40P). Data concerns MDD and HC samples. Asterisk 
indicates statistical significance (p ≤0.05). 

 

 

We then compared baseline levels of metabolic and inflammatory markers in 

normal weight and overweight/obese samples through an independent sample t-test. 

Significant differences among the two groups emerged in C-peptide, Insulin, IL-13 

and CXCL2 levels, where values were significantly higher in the overweight/obese 

sample. No other significant difference was observed (Table 3,4). 

 
 Mean ± Std. Dev 

Whole sample 

(N=61) 

Normal weight 

(N=36) 

Overweight/obese 

(N=25) 
p-value 

(10+2P) Adipsin 2867.53±1987.26 2537.07±1569.21 3343.39±2425.34 0.152 

(10+2P) Adiponectin 6264.63±6000.29 6362.60±5552.56 6123.57±6709.09 0.884 

(10+2P) C-peptide 1542.79±519.66 1378.02±488.16 1780.06±477.72 0.002* 

(10+2P) Ghrelin 363.13±195.05 378.15±189.88 341.51±204.20 0.482 

(10+2P) Glucagon 616.63±155.57 588.78±133.64 656.73±177.81 0.113 

(10+2P) GIP 151.23±117.29 152.03±126.66 150.09±104.85 .948 

(10+2P) GLP-1 262.68±85.20 248.88±81.52 282.54±88.07 0.137 

(10+2P) Insulin 303.73±201.63 250.56±153.22 380.29±238.86 0.022* 

(10+2P) Leptin 4218.31±3704.65 3722.05±2803.52 4932.92±4684.82 0.255 

(10+2P) PAI-1 10229.37±6120.18 9580.65±630.35 11163.51±5753.76 0.316 

(10+2P) Resistin 7389.64±3929.23 7083.36±3764.23 7830.68±4194.04 0.479 

(10+2P) Visfatin 2345.67±1891.53 2268.68±378.11 1174.17±234.83 0.485 

 
Table 3. Mean and Std. Dev. Descriptive statistics of analytes of Diabetes plex (10+2P). 
Data concerns sample as a whole and in relation to BMI. Asterisk indicates statistical 
significance (p≤0.05). 
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 Mean ± Std. Dev 

Whole sample 

(N=61) 

Normal weight 

 (N=36) 

Overweight/obese 

(N=25) 

p-

value 

(27P) IL-1ra 209.15±153.99 196.43±105.63 227.49±205.96 0.49 

(27P) IL-5 19.09±32.57 13.10±9.29 27.74±48.94 0.15 

(27P) IL-7 30.77±20.91 29.17±19.20 33.10±23.38 0.49 

(27P) IL-9 80.21±23.81 77.48±23.94 84.15±23.55 0.28 

(27P) IL-12 8.82±9.52 7.25±5.94 11.08±12.90 0.17 

(27P) IL-13 4.34±2.86 3.67±2.14 5.31±3.49 0.04* 

(27P) IL-17 9.34±5.81 8.94±4.95 9.92±6.95 0.55 

(27P) FGFb 34.40±14.30 34.12±13.23 34.8316.01 0.85 

(27P) PDGFbb 1218.35±746.16 1213.20±833.37 1225.78±615.63 0.94 

(27P) MIP-1β 62.84±15.62 61.54±17.09 64.72±13.36 0.41 

(27P) RANTES 2978.46±988.24 2873.18±1056.03 3130.09±880.14 0.30 

(27P) VEGF 185.52±250.66 153.70±114.25 231.35±366.52 0.31 

(40P) CCL21 6419.87±2728.34 6369.01±2903.60 6493.12±2511.01 0.86 

(40P) CXCL13 33.79±15.92 32.78±16.86 35.23±14.67 0.55 

(40P) CCL27 1244.26±585.72 1234.39±538.24 1258.46±659.41 0.88 

(40P) CXCL5 1230.35±785.65 1174.05±785.46 1311.44±794.85 0.51 

(40P) CCL11 60.26±19.79 57.62±19.05 64.05±20.60 0.22 

(40P) CCL24 327.49±244.61 324.49±211.26 331.81±290.62 0.92 

(40P) CCL26 50.57±23.13 49.06±24.65 52.7421.05 0.53 

(40P) CX3CL1 194.01±78.77 191.80±83.50 197.19±72.99 0.79 

(40P) CXCL6  88.78±54.61 83.59±62.35 96.26±41.08 0.34 

(40P) GMCSF  142.19±80.39 144.03±84.81 139.54±75.21 0.83 

(40P) CXCL1 363.49±224.63 376.76±276.99 344.38±116.68 0.53 

(40P) CXCL2 1128.76±839.43 943.74±726.42 1395.19±931.01 0.05* 

(40P) CCL1  94.13±30.21 91.97±31.69 97.24±28.28 0.50 

(40P) IFN-γ  100.81±48.92 102.44±52.33 98.46±44.49 0.75 

(40P) IL-1β 7.01±2.85 7.18±3.06 6.76±2.54 0.56 

(40P) IL-2 31.54±14.58 31.39±15.70 31.77±13.11 0.92 

(40P) IL-4 42.41±17.70 42.23±18.09 42.68±17.50 0.92 

(40P) IL-6 27.39±12.38 27.96±13.08 26.57±11.51 0.66 

(40P) IL-8 16.45±6.57 16.00±6.91 17.11±6.13 0.51 

(40P) IL-10 59.25±30.84 58.36±34.62 60.52±25.04 0.78 

(40P) IL-16 1036.04±862.89 1079.31±1008.39 973.73±609.66 0.61 

(40P) CXCL10  200.59±97.16 194.89±87.96 208.81±110.45 0.60 

(40P) CXCL11 37.62±23.21 37.35±27.20 38.02±16.36 0.91 

(40P) CCL2 29.86±11.94 30.22±11.97 29.3312.12 0.78 

(40P) CCL8 42.2019.66 40.62±19.79 44.47±19.64 0.46 

(40P) CCL7 234.17±98.92 233.18±103.76 235.59±93.60 0.93 

(40P) CCL13 143.84±84.05 145.35±95.39 141.65±66.21 0.86 

(40P) CCL22 1004.31±395.29 956.58±369.12 1073.04±428.47 0.28 

(40P) MIF 33566.79±18998.39 30815.86±20431.94 37528.12±16304.85 0.16 
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(40P) CXCL9 366.18±215.95 349.12±224.31 390.75±205.28 0.46 

(40P) CCL3 8.82±2.41 8.87±2.58 8.76±2.20 0.85 

(40P) CCL15 2989.70±1191.36 2826.06±935.12 3225.35±1474.82 0.4 

(40P) CCL20 19.41±20.02 19.72±22.11 18.97±16.98 088 

(40P) CCL19 585.86±430.89 578.36±502.26 596.66±309.94 0.86 

(40P) CCL23 409.81±199.49 386.41±194.11 443.51±206.24 0.28 

(40P) CXCL16 461.36±170.21 431.08±151.55 504.96±188.62 0.11 

(40P) CXCL12 2471.46±1145.45 2344.01±1032.64 2654.98±1290.59 0.32 

(40P) CCL17   227.16±206.88 224.59±234.13 230.85±164.42 0.90 

(40P) CCL25 798.34±311.34 778.61±339.38 826.75±270.07 0.54 

(40P) TNF 43.42±17.78 42.97±18.65 44.07±16.80 0.81 

 
Table 4. Mean and Std. Dev. Descriptive statistics of analytes of both the Cytokine-27 
plex (27P) and the Chemokine-40 plex (40P). Data concerns sample as a whole and in 
relation to BMI. Asterisk indicates statistical significance (p ≤0.05). 

 
 

5.3 FACS Symphony Immunophenotyping  
 
Mean and standard deviation of all analytes of the four different panels are shown. 

Independent sample t-tests between normal weight and overweight/obese samples 

were performed and significant differences were found for CD3+Tγδ+, 

CD3+CD4+FoxP3+CD39+ and Activated Treg (CD49d+).where values were 

significantly higher in the normal weight sample. No other significant difference was 

observed (Table 5). 

 

PANEL 1 
Mean ± Std. Dev  

Whole sample 

(N=61) 

Normal weight 

(N=36) 

Overweight/obese 

(N=25) 
p-value 

CD3+ 58.67±12.21 56.79±13.07 61.39±10.51 0.13 

CD3+CD4+ 69.78±7.78 70.89±8.07 68.17±7.19 0.17 

CD3+CD4+CM+ 43.71±10.72 45.13±11.25 41.68±9.78 0.21 

CD3+CD4+CM+CD25+ 5.69±2.87 5.47±2.59 6.01±3.26 0.49 

CD3+CD4+CM+CD69+ 28.64±18.39 28.93±19.09 28.21±17.70 0.88 

CD3+CD4+EM+ 11.41±6.10 11.65±5.87 11.06±6.52 0.72 

CD3+CD4+EM+CD25+ 5.31±5.05 5.72±5.45 4.72±4.43 0.43 

CD3+CD4+EM+CD69+ 29.00±17.69 29.20±18.10 28.70±17.46 0.91 

CD3+CD4+NAIVE 42.15±13.99 41.09±13.33 43.67±13.43 0.48 

CD3+CD4+NAÏVE+CD25+ 2.51±1.27 2.52±1.07 2.49±1.54 0.94 

CD3+CD4+NAÏVE+CD69+ 13.52±11.16 13.95±12.01 12.90±10.03 0.71 

CD3+CD8+ 27.26±7.52 25.91±7.53 29.20±7.23 0.09 

CD3+CD8+CM+ 26.8111.61 28.72±12.11 24.05±10.46 0.11 

CD3+CD8+CM+CD25+ 2.16±1.53 2.34±1.52 1.89±1.53 0.26 
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CD3+CD8+CM+CD69+ 38.70±22.21 39.52±23.10 37.54±21.29 0.73 

CD3+CD8+EM+ 12.48±8.58 12.09±8.48 13.05±8.87 0.67 

CD3+CD8+EM+CD25+ 2.42±2.54 2.32±1.83 2.56±3.36 0.75 

CD3+CD8+EM+CD69+ 27.61±17.46 28.10±17.19 26.91±18.19 0.80 

CD3+CD8+NAÏVE+ 40.13±18.29 39.93±17.64 40.41±19.55 0.92 

CD3+CD8+NAÏVE+CD25+ 0.63±0.80 0.63±0.74 0.62±0.89 0.96 

CD3+CD8+NAÏVE+CD69+ 19.67±13.83 19.71±14.14 19.61±13.66 0.98 

CD3+CD8+TEMRA+ 19.65±12.98 18.15±11.75 21.80±14.55 0.30 

CD3-MAIT+ 3.05±1.89 3.09±2.28 2.99±1.14 0.83 

CD3-MAIT+CD161+ 53.54±20.84 53.43±21.62 53.69±20.11 0.96 

CD3+Va1Va2+ 2.12±1.93 2.54±2.25 1.50±1.11 0.05 

 
 

PANEL 2 
Mean ± Std. Dev  

Whole sample 

(N=61) 

Normal weight 

(N=36) 

Overweight/obese 

(N=25) 
p-value 

CD3+ 85.95±8.49 86.41±8.10 85.28±9.15 0.62 

CD3+CD4+ 70.83±7.57 70.38±7.14 71.48±8.25 0.59 

CD3+CD8+ 24.27±7.22 24.16±6.73 24.42±8.03 0.90 

CD3+CD8+CM+ 31.44±11.21 32.10±11.13 30.49±11.49 0.59 

CD3+CD8+CM+Perf-Grz+ 8.87±8.56 9.51±9.69 7.95±6.70 0.46 

CD3+CD8+CM+Perf+Grz+ 4.30±4.68 4.33±4.86 4.26±4.51 0.95 

CD3+CD8+CM+Perf+Grz- 6.77±8.69 7.28±9.72 6.05±7.09 0.57 

CD3+CD8+CM+Perf-Grz- 80.05±11.62 78.88±12.12 81.74±10.87 0.34 

CD3+CD8+EM+ 18.15±9.86 18.81±9.94 17.20±9.87 0.54 

CD3+CD8+EM+Perf-Grz+ 33.73±16.68 35.51±17.07 31.18±16.09 0.32 

CD3+CD8+EM+Perf+Grz+ 23.14±16.61 23.74±18.22 22.27±14.28 0.73 

CD3+CD8+EM+Perf+Grz- 2.74±4.24 2.41±3.12 3.22±5.50 0.51 

CD3+CD8+EM+Perf-Grz- 40.40±17.89 38.36±16.36 43.33±19.88 0.31 

CD3+CD8+NAIVE+ 37.25±17.74 37.42±17.39 37.00±18.59 0.93 

CD3+CD8+NAIVE+Perf-Grz+ 7.16±17.42 8.78±20.73 4.84±11.04 0.34 

CD3+CD8+NAIVE+Perf+Grz+ 2.453.81 2.06±2.73 3.02±4.99 0.39 

CD3+CD8+NAIVE+Perf+Grz- 1.67±2.98 1.23±2.11 2.31±3.88 0.22 

CD3+CD8+NAIVE+Perf-Grz- 88.72±18.75 87.93±21.54 89.85±14.13 0.68 

CD3+CD8+TEMRA+ 12.608.76 11.14±6.66 14.69±10.91 0.16 

CD3+CD8+TEMRA+Perf-Grz+ 30.32±20.97 32.06±22.98 27.82±17.82 0.42 

CD3+CD8+TEMRA+Perf+Grz+ 48.03±25.70 45.18±27.42 52.13±22.91 0.29 

CD3+CD8+TEMRA+Perf+Grz- 1.70±2.59 1.27±2.07 2.33±3.14 0.15 

CD3+CD8+TEMRA+Perf-Grz- 19.96±21.04 21.51±25.24 17.73±13.01 0.45 

CD3+Tγδ+ 3.56±3.04 4.16±3.67 2.68±1.46 0.03* 

CD3+Tγδ+Perf-Grz+ 17.42±12.32 18.99±13.37 15.15±10.47 0.21 

CD3+Tγδ+Perf+Grz+ 18.26±16.21 20.23±17.78 15.41±13.47 0.23 

CD3+Tγδ+Perf+Grz- 5.60±7.11 5.85±7.69 5.24±6.32 0.74 

CD3+Tγδ+Perf-Grz- 58.72±19.27 54.92±18.91 64.18±18.82 0.07 
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CD3+CD8+NK+ 8.36±4.84 8.19±4.93 8.60±4.79 0.75 

CD3-NK+Perf-Grz+ 10.71±13.90 9.81±12.62 12.00±15.74 0.57 

CD3-NK+Perf+Grz+ 73.31±17.97 72.06±17.54 75.11±18.80 0.53 

CD3-NK+Perf+Grz- 5.10±5.59 5.93±6.70 3.91±3.20 0.12 

CD3-NK+Perf-Grz- 10.88±8.24 12.20±8.16 8.97±8.13 0.13 

 
 

PANEL 3 
Mean ± Std. Dev  

Whole sample 

(N=61) 

Normal weight 

(N=36) 

Overweight/obese 

(N=25) 
p-value 

CD3+ 82.83±9.87 84.11±8.36 80.98±11.65 0.26 

CD3+CD4+ 69.94±7.51 70.17±7.45 69.60±7.74 0.78 

CD3+CD4+GM-CSF+ 0.20±0.57 0.16±0.39 0.27±0.76 0.49 

CD3+CD4+IFN-γ+ 2.76±2.71 2.92±3.01 2.53±2.24 0.57 

CD3+CD4+IL-2+ 0.09±0.19 0.07±0.15 0.10±0.25 0.62 

CD3+CD4+IL-4+ 1.22±0.86 1.25±0.87 1.18±0.87 0.76 

CD3+CD4+IL-17+ 0.08±0.07 0.08±0.08 0.07±0.04 0.51 

CD3+CD4+TNF-α+ 1.03±1.62 0.98±1.56 1.09±1.72 0.82 

CD3+CD8+ 24.75±7.10 23.84±6.90 26.07±7.32 0.24 

CD3+CD8+GM-CSF+ 0.28±0.85 0.23±0.48 0.36±1.22 0.62 

CD3+CD8+IFN-γ+ 13.51±10.21 13.95±10.61 12.86±9.79 0.68 

CD3+CD8+IL-2+ 0.18±0.30 0.18±0.24 0.19±0.37 0.90 

CD3+CD8+IL-4+ 1.37±1.10 1.51±1.19 1.18±0.95 0.24 

CD3+CD8+IL-17+ 0.11±0.14 0.13±0.16 0.08±0.09 0.17 

CD3+CD8+TNF-α+ 2.08±2.53 2.09±2.81 2.08±2.11 0.99 

NK+ 4.51±2.67 4.12±2.15 5.07±3.23 0.21 

NK+GM-CSF+ 1.83±2.65 1.91±2.92 1.72±2.26 0.78 

NK+IFN-γ+ 20.87±14.46 20.66±14.74 21.16±14.34 0.90 

NK+IL-2+ 0.44±0.98 0.60±1.25 0.22±0.26 0.09 

NK+IL-4+ 3.73±3.67 4.22±3.67 3.03±3.64 0.22 

NK+IL-17+ 0.11±0.20 0.09±0.11 0.14±0.29 0.45 

NK+TNF-α+ 2.61±2.29 3.00±2.53 2.04±1.79 0.09 

 
 

PANEL 4 
Mean ± Std. Dev  

Whole sample 

(N=61) 

Normal weight 

(N=36) 

Overweight/obese 

(N=25) 
p-value 

CD3+ 86.73±6.39 86.97±5.87 86.37±7.18 0.73 

CD3+CD4+CD25high 2.01±0.78 1.99±0.72 2.04±0.88 0.80 

CD3+CD4+FoxP3-CD39+ 6.66±11.31 5.36±10.11 8.54±12.82 0.31 

CD3+CD4+FoxP3+CD39+ 36.22±22.40 41.70±22.28 28.33±20.52  0.02* 

Activated Treg (CD49d+) 67.72±20.92 73.61±11.14 59.22±28.04  0.02* 

Unactivated Treg (CD49d-) 25.43±12.50 26.31±11.23 24.16±14.28 0.53 

CD3+CD4+FoxP3+CD39- 39.02±24.22 38.19±22.07 40.22±27.44 0.76 
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CD3+CD4+FoxP3-CD39- 18.09±19.12 14.74±15.27 22.91±23.09 0.13 

 
Table 5. Mean and Std. Dev. Descriptive statistics of analytes from panel 1 – 
lymphocytes; panel 2 – Cytotoxic T-cells and NK cells; panel 3 – Cytokines and panel 4 – T 
regulatory cells. Data concerns sample as a whole and in relation to BMI. Asterisk indicates 
statistical significance (p ≤0.05). 

 
 

5.4 Neuroimaging results 
 

5.4.1 FACS Immunophenotyping associations 

 

CD4+ T-cells, measured by panel 1 flow cytometry analysis, were associated with 

GM volumes. Specifically, activated naϊve CD4+ T-cells showed a positive association 

with GM volumes in a single peak localized in the right inferior parietal lobe (pFWEcorr: 

0.015), whereas peak effects in precentral gyrus in the opposite direction were 

observed when central memory CD4+ T-cells were considered (Table 6,7). 

 

Region L/R MNI 
coordinates 

Cluster size 
(mm3) 

Z-value pFWE-corr 
(cluster level) 

pFWE-corr 
(peak level) 

Inferior 
Parietal Lobe 

R  44 -50 56 136 4.87 0.636 0.015 

 
Table 6. Areas where a significant effect of CD3+CD4+Naïve cells percentage on GM 
volume was observed. Data are shown for all clusters and peaks surviving statistical 
threshold (pFWE-corr): anatomy, lateralization (R/L), MNI coordinates (x,y,z) of voxels with 
higher Z values (signal peaks), cluster size (mm3), level of significance. 
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Region L/R MNI 
coordinates 

Cluster size 
(mm3) 

Z-value pFWE-corr 
(cluster level) 

pFWE-corr 
(peak level) 

Precentral 
Gyrus 

R  46 -9 57 521 4.73 0.052 0.029 

 
Table 7. Areas where a significant effect of CD3+CD4+CM+ cells percentage on GM 
volume was observed. Data are shown for all clusters and peaks surviving statistical 
threshold (pFWE-corr): anatomy, lateralization (R/L), MNI coordinates (x,y,z) of voxels with 
higher Z values (signal peaks), cluster size (mm3), level of significance. 

 
 
 
 

Effector memory CD8+ T-cells expressing the activation markers CD69, measured 

by panel 1 flow cytometry analysis, were positively associated with RD in two main 

clusters which included forceps minor and right uncinate fasciculus (Figure 1, 

Appendix Table A.1). 
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Figure 1. WM areas where CD3+CD8+EM+CD69+ cells percentage positively 
correlated with RD. Voxels of significant positive correlation are mapped on the mean FA 
template of the studied sample. The colour-bar refers to 1-p values for the observed 
differences. Numbers are z coordinates in the standard MNI space. 
 

 
Several cells subpopulations, which included T-lymphocytes cytotoxic activity (CD8+), 

T Υδ lymphocytes and NK cells, and their related released factors, were measured by 

panel 2 and were significantly associated with both DTI indexes and GM volumes. 

Specifically, CD3+CD8+ Naϊve cells showed a positive association with FA and a 

negative association with RD in several WM tracts with signal peaks respectively in 

the bilateral corona radiata and in the forceps minor fasciculus (Figure 2, Appendix 

Table A.2).  
 

    
Figure 2. WM areas where CD3+CD8+ NAIVE cells percentage positively correlated 
with FA (left) and negatively with RD (right). Voxels of significant positive correlation are 
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mapped on the mean FA template of the studied sample. The colour-bar refers to 1-p values 
for the observed differences. Numbers are z coordinates in the standard MNI space. 

 

 
Moreover, differently primed CD8+ cells from panel 2, correlated with structural 

changes. In details, CD8 Central Memory T-lymphocytes secreting Perforin, associate 

with reduced GM volumes in the cerebellum fasciculus (Table 8).  

 

Region L/R MNI 
coordinates 

Cluster size 
(mm3) 

Z-value pFWE-corr 
(cluster level) 

pFWE-corr 
(peak level) 

Cerebellum R  27 -54 20 1481 4.01 0.000 0.377 
 

Table 8. Areas where a significant effect of CD3+CD8+CM Perf+Grz- cells percentage 
on GM volume was observed.Data are shown for all clusters and peaks surviving statistical 
threshold (pFWE-corr): anatomy, lateralization (R/L), MNI coordinates (x,y,z) of voxels with 
higher Z values (signal peaks), cluster size (mm3), level of significance. 

 

Within the effector memory t-cells, CD3+CD8+EM cells released only granzyme (Perf- 

GrzB+) associated with increased GM volumes in the bilateral cerebellum. Same 

direction of the effect emerged when CD8+EM (Table 9). 
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Region L/R MNI 

coordinates 
Cluster size 

(mm3) 
Z-value pFWE-corr 

(cluster level) 
Region 

Cerebellum R  45 -48 44 318 4.67 0.194 0.037 
Cerebellum L -45 -52 -45 761 4.35 0.013 0.126 

 
Table 9. Areas where a significant effect of CD8+EM Perf-Grz+ cells percentage on GM 
volume was observed.Data are shown for all clusters and peaks surviving statistical 
threshold (pFWE-corr): anatomy, lateralization (R/L), MNI coordinates (x,y,z) of voxels with 
higher Z values (signal peaks), cluster size (mm3), level of significance. 

 

 
A reduced FA correlated with terminally differentiated effector memory cells re-

expressing CD45RA (TEMRA) in three clusters with signal peaks in the left anterior 

corona radiata and in the bilateral internal capsule (Figure 3, Appendix Table A.3). 
CD8+ TEMRA cells secreting only Granzyme (Perf-Grz+) associated with increased GM 

volumes in two clusters with peaks in the bilateral putamen. On the contrary CD8+ 

TEMRA cells secreting only Perforin (Perf+Grz-) were negatively associated with GM 

volumes in the right precentral gyrus (Table 10-11). 
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Figure 3. WM areas where CD3+CD8+ TEMRA cells percentage negatively correlated 
with FA. Voxels of significant positive correlation are mapped on the mean FA template of the 
studied sample. The colour-bar refers to 1-p values for the observed differences. Numbers are 
z coordinates in the standard MNI space. 

 

 
Region L/R MNI 

coordinates 
Cluster size 

(mm3) 
Z-value pFWE-corr 

(cluster level) 
pFWE-corr 

(peak level) 
Putamen R 20 6 4 1105 4.76 0.002 0.025 
Putamen L -18 6 4  801 4.02 0.010 0.374 

 
Table 10. Areas where a significant effect of CD3+CD8+ TEMRA Perf-Grz+ cells 
percentage on GM volume was observed. Data are shown for all clusters and peaks 
surviving statistical threshold (pFWE-corr): anatomy, lateralization (R/L), MNI coordinates 
(x,y,z) of voxels with higher Z values (signal peaks), cluster size (mm3), level of significance. 
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Region L/R MNI 

coordinates 
Cluster size 
(mm3) 

Z-value pFWE-corr 
(cluster level) 

pFWE-corr 
(peak level) 

Precentral Gyrus R 52 -6 30 434 4.78 0.088 0.023 
 

Table 11. Areas where a significant effect of CD3+CD8+ TEMRA Perf+Grz- cells 
percentage on GM volume was observed. Data are shown for all clusters and peaks 
surviving statistical threshold (pFWE-corr): anatomy, lateralization (R/L), MNI coordinates 
(x,y,z) of voxels with higher Z values (signal peaks), cluster size (mm3), level of significance. 

 
 

Analyzing CD3 T γδ lymphocytes populations, an association with reduced AD with 

signal peaks in the right inferior fronto-occipital fasciculus and reduced MD in 

three clusters with signal peaks in the body of corpus callosum, in the right anterior 

corona radiata and in the anterior thalamic radiation, was found (Figure 4, 

Appendix Table A.4). Same direction of the effect emerged for AD, when T γδ cells 

secreted both Perforin and Granzyme (Perf+Grz+) in two clusters that included the 

left superior longitudinal fasciculus and the right anterior corona radiata 
(Figure 5, Appendix Table A.5). 
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Figure 4. WM areas where CD3+Tγδ+ cells percentage negatively correlated with AD 
(left) and MD (right). Voxels of significant positive correlation are mapped on the mean 
FA template of the studied sample. The colour-bar refers to 1-p values for the observed 
differences. Numbers are z coordinates in the standard MNI space. 

 
 

 
 

Figure 5. WM areas where CD3+Tγδ+ Perf+Grz+ cells percentage negatively correlated 
with FA. Voxels of significant positive correlation are mapped on the mean FA template of the 
studied sample. The colour-bar refers to 1-p values for the observed differences. Numbers are 
z coordinates in the standard MNI space. 

 

 
Finally, NKcells (CD56+Perf-GrzB-) showed a reduction in FA in several WM tracts, 

whose biggest cluster include the signal peaks in the left superior longitudinal 

fasciculus (Figure 6, Appendix Table A.6). 
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Figure 6. WM areas where NK+ cells percentage negatively correlated with FA. Voxels 
of significant positive correlation are mapped on the mean FA template of the studied sample. 
The colour-bar refers to 1-p values for the observed differences. Numbers are z coordinates in 
the standard MNI space. 

 

 
Regarding immunological measures obtained from panel 3, functionally 

characterized CD4 T-cells expressing IL-4 negatively associated with FA and AD in 

two widespread clusters that included respectively the signal peaks in the right 

superior corona radiata and retrolenticular part of internal capsule (Figure 7, 

Appendix Table A.7).  

 

    
Figure 7. WM areas where CD3+CD4+ cells percentage releasing IL-4 negatively 
correlated with FA (right) and AD (left). Voxels of significant positive correlation are 
mapped on the mean FA template of the studied sample. The colour-bar refers to 1-p values 
for the observed differences. Numbers are z coordinates in the standard MNI space. 
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Also, functionally characterized CD8+ T-cells expressing IL-4 negatively associated 

with FA and AD and the same areas of CD4+IL-4+ were involved, including the right 

superior corona radiata and retrolenticular part of internal capsule (Figure 8, 

Appendix Table A.8). Finally, CD8+ T-cells expressing IFN-γ negatively associated 

with FA and positively with RD and MD with signal peaks in the genu of corpus 

callosum and in the right posterior thalamic radiation (Figure 9, Appendix Table A.9). 

       

Figure 8. WM areas where CD3+CD8+ cells percentage releasing IL-4 negatively 
correlated with FA (left) and AD (right). Voxels of significant positive correlation are 
mapped on the mean FA template of the studied sample. The colour-bar refers to 1-p values 
for the observed differences. Numbers are z coordinates in the standard MNI space. 
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Figure 9. WM areas where CD3+CD8+ cells percentage releasing IFN-γ negatively 
correlated with FA (top-left) and positively with RD (top-right) and MD (bottom-
center). Voxels of significant positive correlation are mapped on the mean FA template of the 
studied sample. The colour-bar refers to 1-p values for the observed differences. Numbers are 
z coordinates in the standard MNI space. 

 
 

Lastly, functionally characterized NK cells expressing IL-4 correlated with reduced FA 

with signal peaks in the posterior limb of internal capsule and AD with signal peaks 

in forceps minor (Figure 10, Appendix Table A.10), while NK cells releasing TNF-α 

associated with decreased GM volume in a single peak localized in the cingulate gyrus 

(Table 12). 

    
 
Figure 10. WM areas where NK+ cells percentage releasing IL-4 negatively 
correlated with FA (left) and AD (right). Voxels of significant positive correlation are 
mapped on the mean FA template of the studied sample. The colour-bar refers to 1-p values 
for the observed differences. Numbers are z coordinates in the standard MNI space. 
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Region L/R MNI 

coordinates 
Cluster size 

(mm3) 
Z-value pFWE-corr 

(cluster level) 
pFWE-corr 

(peak level) 
Cingulate 
Gyrus 

R  8 14 46 162 4.63 0.544 0.043 

 
Table 12. Areas where a significant effect of NK+ releasing TNF-α cells percentage on 
GM volume was observed. Data are shown for all clusters and peaks surviving statistical 
threshold (pFWE-corr): anatomy, lateralization (R/L), MNI coordinates (x,y,z) of voxels with 
higher Z values (signal peaks), cluster size (mm3), level of significance. 

 
 

T-regulatory cells, measured by panel 4, have been related with both WM and GM 

changes. Specifically, CD4+CD25high associated with increased AD in two main 

clusters with signal peaks in the left inferior longitudinal fasciculus and in the right 

cingulum (Figure 11, Appendix Table A.11). 



 

 
 

37 

  

Figure 11. WM areas where CD3+CD4+CD25high cells percentage positively correlated 
with AD. Voxels of significant positive correlation are mapped on the mean FA template of 
the studied sample. The colour-bar refers to 1-p values for the observed differences. Numbers 
are z coordinates in the standard MNI space. 

 

FoxP3 T-regulatory cells CD39- associated with increased GM volumes in the anterior 

cingulate gyrus (Table 13). Moreover, activated FoxP3+CD39+CD49d+ associated with 

increased FA and reduced RD in several WM tracts with signal peaks in the body of 

corpus callosum, forceps minor, in the left superior longitudinal fasciculus, left 

posterior corona radiata and left anterior thalamic radiation (Figure 12, Appendix 

Table A.12). Finally, a positive association between activated FoxP3+CD39+CD49d+ 

and GM volumes in the right cerebellum at cluster level was found, whereas un-

activated FoxP3+CD39+CD49d- Tregs associated with reduced GM volumes with signal 

peak in the precuneus (Table 14-15). 
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Figure 12. WM areas where CD3+CD49d+ (activated) T-regulatory cells percentage 
positively correlated with FA (left) and negatively with RD (right). Voxels of significant 
positive correlation are mapped on the mean FA template of the studied sample. The colour-
bar refers to 1-p values for the observed differences. Numbers are z coordinates in the 
standard MNI space. 

 
 
 

 
 

Region L/R MNI 
coordinates 

Cluster size 
(mm3) 

Z-value pFWE-corr 
(cluster level) 

pFWE-corr 
(peak level) 

Anterior 
Cingulate Gyrus 

R 6 24 26 465 5.05 0.074 0.07 

 
Table 13. Areas where a significant effect of CD3+FoxP3+CD39- cells percentage on 
GM volume was observed. Data are shown for all clusters and peaks surviving statistical 
threshold (pFWE-corr): anatomy, lateralization (R/L), MNI coordinates (x,y,z) of voxels with 
higher Z values (signal peaks), cluster size (mm3), level of significance. 
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Region L/R MNI 

coordinates 
Cluster size 

(mm3) 
Z-value pFWE-corr 

(cluster level) 
pFWE-corr 

(peak level) 
Cerebellum R 40 -72 -39 856 4.07 0.008 0.319 

 
Table 14. Areas where a significant effect of CD3+CD49d+ (activated) T-regulatory 
cells percentage on GM volume was observed.Data are shown for all clusters and peaks 
surviving statistical threshold (pFWE-corr): anatomy, lateralization (R/L), MNI coordinates 
(x,y,z) of voxels with higher Z values (signal peaks), cluster size (mm3), level of significance. 

 
 
 

 
 
Region L/R MNI 

coordinates 
Cluster size 

(mm3) 
Z-value pFWE-corr 

(cluster level) 
pFWE-corr 

(peak level) 
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Precuneus L -8 -57 60 151 4.80 0.582 0.021 
 

Table 15. Areas where a significant effect of CD3+CD49d- (unactivated) T-regulatory 
cells percentage on GM volume was observed. Data are shown for all clusters and peaks 
surviving statistical threshold (pFWE-corr): anatomy, lateralization (R/L), MNI coordinates 
(x,y,z) of voxels with higher Z values (signal peaks), cluster size (mm3), level of significance. 

 
 

No other markers of panel 1-4 correlated significantly with GM and DTI measures. 
 

5.4.2 Luminex panels’ associations: inflammation  

Several cytokines have been found to be associated with WM changes. Specifically, 

IL-1β associated with increased AD in a cluster with signal peaks in the splenium of 

corpus callosum, and with increased MD in fiber tract with signal peaks in the right 

inferior fronto-occipital fasciculus and in the righte superior longitudinal fasciculus 

(Figure 13, Appendix Table A.13). Same direction of the effect was found when IL-2 

was considered. The effects were detected in several WM fiber tracts with signal 

peaks, mainly in the right emisphere, in the superior longitudinal fasciculus, in the 

anterior and posterior corona radiata, and in the body of corpus callosume (Figure 

14, Appendix Table A.14). 

    

Figure 13. WM areas where IL-1β positively correlated with AD (left) and MD 
(right). Voxels of significant positive correlation are mapped on the mean FA template of 
the studied sample. The colour-bar refers to 1-p values for the observed differences. 
Numbers are z coordinates in the standard MNI space. 
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Figure 14. WM areas where IL-2 positively correlated with AD (left) and MD (right). 
Voxels of significant positive correlation are mapped on the mean FA template of the studied 
sample. The colour-bar refers to 1-p values for the observed differences. Numbers are z 
coordinates in the standard MNI space. 

 

 
Two clusters of significance with signal peaks in the splenium of corpus callosum and 

in the right superior corona radiata were found when IL-4 was analyzed, highlighting 

a positive association with AD MD (Figure 15, Appendix Table A.15). 

While a more widespread effect was detected in the positive association of IL-5 with 

both AD and MD (Figure 16, Appendix Table A.16). 
 

 
 

Figure 15. WM areas where IL-4 positively correlated with AD. Voxels of significant 
positive correlation are mapped on the mean FA template of the studied sample. The colour-
bar refers to 1-p values for the observed differences. Numbers are z coordinates in the 
standard MNI space. 
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Figure 16. WM areas where IL-5 positively correlated with AD (left) and MD 
(right). Voxels of significant positive correlation are mapped on the mean FA template of 
the studied sample. The colour-bar refers to 1-p values for the observed differences. 
Numbers are z coordinates in the standard MNI space. 

 

Moreover, a positive association with AD and MD when IL-6, IL-12, IL-16 and VEGF 

were considered. The effects were detected in several clusters with signal peaks in 

the bilateral anterior corona radiata, in the bilateral thalamic radiation, in the right 

posterior corona radiata, in the right Inferior fronto-occipital fasciculus, in the 

superior longitudinal fasciculus, and in the body of corpus callosum (Figure 17-20, 

Appendix Table A.17-A.20).Lastly, IL-10 associated with increased GM volumes with 

a signal peak in the right cuneus (Table 16). 

       

Figure 17. WM areas where IL-6 positively correlated with AD (left) and MD 
(right). Voxels of significant positive correlation are mapped on the mean FA template 
of the studied sample. The colour-bar refers to 1-p values for the observed differences. 
Numbers are z coordinates in the standard MNI space. 
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Figure 18. WM areas where IL-12 positively correlated with AD (left) and MD 
(right). Voxels of significant positive correlation are mapped on the mean FA template 
of the studied sample. The colour-bar refers to 1-p values for the observed differences. 
Numbers are z coordinates in the standard MNI space. 
 
 

    
 
Figure 19. WM areas where IL-16 positively correlated with AD (left) and MD 
(right). Voxels of significant positive correlation are mapped on the mean FA template of 
the studied sample. The colour-bar refers to 1-p values for the observed differences. 
Numbers are z coordinates in the standard MNI space. 
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Figure 20. WM areas where VEGF positively correlated with AD (left) and MD 
(right). Voxels of significant positive correlation are mapped on the mean FA template of 
the studied sample. The colour-bar refers to 1-p values for the observed differences. 
Numbers are z coordinates in the standard MNI space. 

 
 
 

 
Region L/R MNI 

coordinates 
Cluster size 

(mm3) 
Z-value pFWE-corr 

(cluster level) 
pFWE-corr 

(peak level) 
Cuneus R  27 -84 28 430 5.32 0.093 0.002 
 

Table 16. Areas where a significant effect of IL-10 on GM volume was observed. 
Data are shown for all clusters and peaks surviving statistical threshold (pFWE-corr): 
anatomy, lateralization (R/L), MNI coordinates (x,y,z) of voxels with higher Z values (signal 
peaks), cluster size (mm3), level of significance. 
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One cluster of significance was found for IP-10 and TNF-α that were negatively 

associated with AD in fiber tracts with signal peaks in the right corticospinal tracts 

and in the right superior longitudinal fasciculus. Moreover, a positive 

association between IFN-g and AD emerged with signal peaks in the genu and 

splenium of corpus callosum (Figure 21-23, Appendix Table A.21-A.23). 

 

 
 

Figure 21. WM areas where IP-10 negatively correlated with AD. Voxels of significant 
positive correlation are mapped on the mean FA template of the studied sample. The colour-
bar refers to 1-p values for the observed differences. Numbers are z coordinates in the 
standard MNI space. 

 
 

 

Figure 22. WM areas where TNF-α positively correlated with AD. Voxels of significant 
positive correlation are mapped on the mean FA template of the studied sample. The colour-
bar refers to 1-p values for the observed differences. Numbers are z coordinates in the 
standard MNI space. 
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Figure 23. WM areas where IFN-γ positively correlated with AD. Voxels of significant 
positive correlation are mapped on the mean FA template of the studied sample. The colour-
bar refers to 1-p values for the observed differences. Numbers are z coordinates in the 
standard MNI space. 

 

Finally, GM-CSF positively associated with AD in the splenium of corpus callosum 

together with MIF that also included the right Inferior longitudinal fasciculus, the right 

corticospinal tract and the cingulate gyrus (Figure 24, Appendix Table A.24). An effect 

of  MIF with increased MD emerged also in the body of corpus callosum (Figure 25, 

Appendix Table A.25). 

 

Figure 24. WM areas where GM-CSF positively correlated with AD. Voxels of significant 
positive correlation are mapped on the mean FA template of the studied sample. The colour-
bar refers to 1-p values for the observed differences. Numbers are z coordinates in the 
standard MNI space. 
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Figure 25. WM areas where MIF positively correlated with AD (Xa) and MD (Xb). 
Voxels of significant positive correlation are mapped on the mean FA template of the studied 
sample. The colour-bar refers to 1-p values for the observed differences. Numbers are z 
coordinates in the standard MNI space. 

 

The CCL chemokine family was mainly associated with WM changes, but few 

correlations emerged for GM volumes too. Specifically an association between CCL1 

and both increased AD and MD was found, with signal peaks in the posterior corona 

radiata, inferior and superior longitudinal fasciculus, anterior thalamic radiation, 

corticospinal tract and body of corpus callosum. The effect was lateralized in the right 

emisphere (Figure 26, Appendix Table A.26). 

     

Figure 26. WM areas where CCL1 positively correlated with AD (left) and MD (right). 
Voxels of significant positive correlation are mapped on the mean FA template of the studied 
sample. The colour-bar refers to 1-p values for the observed differences. Numbers are z 
coordinates in the standard MNI space. 
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The monocyte chemotactic proteins group associated positively with AD, in several 

WM tracts with signal peaks in the right superior longitudinal fasciculus, in the right 

inferior fronto-occipital fasciculus, in the left corticospinal tract and splenium of 

corpus callosum. A pattern of association with MD was also found for CCL8 involving 

same fiber tracts (Figure 27-30, Appendix Table A.27-A.30). 

 

 
 

Figure 27. WM areas where CCL2 positively correlated with AD. Voxels of significant 
positive correlation are mapped on the mean FA template of the studied sample. The colour-
bar refers to 1-p values for the observed differences. Numbers are z coordinates in the 
standard MNI space. 

 
 
 

    
 

Figure 28. WM areas where CCL8 positively correlated with AD (left) and MD (right). 
Voxels of significant positive correlation are mapped on the mean FA template of the studied 
sample. The colour-bar refers to 1-p values for the observed differences. Numbers are z 
coordinates in the standard MNI space. 
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Figure 29. WM areas where CCL7 positively correlated with AD. Voxels of significant 
positive correlation are mapped on the mean FA template of the studied sample. The colour-
bar refers to 1-p values for the observed differences. Numbers are z coordinates in the 
standard MNI space. 

 

 

Figure 30. WM areas where CCL13 positively correlated with AD. Voxels of significant 
positive correlation are mapped on the mean FA template of the studied sample. The colour-
bar refers to 1-p values for the observed differences. Numbers are z coordinates in the 
standard MNI space. 

 

Moreover, CCL21 correlated with all DTI indexes in several clusters that include 

bilateral effects in the inferior and superior longitudinal fasciculus, in the posterior 

and anterior thalamic radiation and in the corticospinal tracts (Figure 31, Appendix 

Table A.31).  
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Figure 31. WM areas where CCL21 negatively correlated with FA (top-left) and AD 
(top-right) and positively with RD (bottom-left) and MD (bottom-right). Voxels of 
significant positive correlation are mapped on the mean FA template of the studied sample. 
The colour-bar refers to 1-p values for the observed differences. Numbers are z coordinates 
in the standard MNI space. 

 

One cluster of significance in the AD measure (positive association), with signal peaks 

in the right superior longitudinal fasciculus and in the left corticospinal tract was 

found when CCL25 and CCL27 were analyzed (Figure 32-33, Appendix Table A.32-

A.33). Moreover a positive association between CCL22 and MD emerged with a signal 

peak in the right posterior corona radiata (Figure 34, Appendix Table A.34). 
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Figure 32. WM areas where CCL25 positively correlated with AD. Voxels of significant 
positive correlation are mapped on the mean FA template of the studied sample. The colour-
bar refers to 1-p values for the observed differences. Numbers are z coordinates in the 
standard MNI space. 

 
 
Figure 33. WM areas where CCL27 positively correlated with AD. Voxels of significant 
positive correlation are mapped on the mean FA template of the studied sample. The colour-
bar refers to 1-p values for the observed differences. Numbers are z coordinates in the 
standard MNI space.  
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Figure 34. WM areas where CCL22 positively correlated with MD. Voxels of significant 
positive correlation are mapped on the mean FA template of the studied sample. The colour-
bar refers to 1-p values for the observed differences. Numbers are z coordinates in the 
standard MNI space. 

 

Finally, CCL23 positively associated with AD and MD together with the eotaxin CCL24. 

The effects were detected in clusters with signal peaks respectively in the left anterior 

thalamic radiation, splenium of corpus callosum and right superior longitudinal 

fasciculus (Figure 35-36, Appendix Table A.35-A.36). While a positive effect only on 

AD index was found when eotaxin CCL11 was considered with a signal peak in the 

forceps minor (Figure 37, Appendix Table A.37). 

    

Figure 35. WM areas where CCL23 positively correlated with AD (left) and MD (right). 
Voxels of significant positive correlation are mapped on the mean FA template of the studied 
sample. The colour-bar refers to 1-p values for the observed differences. Numbers are z 
coordinates in the standard MNI space. 
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Figure 36. WM areas where CCL24 positively correlated with AD (left) and MD (right). 
Voxels of significant positive correlation are mapped on the mean FA template of the studied 
sample. The colour-bar refers to 1-p values for the observed differences. Numbers are z 
coordinates in the standard MNI space. 

 
 

 

Figure 37. WM areas where CCL11 positively correlated with AD. Voxels of significant 
positive correlation are mapped on the mean FA template of the studied sample. The colour-
bar refers to 1-p values for the observed differences. Numbers are z coordinates in the 
standard MNI space. 

 

The chemokine CXCL family associated with both GM and WM structure. In detail, 

CXCL1 and CXCL5 associated with increased GM volumes with signal peaks in the 

bilateral cuneus and in the left inferior frontal gyrus (Table 17-18). While, CXCL2 

correlated with increased AD in one cluster with signal peaks in the right corticospinal 
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tract, in the right superior longitudinal fasciculus and in the body of corpus callosum 

(Figure 38, Appendix Table A.38). 

 

 
Table 17. Areas where a significant effect of CXCL1 on GM volume was observed. 
Data are shown for all clusters and peaks surviving statistical threshold (pFWE-corr): 
anatomy, lateralization (R/L), MNI coordinates (x,y,z) of voxels with higher Z values (signal 
peaks), cluster size (mm3), level of significance. 

Region L/R MNI 
coordinates 

Cluster size 
(mm3) 

Z-value pFWE-corr 
(cluster level) 

pFWE-corr 
(peak level) 

Inferior 
Frontal Gyrus 

L -46 3 30 190 4.95 0.453 0.011 

Cuneus  R  27 -81 28 321 4.69 0.187 0.034 



 

 
 

55 

 

Region L/R MNI 
coordinates 

Cluster size 
(mm3) 

Z-value pFWE-corr 
(cluster level) 

pFWE-corr 
(peak level) 

Cuneus L -8 -80 40 294 4.75 0.227 0.027 
 

Table 18. Areas where a significant effect of CXCL5 on GM volume was observed. 
Data are shown for all clusters and peaks surviving statistical threshold (pFWE-corr): 
anatomy, lateralization (R/L), MNI coordinates (x,y,z) of voxels with higher Z values (signal 
peaks), cluster size (mm3), level of significance. 

 

 

Figure 38. WM areas where CXCL2 positively correlated with AD. Voxels of significant 
positive correlation are mapped on the mean FA template of the studied sample. The colour-
bar refers to 1-p values for the observed differences. Numbers are z coordinates in the 
standard MNI space. 
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Furthermore, same direction of the effect was found for CXCL6 and CXCL8, which 

positively correlated with AD in both the right inferior and superior longitudinal 

fasciculus, the right anterior thalamic radiation, the inferior fronto-occipital fasciculus, 

the fornix and the splenium of corpus callosum (Figure 39-40, Appendix Table A.39-

A.40). 

 

Figure 39. WM areas where CXCL6 positively correlated with AD. Voxels of significant 
positive correlation are mapped on the mean FA template of the studied sample. The colour-
bar refers to 1-p values for the observed differences. Numbers are z coordinates in the 
standard MNI space. 

 

Figure 40. WM areas where CXCL8 positively correlated with AD. Voxels of significant 
positive correlation are mapped on the mean FA template of the studied sample. The colour-
bar refers to 1-p values for the observed differences. Numbers are z coordinates in the 
standard MNI space. 
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Finally, CXCL9 and CX3CL1 associated positively with AD and MD in the bilateral 

inferior fronto-occipital fasciculus and corticospinal tract and in the right superior 

longitudinal fasciculus (Figure 41-42, Appendix Table A.41-A.42).  

    

Figure 41. WM areas where CXCL9 negatively correlated with AD (left) and positively 
with MD (right). Voxels of significant positive correlation are mapped on the mean FA 
template of the studied sample. The colour-bar refers to 1-p values for the observed 
differences. Numbers are z coordinates in the standard MNI space. 

 
 

    
 

Figure 42. WM areas where CX3CL1 positively correlated with AD (left) and MD 
(right). Voxels of significant positive correlation are mapped on the mean FA template of the 
studied sample. The colour-bar refers to 1-p values for the observed differences. Numbers are 
z coordinates in the standard MNI space. 
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5.4.3 Luminex panels’ associations: metabolism 

 

The Diabates plex panel showed associations with WM structure. 

 

In detail, an association with DTI indexes emerged when C-peptide and Leptin 

were analyzed. Specifically, C-peptide negatively associated with FA and positively 

with RD and MD: the biggest clusters signal peaks were localized in the genu and 

body of corpus callosum. While, a positive association between leptin and AD, RD 

and MD was found with signal peaks in the left anterior corona radiata and left inferior 

fronto-occipital fasciculus, in the right superior longitudinal fasciculus, in the 

splenium of corpus callosum and forceps minor (Figure 43-44, Appendix Table A.43-

A.44). 
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Figure 43. WM areas where C-peptide negatively correlated with FA (top-left) and 
positively with RD (top-right)  and MD (bottom-center). Voxels of significant positive 
correlation are mapped on the mean FA template of the studied sample. The colour-bar refers 
to 1-p values for the observed differences. Numbers are z coordinates in the standard MNI 
space. 

 
 
 

    
 

 
 

Figure 44. WM areas where Leptin positively correlated with AD (top-left), RD (top-
right) and MD (bottom-center). Voxels of significant positive correlation are mapped on 
the mean FA template of the studied sample. The colour-bar refers to 1-p values for the 
observed differences. Numbers are z coordinates in the standard MNI space. 

 
 
 
Finally, GLP-1 positively correlated with RD (left) and MD (right) in two main 

clusters which included signal peaks in the right anterior and superior corona radiata 

(Figure 45, Appendix Table A.45). 
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Figure 45. WM areas where GLP-1 positively correlated with RD (left) and MD 
(right). Voxels of significant positive correlation are mapped on the mean FA template of the 
studied sample. The colour-bar refers to 1-p values for the observed differences. Numbers are 
z coordinates in the standard MNI space. 

 
 

Multivariate regression in the context of general linear model showed that levels 

of c-peptide significantly predicted several inflammatory markers, including IL-2 

(β=.005, p=0.000), IL-5 (β=.031, p=0.001), IL-6 (β=.024, p=0.000), IL-12 

(β=.008, p=0.002), VEGF (β=.259, p=0.000), IFN-γ (β=.003, p=0.005), CXCL10 

(β=.093 p=0.006), CCL2 (β=.006 p=0.009), CCL1 (β=.453, p=0.015), CXCL16 

(β=.096, p=0.014), TNF-α (β=.009, p=0.019), IL-13 (β=.002, p=0.024), CCL24 

(β=.138, p=0.035), CCL1 (β=.01, p=0.015) and ICAM (β=.279, p=0.047)  

Leptin predicted significantly IL-12 (β=.001, p=0.043) and CCL24 (β=.02, 

p=0.028), while GLP-1 significantly predicted levels of CCL21 (β=.871, p=0.05), 

CCL24 (β=.123, p=0.003) and CXCL9 (β=.967, p=0.009). 

 

 

 

 

 



 

 
 

61 

5.4.4 BMI, metabolism, inflammation 

BMI did not have any effect on DTI measures in our samples. Moreover few 

differences in cytokines/chemokines/PBMCs and metabolic markers emerged (see 

Tables 3-5).  

Specifically, IL-13, CXCL2, c-peptide and insulin resulted to be significantly higher 

in the overweight/obese sample. Whereas, CD3+Tγδ+, CD3+CD4+FoxP3+CD39+ and 

Activated Treg (CD49d+) resulted to be higher in the normal weight sample compared 

to the overwegith/obese one. 

Of these markers, only CXCL2, c-peptide, CD3+Tγδ+, and Activated Treg (CD49d+) 

resulted to be associated with WM microstructure. Separate GLM multiple regression 

analyses of the effects of BMI and these variables on mean DTI indexes were 

performed. Results are shown below: 

• a main effect of CXCL2 on mean AD (β=0.03 p=0.00) was observed, 

whereas no main effect of BMI (β=0.02 p=0.392) and no interaction (β=-

0.06 p=0.598) emerged, meaning that the relationship between CXCL2 and 

AD followed parallel slopes in the two groups 

• a main effect of c-peptide on mean FA (β=-0.04 p=0.00), RD (β=0.04 

p=0.00) and MD (β=0.03 p=0.00) was observed, whereas no main effect 

of BMI (respectively: β=-0.007 p=0.828; β=-0.001 p=0.747; β=--

0.003 p=0.482) and no interaction (respectively: β=-0.001 p=0.431; β=-

0.001 p=0.556; β=-0.002 p=0.450) emerged, meaning that the 

relationship between c-peptide and FA, RD, and MD followed parallel slopes 

in the two groups 

• a main effect of Activated Treg on mean (β=-0.010 p=0.032), RD (β=-

0.001 p=0.012) and MD (β=0.002 p=0.002) was observed, whereas no 

main effect of BMI (respectively: β=-0.004 p=0.317; β=-0.022 

p=0.549; β=--0.008 p=0.111) and no interaction (respectively: β=-

0.002 p=0.673; β=-0.000 p=0.378; β=-0.001 p=0.232) emerged, 

meaning that the relationship between Activated Treg and FA, RD and MD 

followed parallel slopes in the two groups 

• a main effect of CD3+Tγδ+ (β=-0.001 p=0.000), of BMI (β=0.003 

p=0.050) and a BMI * CD3+Tγδ+ (β=-0.001 p=0.027) interaction on mean 
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AD was observed, meaning that the relationship between CD3+Tγδ+, and AD 

did not follow parallel slopes in the two groups. When mean MD was 

considered, a main effect of CD3+Tγδ+ (β=-0.001 p=0.004) whereas no 

main effect of BMI and no interaction emerged. 
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5.5 Clinical results 

 
5.5.1 Stressful life experiences  

Both early and recent stress did not differ between normal and overweight/obese 
groups. 

 
STRESSFUL 

EXPERIENCES 

Whole sample 
(N=56)  

 

Mean±SD 
 

Normal weight  
(N=30)  

 

Mean±SD 

Overweight/ 
obese (N=26) 

 

Mean±SD 

 
p-value 

N° recent events  491.35±362.81 8.33±8.24 7.79±11.70 0.861 
recent SRE 17.63±12.78 180.67±168.99 187.47±239.00 0.915 
N° early events 183.31±196.68 16.4±9.43 19.58±16.93 0.461 
early SRE 8.12±9.61 452.07±261.76 553.37±483.75 0.41 

 

Table 19. Stressful life experiences of the sample, as a whole and in relation to BMI. 
Means, standard deviations and p-values are reported. 
 
 
Stressful life experiences were correlated with the two panels of Luminex data and 

both early and recent stress resulted to assciated with IL-2, IL-5, IL-6, IL-12 and 

VEGF. All analytes survived the False Discovery Rate (FDR) correction for multiple 

comparisons except IL-2 when recent stress was considered and IL-12 for both early 

and recent stress.  

 

Test Analyte r. p-value p-FDR 
adjusted 
p-values 

N° recent 
events  

IL-2 .422 0.003* 0.004 
IL-5 .642 0.000* 0.000* 
IL-6 .657 0.000* 0.000* 
IL-12 .340 0.017* 0.03 
VEGF .598 0.000* 0.000* 

recent SRE IL-2 .428 0.002* 0.006 
IL-5 .637 0.000* 0.000* 
IL-6 .648 0.000* 0.000* 
IL-12 .338 0.017* 0.03 
VEGF .569 0.000* 0.000* 

N° early 
events 

IL-5 .550 0.000* 0.000* 
IL-6 .559 0.000* 0.000* 
VEGF .552 0.000* 0.000* 

early SRE IL-5 .548 0.000* 0.000* 
IL-6 .546 0.000* 0.000* 
IL-12 .301 0.035* 0.06 
VEGF .536 0.000* 0.000* 

 

     Table 20. Stressful life experiences and inflammatory markers. 
     Pearson’s correlations and FDR-adjusted p-values are reported. 
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To test the hypothesis of inflammatory markers mediating the possible effects of 

stressfull life experiences on WM, we performed a multiple regression mediation 

analysis.  

We observed initial significant relationships between both early and recent stress 

and left uncinate AD measure (total effects, respectively: b=0.0008, p-

value=0.0001; b=0.0008, p-value=0.0000), left uncinate RD measure (total effect, 

respectively: b=0.0065, p-value=0.0009; b=0.0051, p-value=0.0004), and left 

uncinate MD measure (total effect, respectively: b=0.0059, p-value=0.0000), which 

were reduced, but still significant, after controlling for inflammation (direct effects, 

respectively: AD b=0.0004, p-value=0.0285; b=0.0004, p-value=0.0010 ---RD 

b=0.0042, p-value=0.0436; b=0.0033, p-value=0.0464 --- MD b=0.0042, p-value 

=0.0191 b=0.0038, p-value=0.0066).  

in turn, inflammation was significantly increased by both early and recent stress 

(respectively: b=0.0552, p-value=0.0006; b=0.0487, p-value=0.0000) and it 

significantly increased AD, RD and MD measures (AD, respectively: b=0.0068, p-

value=0.0002; b=0.0053, p-value=0.0044 ---RD b=0.00432, p-value=0.0180; 

b=0.0386, p-value=0.0466 --- MD b=-0.0516, p-value =0.0014; b=0.0433, p-

value=0.0181). Thus, the analyses suggest a partial mediation of inflammation on 

the effects of both early and recent stress on AD (whole model, respectively: 

R2=0.53, F4,44=12.67, p=0.0000; R2=0.59, F4,44=16.22, p=0.0000), of early stress 

on RD (whole model: R2=0.36, F4,44=6.18, p=0.0005) and of early and recent stress 

on MD (whole model, respectively: R2=0.48, F4,44=10.28, p=0.0000; R2=0.42, 

F4,44=10.92, p=0.0000) indexes, indicating that DTI measures variance attributable 

to the indirect effect of stress trough inflammation ranged from 36% to 59%. The 

mediation model of recent stress on RD did not result significant when Sobel test was 

calculated. No other significant mediation effect was detected (Figure 51).  
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Figure 46. Mediation model for the effects of stressful life experiences on the left 
uncinate fasciculus through PCA for inflammatory markers. a,b,c,c’ are path coefficients 
representing unstandardized regression weights. 
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5.5.2 Cognitive performances results  

Cognitive performances did not differ between normal and overweight/obese groups. 

 
 NEUROPSYCHOLOGIC 

TESTS 

Whole sample 
(N=56)  

 

Mean±SD 
 

Normal weight  
(N=30)  

 

Mean±SD 

Overweight/ 
obese (N=26) 

 

Mean±SD 

 
p-value 

BACS- Verbal Memory  16.5±5.07 35.5±13.27 32.79±9.70 0.373 
BACS- Verbal Fluency 34.38±11.90 46.3±16.89 39.87±15.97 0.154 
BACS- Working Memory  43.66±16.67 16.18±5.47 16.96±4.52 0.565 
BACS- Processing Speed  66.12±16.54 37.91±12.73 35.04±16.06 0.48 
BACS- Psychom. Coord. 36.73±14.12 64.03±17.32 69.19±15.20 0.262 
BACS- Executive Func. 15.1±4.63 15.67±4.37 14.32±4.97 0.315 

Table 21. Neuropsychological characteristics of the sample, as a whole and in relation 
to BMI. Means, standard deviations and p-values are reported 

 

Analyzing baseline equivalent scores, we observed that 43% of patients show a 

deficit in verbal memory, 44% in verbal fluency, 57% in working memory, 31% in 

executive functions, 74% in speed processing and 62% in psychomotor coordination 

(Figure 52).  

 

Figure 47. Equivalent scores for each cognitive domain are shown. Scores are adjusted 
for age, sex and educations 
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Moreover, we found an association of IL-1ra, IP-10 and MCP-1 with verbal memory 

(respectively: r=-.266, p =0.03; r=-.323, p =0.01; r=-.292, p =0.02) and symbol 

coding (r=-.262, p =0.04; r=-.333, p =0.009; r=-.291, p =0.02), that was also 

associated to IL-16 (r=.344, p =0.007) 

Moderation analysis showed that IL-16 and FA measure in the corpus callosum (CC), 

in the bilateral posterior corona radiata (PCR), in the bilateral uncinate (UNC) 

accounted for a significant amount of variance in symbol coding (respectively: R2 = 

0.45, F = 6.64, p = 0.000; R2 = 0.42, F = 6.05, p = 0.001; R2 = 0.49, F = 7.83, p 

= 0.000). When the interaction term between IL-16 and FA measures in the different 

fiber tracts was added to the regression model, it accounted for a significant 

proportion of the variance in symbol coding (respectively: ΔR2 = 0.05 ΔF=4.31, p = 

0.0431; ΔR2 = 0.05, ΔF=3.95, p = 0.05; ΔR2 = 0.09, ΔF=8.21, p = 0.006). 

Conditional effects of FA indexes at values of the moderator (IL-16) on symbol coding 

are reported below: 

CC IL-16 B SE  P  LLCI            ULCI 
 -896.10 34.69 70.49 0.624 -106.98      176.36 

.0000 171.58 49.02 0.010  40.82       220.74 
 896.10 368.51 69.57 0.000 111.07       342.68 

 
PCR IL-16 B SE  P  LLCI            ULCI 
 -896.10 41.09 81.51 0.616 -122.71        204.91 

.0000 132.51 55.70 0.021  20.56          244.46 
 896.10 223.93 61.50 0.000  100.33        347.53 

 
UNC IL-16 B SE  P  LLCI            ULCI 
 -896.10 14.15 41.97 .7373  -70.18         98.49 

.0000 107.08 28.56 .0005   49.68         164.49 
 896.10 200.02 44.40 .0000  110.77        289.26 

 

 

Examination of the interaction plot showed that no effect of CC, PCR and UNC on 

symbol coding was observed for low IL-16 (respectively: b=34.69, p = 0.624; 

b=41.09, p = 0.616; b=14.15, p = 0.7373). Whereas for average and high IL-16, as 

we moved along the variable, the relationship between FA and symbol coding 

changed from slightly positive to strongly positive. These results suggested that the 

relationship between the predictor and the outcome only really emerges in patients 

with average or greater levels of IL-16. 
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Finally, MCP-1 resulted to moderate the association between FA in the left posterior 

thalamic radiation and symbol coding (R2 = 0.38, F = 137.22, p = 0.004; ΔR2 = 0.05 

ΔF=3.89, p = 0.05). Conditional effects of FA indexes at values of the moderator 

(MCP-1) on symbol coding are reported below. 

PTR MCP-1 B SE  P  LLCI            ULCI 
 -8.872 205.44 55.41 0.005  94.08         316.81 

.0000 105.84 45.10 0.023  15.20         196.47 
 8.872 6.235 78.04 0.936 -150.59       163.06 

 

Examination of the interaction plot showed that no effect of PTR on symbol coding 

was observed for high MCP-1 (b=8.87, p = 0.936). Whereas for low and average 

MCP-1, as we moved along the variable, the relationship between FA and symbol 

coding changed from strongly positive to slightly positive.  
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6 DISCUSSION 

 

This is the first study that combined a multimodal brain imaging approach to an 

immunological and metabolic profile, using both FACS and Luminex technology, in 

patients with MDD. Previous studies reported an elevated inflammatory state in MDD 

patients than in healthy controls, identifying IL-6, IL-1β, and TNF-α as biomarkers in 

the pathophysiology of MDD. But, these studies focused on few mediators and did 

not investigated the potential association with brain structural changes. Only two 

previous researches showed that a reduced FA associated with increased IL-1β  and 

TNF-α (Lim, Sohn et al., 2021). While Frodl et al. (Frodl, Carballedo et al., 2012) 

demonstrated a negative correlation between IL-6 and hippocampal volume. 

Here, we observed an overall increase of both pro- and anti- inflammatory 

mediators, in MDD patients compared to HC, which is in conjunction with other 

studies regarding the involvement of peripheral immune activation in the 

pathophysiology of major depressive disorder (Köhler, Freitas et al., 2017).  

Contrary to our expectations no significant results emerged in relation to the 

immuno-metabolic markers when we compared overweight/obese and normal weight 

sub-samples, even if an increasing trend of markers can be observed in 

overweight/obese subjects (except for c_peptide, insulin, IL-13, CXCL2, CD3+Tγδ+, 

CD3+CD4+FoxP3+CD39+ and Activated Treg). This finding can be due to the fact that 

only four subjects resulted to have an obesity condition, while others resulted 

overweight, thus impacting on the ‘dose-dependent’ association between increased 

weight gain and increased inflammatory response. Moreover, BMI and total body fat 

showed a weaker association with inflammatory mediators compared to visceral fat 

(e.g. waist circumference), which suggest a greater impact of central obesity on 

inflammation (Festa, D'Agostino Jr et al., 2001). 

In fact, visceral fat seems to have a more detrimental nature. An association with 

metabolic alterations and cardiovascular risk have been reported (Després, 1993, 

Wajchenberg, 2000). Moreover, a greater infiltration of macrophages (Cancello, 

Tordjman et al., 2006), an increased expression of hypoxia-related genes (Villaret, 

Galitzky et al., 2010) and a reduced gene expression of adiponectin (Hernandez-

Morante, Milagro et al., 2006) was found in visceral adiposity than in total fat. 

Furthermore, the existence of the intermediate phenotypes “metabolically healthy 

obese”  (MHO), which exhibit a cardiovascular risk and incidence of obesity-related 
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complications similar to normal weight individuals (Primeau, Coderre et al., 2011) 

and “normal-weight obesity” (NOW), which showed increased inflammatory 

parameters, cardiometabolic dysfunction and metabolic alterations (Oliveros, Somers 

et al., 2014), suggested that BMI may not always be an adequate index to evaluate 

inflammatory and metabolic conditions. 

Our results showed several associations of different cellular populations and 

immuno/metabolic markers with structural brain changes. These effects were mostly 

widespread in the brain and include fibers tracts of the cortical–subcortical circuitries, 

that have been already consistently reported to be associated with MDD  (Tham, San 

Woon et al., 2011) with genetic liability for MDD (Whalley, Sprooten et al., 2013) and 

that can contribute to the pathogenetic mechanisms which associates to the cognitive 

and emotional symptoms of the disorder (van Geest, Boeschoten et al., 2019, 

Videbech, Ravnkilde et al., 2004). A detailed description of the several associations 

will be discussed in the next paragraph (6.1 Inflammation-induced brain structural 

changes). 

Moreover, we observed an association of both early and recent stress, which play 

a role in the pathophysiology of depression, with the immune system, confirming 

previous data on literature, that reported an increase in various inflammatory 

markers following acute and/or chronic stress (Brydon, Edwards et al., 2004, Maes, 

Song et al., 1998). Finally, we focused on the interplay between cognitive 

dysfunction, WM alterations and inflammation. All these data will be discussed in the 

paragraphs ‘The danger of stress’ and ‘The interplay between inflammation and 

cognitive functions’. 

 

 

6.1 Inflammation-induced brain structural changes 

Immune dysregulation is a promising biomarker of MDD, involved in the 

pathophysiology of the disorder (Leonard, 2010), and that can interfere with 

response to antidepressant treatment (Benedetti, Poletti et al., 2021). Literature 

concerning the studied biomarkers is highly heterogeneous, with the majority of 

researches focusing on the detrimental effects of IL-1β, IL-6 and TNF-α. 

Here, we found an association of these cytokines with increased AD and MD. IL-1β is 

a pro-inflammatory mediator involved in cell proliferation, differentiation, and 
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apoptosis (Friedlander, Gagliardini et al., 1996, Vela, Molina-Holgado et al., 2002). 

It is released by several cells including monocytes, NK and B cells, dendritic cells and 

microglia and it induces the production of mediators such as IFN-γ, IL-2, CCL2 and 

IL-6, thus maintaining a chronic inflammatory state (Maes, Anderson et al., 2014, 

Martin, Cardarelli et al., 1997). In mouse models, IL-1β reduced hippocampal 

neurogenesis (Wu, Montgomery et al., 2013), associated with decreased diameter of 

myelinated axons, increased number of nonmyelinated axons (Favrais, Van De Looij 

et al., 2011) and induced a reduction in the number of developing oligodendrocytes 

(Cai, Lin et al., 2004), suggesting that may be involved in WM damage. Moreover, in 

depressed patients, peripheral IL-1β levels together with IL-6 levels correlated with 

decreased cortico-striatal connectivity (Felger, Li et al., 2016). Finally, IL-1β induced 

an upregulation of transcripts for IDO, which is involved in toxic pathways (Zunszain, 

Anacker et al., 2012). IL-6 is another pro-inflammatory cytokine, consistently 

associated with depression and suicide (Black & Miller, 2015), which induce the 

production of acute phase proteins, the proliferation and differentiation of B cells and 

fever (Kushner, 1991). IL-6, is a stress-responsive cytokine, and can cause HPA axis 

dysfunction (Girotti, Donegan et al., 2013), may increase the activity of IDO 

(Anderson, Kubera et al., 2013) lead to vascular damage (Yudkin, Kumari et al., 

2000), and disrupts synaptic plasticity (Stampanoni Bassi, Iezzi et al., 2019). Finally, 

TNF-α is a key pro-inflammatory cytokine, that can be produced by macrophages and 

other immune cells, and, in the brain, by neurons, microglia and astrocytes (Park & 

Bowers, 2010). It can exert cytotoxic effects on oligodendrocyte, endothelial cells 

and neurons (Wang, Chang et al., 2014), thus inducing GM and WM changes. Studies 

showed an inhibition of neurogenesis following high levels of TNF-α (Réus, Fries et 

al., 2015) and an induction of oligodendrocytes death, by binding to TNF receptor 

p55 (Jurewicz, Matysiak et al., 2005). The increased MD, combined with an increase 

in AD in several fiber tracts with signal peaks in the corona radiata, in the corpus 

callosum, in the inferior fronto-occipital fasciculus and in the superior longitudinal 

fasciculus could reflect respectively a decrease in membrane density, probably due 

to cell degeneration (Beaulieu, 2002), and cellular infiltration, gliosis and 

extracellular water changes caused by chronic inflammatory states (Aung, Mar et al., 

2013). Moreover, when TNF-α was released by NK cells, a negative association with 

GM volumes in the cingulate gyrus emerged. The cingulate cortex has been detected 

as a key area of the fronto-limbic networks, resulting important for mood emotional 

and cognitive processing, due to its interconnections (Drevets, Savitz et al., 2008). 

Studies point out its role in the pathophysiology of depression and in treatment 

response (Gunning, Cheng et al., 2009, Hamani, Mayberg et al., 2011); indeed 
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structural changes have been reported (Sacher, Neumann et al., 2012). NK are 

strong effector cells of the innate immune system, that are able to secrete several 

pro-inflammatory mediators and to lyse target cells by perforin and granzyme release 

(Lettau, Schmidt et al., 2007). Increased NK levels were associated with MDD (Seide, 

Arolt et al., 1996), and tend to raise with age and in immunosenescence condition 

(Borrego, Alonso et al., 1999). Further, It has been observed an overexpression of 

TNF-α in the anterior cingulate cortex after peripheral nerve injury (Yao, Wang et al., 

2019), that has been shown to enhance the glutamatergic synaptic transmission (Jia, 

Gao et al., 2007). Overall, this findings seem to suggest a detrimental action of the 

above mentioned cytokines. 

Same direction of the effects (increased AD and MD) was found with IL-2, IL-5, IL-

12, IL-16, MIF and VEGF. IL-2 is a pleiotropic cytokine with various and sometimes 

opposing functions during an inflammatory response. It promotes T cells proliferation 

and differentiation into memory and effector T cells and regulates T regulatory cells 

homeostasis and function (Boyman & Sprent, 2012). It is able to cross the BBB by 

non-saturable and saturable transport mechanisms (Saris, Rosenberg et al., 1988) 

and to disrupt adherens junctions, resulting in an increase inflammatory-related 

permeability of the BBB (Wylezinski & Hawiger, 2016). Some studies suggested an 

interaction with the neuroendocrine system, detecting  increased nitric oxide release, 

which stimulates the release of CRF (Karanth, Lyson et al., 1993), higher plasma 

levels of ACTH following a central IL-2 injection (Hanisch, Rowe et al., 1996) and 

inhibition of acetylcholine release, which is known to have anti-inflammatory effect 

(Quirion, Araujo et al., 1991). Rydbik et al. (Rydbirk, Elfving et al., 2019) suggested 

that an increased prefrontal IL-2 in a neurodegenerative disease could be reflect a 

compensatory mechanism rather than an inflammatory detrimental consequence, 

due to its ability to exert also beneficial effects on amyloid pathology (Alves, Churlaud 

et al., 2017). 

IL-5 is a potent pro-inflammatory cytokine implicated in the maturation, 

proliferation and activation of eosinophils (Stirling, Van Rensen et al., 2001). It has 

been shown that IFN-y induced IL-5 production by microglia and astrocytes (Sawada, 

Suzumura et al., 1993). It is able to activate several pathways, including activate 

p38 mitogen-activated protein kinase, which resulted in an increase uptake of 

serotonin (Ip, Wong et al., 2005) and the Ras GTPase-extracellular signal-regulated 

kinase, whose hyperactivity has been reported to impair synaptic plasticity and alter 

hippocampus-related learning in mice (Denayer, Ahmed et al., 2008). Eloma et al 

(Elomaa, Niskanen et al., 2012) suggested that higher levels of IL-5 could be a 



 

 
74 

mediator that induce a decrease in CNS plasticity in depression. An elevation of IL-5 

levels was indeed observed in post-mortem brain tissue of depressed patients 

(Shelton, Claiborne et al., 2011). IL-12 is a cytokine produced principally by 

macrophages and monocytes (Gately, Renzetti et al., 1998); it stimulates the 

differentiation of T cells into Th1 phenotype and NK cells (Stern, Magram et al., 1996) 

and induces the release of IFN-γ and TNF-α (Aste-Amezaga, D'Andrea et al., 1994). 

It has been reported elevated in patients with MDD, and to decrease after 

antidepressant treatment (Kim, Suh et al., 2002). Moreover, IL-12 stimulates myelin-

reactive T cells to up-regulate the chemokine receptor CCR5 (Bagaeva, Williams et 

al., 2003) and increases the expression of the adhesion molecule, P-selectin 

(Deshpande, King et al., 2006), thus promoting the development of autoimmune 

demyelination. Intranasal administration of high-dose recombinant mouse IL-12 

associated with an increase of inflammatory infiltrations and demyelination in  the  

sciatic  nerves (Der Meide, 2000). Moreover, IL-16 is able to induce chemotaxis for 

monocytes, eosinophils and CD4+ T lymphocytes and upregulate IL-2 receptor. It 

induces migration of lymphocytes, promotes the release of proinflammatory 

mediators, and modulates apoptosis (Mathy, Scheuer et al., 2000). It has been found 

elevated together with IL-12 in overweight adolescents (Lichtenauer, Franz et al., 

2015), and in multiple sclerosis (Skundric, 2015), indicative of a state of low-grade 

inflammation. Finally, IL-16 has been linked to elevations in phosphorylated 

neurofilament, suggesting a role in inducing changes in axonal cytoskeleton in 

multiple sclerosis (Skundric, Cai et al., 2006). Macrophage Migration Inhibitory Factor 

(MIF) is a pleiotrophic cytokine, able to induce inflammatory cytokine production, 

such as IL-1β and TNFα and IFN-γ which are known activators of IDO pathways 

(Günther, Fagone et al., 2019), activate leukocyte, produce metabolic (e.g. insulin 

release) and angiogenic effects (Calandra & Roger, 2003, Toso, Emamaullee et al., 

2008). Psychological stress, increase circulating levels of MIF, making immune cells 

less sensitive to the anti-inflammatory effects of glucocorticoids (Calandra, 

Bernhagen et al., 1995); a reduced glucocorticoid sensitivity has been associated 

with depression (Pace & Miller, 2009). Its expression has been found in astrocytes, 

neurons and localized in several brain regions, including cortex, hippocampus, 

hypothalamus, and cerebellum (Bloom & Al-Abed, 2014); MIF has been involved in 

Alzheimer's disease, tumorigenic processes, and spinal cord injury where it 

contributes to the gravity of the injured areas, while protective effect were reported 

in amyotrophic lateral sclerosis (Leyton-Jaimes, Kahn et al., 2018), highlighting its 

beneficial and detrimental effects; it also increases expression of Toll-like receptor 4, 

which is involved in the pathogenesis of endotoxemia (Roger, David et al., 2001). 
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Finally, VEGF is produced by endothelial cells and is involved in vasculogenesis and 

angiogenesis (Duric & Duman, 2013). It is expressed both peripherally and centrally 

with roles in brain plasticity, neuronal and glial protective factor and neurogenesis 

(Nowacka & Obuchowicz, 2012). Increased VEGF levels are induced by pro-

inflammatory cytokine such as IL-1, IL-6, IL-8, and TNF-α (Maloney & Gao, 2015), 

were reported in MDD and were associated to treatment non-response (Sharma, 

Soares et al., 2016). Besides its protective role, high levels of VEGF were found to 

stimulate the neutrophil migration through the up-regulation of MCP-1 and IL-8 (Lee, 

Avraham et al., 2002), to induce a number of proinflammatory genes (Schweighofer, 

Testori et al., 2009) and to increase BBB permeability, playing a role in CNS 

inflammation (Argaw, Asp et al., 2012). Indeed, astrocytic expression of VEGF-seems 

to be an important driver of BBB permeability via the activation of the endothelial 

nitric oxide synthase (Argaw et al., 2012). BBB disruption leads to excitotoxicity, 

edema, allow infiltration of macrophages, T and B cells, and of factors that potentiate 

inflammation and inhibit repair (Schluesener, Sobel et al., 1987), and has been 

reported in MDD (Wu, Yin et al., 2021b). Same fiber tracts of IL-1β, IL-6 and TNF-α 

were involved, and include key WM tracts of the cortico-limbic networks, important 

for mood regulation and neurocognitive functioning, pointing out their vulnerability 

to the detrimental actions of cytokines. 

 

Moreover, we detected a positive association between GM-CSF and AD, and a 

negative association of IL-4 with FA and AD, independently of the cell population 

releasing it (CD4+, CD8+, NK cells), suggesting that factors determine the 

directionality of the association with WM modifications. Further, a negative 

association with FA and positive with RD and MD was found when IFN-γ was released 

by CD8+ cells populations. Granulocyte-macrophage colony-stimulating factor is a 

growth factor released by various cell types, with pro-inflammatory properties, 

increasing dendritic cell (DC) maturation and function, macrophage activity, with 

consequent release of cytokines (Shi, Liu et al., 2006). Indeed, GM-CSF has been 

shown to rise the differentiation of M1-like macrophages and leads to cytokines 

release, such as IL-1, IL-6, and TNF-α, which cooperate in the loss of the myelin 

sheath (Parajuli, Sonobe et al., 2012). Further, treatment with CSF-1 receptor kinase 

inhibitor associated with microglia reduction, increased oligodendrocytes and 

astrogliosis (Beckmann, Giorgetti et al., 2018). Finally, it is implicated in BBB 

disruption (Shang, Yang et al., 2016) and has also suggested to play a role in the 

progression of multiple sclerosis (Wheeler, Clark et al., 2020). IL-4 is in general 
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produced by Th2 cells to down-regulate inflammatory cytokines production, such as 

TNF-α and IL-1, thus being described as an anti-inflammatory molecule, capable of 

exerting neuroprotective effects (Cannella & Raine, 2004), suppressing nitric oxide 

and pro-inflammatory cytokines release like TNF-a (Van Dyken & Locksley, 2013). 

However, recently findings showed that in healthy condition, IL-4 is able to induce 

death of activated microglia and a switch to M2 phenotype, thus protecting neurons 

from damage (Yang, Park et al., 2002), but under pathological conditions, IL-4 can 

also contribute to tissue damage with cytotoxic effects on both glia and neurons, 

inducing oxidative stress (Nam, Park et al., 2012). Moreover, in a rat model 

experiment an excessive IL-4 viability reduced oligodendrocyte differentiation and 

induced oligodendrocytes damage, thus impairing myelin development (Zanno, 

Romer et al., 2019). Finally, IL-4 pretreatment increased IFN-γ expression, thus 

enhancing inflammatory responses (Major, Fletcher et al., 2002). CD8+ T 

lymphocytes are excellent sources of IFN-γ and its release followed the activation of 

NFAT1 transcription factors upon TCR stimulation (Teixeira, Fonseca et al., 2005). 

Once secreted by CD8+ T cells, IFN-γ acts directly on CD4+Th1 priming and also 

stimulates antigen presenting cells to release IL-12 (Das, Sheridan et al., 2001). IFN-

γ is a pleiotropic cytokine critical for autoimmunity and immune defense (Schroder, 

Hertzog et al., 2004). It can induce the release of several cytokines and astrocytes 

proliferation, inducing astrocytic gliosis (Kawanokuchi, Mizuno et al., 2006). It exert 

their effects mainly through activation of intracellular signal transduction pathways, 

such as Janus kinases (Jaks) and signal transducer and activator of transcription 1 

(STAT1). Recently, it has been shown that STAT1 deletion in mice models that 

ectopically express IFN-γ, decreased oligodendrocyte loss, the inflammatory 

response in the CNS and the reduction of myelinated axons (Lin & Lin, 2010). Indeed, 

IFN-γ is known to be highly toxic to oligodendrocytes: it can inhibit myelin gene 

expression, oligodendrocyte progenitor cells differentiation (Agresti, D'Urso et al., 

1996) and remyelination in the demyelinated lesions through enhancing 

inflammatory response (Sun, Newman et al., 2004). Further, it can induce the 

activation of microglia which in turn exert toxicity effects on oligodendrocyte through 

the expression of TNF-α and nitric oxide (Merrill, Ignarro et al., 1993).  

The pattern of decreased FA and AD, together with increased RD and MD reflected 

changes in myelination, orientational coherence, and microtubular axonal structure 

of fibers which are in line with the cytotoxic and detrimental effects of cytokines. The 

positive association of GM-CSF with only AD, make our interpretations less strong. 

Indeed, AD is an index that need to be interpreted in relation with other DTI measures 

(see ‘a word of caution’) in order to avoid misinterpretation. It has been suggested 
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that reduced AD reflected axonal damage, while an increase demonstrated axonal 

recovery, but the complications of low grade inflammatory state, with consequent 

cellular infiltration and gliosis make difficult to interpret whether increased AD truly 

reflected axonal recovery or loss masked by confounding cellular responses or an 

increase in extra-neurites water. 

Finally, IL-10 positively associated with GM volumes in the right cuneus. IL-10 is 

a key anti-inflammatory cytokine, secreted predominantly by Th2 cells, found to be 

elevated in patients with MDD (Liu, Ho et al., 2012). It inhibits the NFkB- signaling 

pathway (Schottelius, Mayo et al., 1999) and suppresses the production of pro-

inflammatory mediators such as IL-1β and TNF-α (Ledeboer, Brevé et al., 2000), 

through the induction of the suppressor of cytokine signaling 3 (Berlato, Cassatella 

et al., 2002). It participate in glial cell differentiation and proliferation (ZOCCHIA, 

SPIGA et al., 1997), can be produced by oligodendrocyte progenitor cells to decrease 

inflammatory processes (Sypecka & Sarnowska, 2014), and its deficiency may 

promote the polarization of microglia into M1-phenotype (Laffer, Bauer et al., 2019). 

These anti-inflammatory effects associated with enhanced remyelination and 

neuron/axonal growth (Yang, Jiang et al., 2009). Studies showed that IL-10 provides 

trophic support to neurons promoting cellular survival (Zhou, Peng et al., 2009) and 

regulates adult neurogenesis (Pereira, Font-Nieves et al., 2015), leading to a 

reduction in GM damage (Abraham, McMillen et al., 2004). This can explained our 

results that suggested IL-10 as a protective factor for brain structure integrity and 

are in line with previous findings of volume reduction in the cuneus. 

 

The chemokine superfamily contains several ligands and receptors classified into 

four sub-families, based on the position of the first two cysteine residues in the 

molecule: (CXC, CC, C, and CX3C). They can directly induce chemotaxis of immune 

cells, regulate their migration and play a role in BBB permeability and they are 

implicated in the pathophysiology of MDD (Trojan, Chwastek et al., 2016). A dual 

role of chemokines has been identified: some can be upregulated under inflammatory 

conditions, others can contribute to homeostasis.  
  

The major effect emerged with CCL21 that shows a negative association with FA 

and AD combined to a positive association with RD and MD. CCL21 is not detected in 

healthy neurons, glia cells, or other non-neuronal cells in the brain (Biber & Boddeke, 
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2014), but is present within large vesicles expressed in neurons under conditions of 

neuronal damage, and can activate microglia, through CXCR3 receptor, informing 

other ‘sentinels’ about endangered neurons (de Jong, Dijkstra et al., 2005). It is 

found to be high in MDD patients (Trojan et al., 2016) and to correlate with cognitive 

impairment in spinal cord injury (Chen, Liang et al., 2020). 

Activated microglia then can produce pro-inflammatory cytokines, which exert 

toxic actions to neighboring neurons, leading to an increased distal release of CCL21, 

through axonal transport, that enable to reach wide brain regions (Wu, Zhao et al., 

2016). This vicious cycle can contribute to a state of low-grade inflammation, and 

can explained our results of altered WM microstructure in widespread fiber tracts. 

The pattern of reduced FA and AD combined with an increased RD and MD is often 

interpreted as a sign of disrupted integrity of myelin sheaths due to demyelination or 

dysmyelination injury, combined with axonal damage. 

 

The MCP group (CCL2,CCL7,CCL8,CCL13) was associated with increased AD. CCL2 

(MCP-1) showed also a positive association with MD and is the most studied 

chemokine within this group. CCL2 has been considered as a key regulator of 

migration and infiltration of monocytes/macrophages into the brain (Deshmane, 

Kremlev et al., 2009) and microglia (Hinojosa, Garcia-Bueno et al., 2011). In mouse 

models, blocking the action of MCP-1 may reduce levels of reactive oxygen species 

(Zamara, Galastri et al., 2007) and neuronal damage (Thompson, Karpus et al., 

2008). Recent studies proposed also a modulatory effect of this chemokine (Mélik-

Parsadaniantz & Rostène, 2008). CCL2 can be produced in several brain areas, 

including cerebellum, hypothalamus, hippocampus and cerebral cortex (Banisadr, 

Gosselin et al., 2005) by glial cells and neurons and under pathological conditions it 

has been shown to be expressed also by astrocytes and microglia (Réaux-Le Goazigo, 

Van Steenwinckel et al., 2013). High levels of MCP-1 can be found in MDD (Pae, 

2008) and seems to correlated to cognitive impairment (Bettcher, Neuhaus et al., 

2019). CCL7 (MCP-3) is able to bind to various receptors, including CCR1, CCR2, 

CCR3, CCR5 (Ben-Baruch, Xu et al., 1995) and act as a chemoattractant for several 

leukocytes, such as monocytes, dendritic cells, neutrophils, T and NK cells (Menten, 

Wuyts et al., 2002). It is able to induce neutrophil migration by increasing 

intracellular Ca2+ flux, which is a function of CXC family and has a higher speed of 

response to IL-1β and TNF-a (Liu, Cai et al., 2018). Moreover IL-6 can activate 

astrocytes to express CCL7, in a dose-dependent manner (Li, Deng et al., 2017). 

CCL8 (MCP-2) is important for leukocyte chemotaxis and inflammatory diseases and 

has been found up-regulated in reactive astrocytes within demyelinating lesions 
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(Sørensen, Tani et al., 1999). Further, high levels of CCL8 associated with reduction 

of neuron number and distribution pattern (Belarbi, Jopson et al., 2013). It seems to 

inhibit serotonin neurotransmission by upregulating the sensitivity of serotonin dorsal 

raphe nucleus neurons (Trojan et al., 2016)  and it has been suggested to participate 

in the neurobiology of suicidality, increasing neuroinflammatory responses, oxidative 

stress, and apoptotic pathways (Liu, Tsai et al., 2020a). Finally, CCL13 (MCP-4) is 

up-regulated in vitro by TNF-a and IL-1 (Mendez-Enriquez & Garcia-Zepeda, 2013) 

and attract eosinophils, monocytes, and T cells, being implicated in various 

inflammatory conditions, such as rheumatoid arthritis and atherosclerosis (Breland, 

Michelsen et al., 2010). High levels were also observed in visceral adiposity and in 

multiple sclerosis (Mendez-Enriquez & Garcia-Zepeda, 2013). As we already 

discussed, an increase in AD, without any changes in other DTI indexes, make our 

results more difficult to interpret and inferences less strong. Since, a detrimental 

action of the MCP group has been consistently reported in literature, we hypothesize 

that an increased AD, here, reflected an increased extraneurites volume water. 

 

CCL1, CCL22, CCL23 showed the same pattern of CCL2 with an increased in both 

AD and MD (CCL23 showed also a positive trend in RD). CCL1 is activated after its 

interaction with receptor CCR8, and is released by monocytes, activated 

macrophages and T lymphocytes and attracts monocytes. It has been described to 

be implicated in neuroinflammatory disorders, such as experimental autoimmune 

encephalomyelitis (Trebst, Staugaitis et al., 2003) and type 1 diabetes  (Cantor & 

Haskins, 2007), but recent studies highlight also can have also neuro-modulatory 

effect, Indeed, it is involved in the recruitment of T-regulatory cells (Spitz, Winkels 

et al., 2016), activates endothelial cells in response to arterial wall injury (Bernardini, 

Spinetti et al., 2000) and a disruption of the CCL1-CCR8 promotes atherosclerosis, 

probably due to an inhibition of T-regulatory cells recruitment (Vila-Caballer, 

González-Granado et al., 2019). Also CCL22 is involved in migration of T-regulatory 

cells (Rapp, Wintergerst et al., 2019) and Th2 cells via their receptor CCR4. It has 

been shown that the major driver for CCL22 secretion in dendritic cells is GM-CSF 

(Piseddu, Röhrle et al., 2020), which is elevated in MDD (Schmidt, Lichtblau et al., 

2014). High levels of CCL2 were found in the responder group in a sample of MDD 

(Milenkovic, Sarubin et al., 2017). Moreover, ketamine induced an up-regulation of 

CCL22 gene, which is a M2-like phenotype gene in MDD patients (Nowak, Grendas 

et al., 2019). Finally, CCL23 promotes the migration of monocytes, macrophages and 

T lymphocytes to local sites of injury in an acute phase and stimulates the production 

of pro-inflammatory cytokines, including IL-1β and TNF-α (Kim, Kim et al., 2010), 
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while in a chronic low-grade inflammatory state CCL23 in the brain might be involved 

in neuronal repair, such as endothelial cell migration and angiogenesis (Simats, 

García-Berrocoso et al., 2018). CCL23 levels have been found to be elevated in 

several inflammatory diseases, such as atherosclerosis, systemic sclerosis and 

Alzheimer’s Disease (Faura, Bustamante et al., 2020). Following the line of reasoning 

above, it seems that an increased AD here reflect reparative processes, while the 

trend in RD help us to interpret the effect of CCL23, due to its dual role, shifting our 

hypothesis to extracellular water changes. 

 

Further, CCL25 and CCL27 associated with increased AD and eotaxins (CCL11 and 

CCL24) associated respectively with increased AD and MD, and with AD. CCL25 is 

expressed mainly in thymus and small intestine, promote proliferation and 

chemotaxis of inflammatory cells (Igaki, Komoike et al., 2018) and it is related to 

various inflammatory diseases (Wu, Sun et al., 2021). In the CNS possible role in 

microglia activation, via CCR9 receptor, has been suggested (Li, Gang et al., 2006). 

Moreover CCR9 was also detected in reactive astrocyte (Liu, Cao et al., 2007). While, 

CCL27 seems to be produced by neurons and astrocytes consequently to pro-

inflammatory stimuli exerting a chemotactic function on memory T lymphocytes 

(Reiss, Proudfoot et al., 2001) and promoting the Th1 type immune response 

(Kraynyak, Kutzler et al., 2010). 

Eotaxins are a chemokine subfamily first identified as potent eosinophil chemo-

attractants, which are also involved in T-cells recruitment, but an emerging role in 

neurodegenerative disorders has been described. Both CCL11 and CCL24 receptors 

are expressed in microglia, oligodendrocytes, neurons and astrocytes. Specifically, 

CCL11 can traverse the BBB (Sirivichayakul, Kanchanatawan et al., 2019) and is also 

associated with claudin-5, an index of BBB breakdown, suggesting that it is implicated 

in mechanisms that affect the BBB (Maes, Sirivichayakul et al., 2019). Administration 

of CCL11 suppresses neural progenitor cells proliferation (Krathwohl & Kaiser, 2004) 

and increase the microglial activity, thus inducing neuronal death through release of 

reactive oxygen species (Parajuli, Horiuchi et al., 2015). Moreover, it associated with 

“accelerated aging”, reduced neurogenesis, learning and memory impairment 

(Villeda, Luo et al., 2011). High levels of CCL11 have been detected in MDD and 

associated with suicidal ideation (Teixeira, Gama et al., 2018). CCL24 binds to CCR3 

for intracellular messaging and induce the release of reactive oxygen species in a 

dose-dependent manner (Elsner, Petering et al., 1998). Its suppression was 

positively correlated with the preservation of verbal episodic memory, in elderly 

subjects (Katakura, Totsuka et al., 2017), suggesting that also eotaxin-2 can be 
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involved in aging-associated neurodegenerative diseases. It has been found to be 

elevated in MDD (Powell, McGuffin et al., 2014) and CCL24 administration led to a 

significant elevation of high cholesterol diet-induced atherosclerosis, contributing to 

the pathogenesis of cardiovascular disorders (Tsai, Huang et al., 2016). 

Again, it seems that an increased AD due to the pro-inflammatory effects of these 

chemokines do not reflect axonal integrity, but a reduction in the volume of water 

within the neuritis, cellular infiltration and gliosis.  

 

Concerning the CXC family, CXCL10 associated with decreased AD, together with 

CXCL9 that associated also with an increased MD. CXCL10 is a pro-inflammatory 

chemokine secreted by several cell types, such as monocytes, endothelial cells, 

neurons and glia in response to IFN-γ (Michlmayr & McKimmie, 2014). It attracts 

inflammatory leukocytes, in particular activated T cells and NK cells (Qin, Rottman 

et al., 1998), but it also inhibits angiogenesis (Angiolillo, Sgadari et al., 1995) and 

plays a role in effector T cell generation and trafficking (Dufour, Dziejman et al., 

2002). CXCL10 released by astrocytes, triggers microglial activation that contribute 

to oligodendrocyte apoptosis (Clarner, Janssen et al., 2015), while treatment with 

anti-CXCL10 inhibited progression of demyelination, and increased remyelination 

(Liu, Keirstead et al., 2001). Exposure to high levels of CXCL10 contribute to BBB 

disruption by inducing TNF-α production (Wang, Wang et al., 2018) to alterations in 

glutamatergic and GABAergic receptors in the hippocampus (Cho, Nelson et al., 

2009) and to elevations in intracellular Ca2+ causing neuronal apoptosis (Sui, Stehno-
Bittel et al., 2006). Together with CXCL10, CXCL9 genes are induced in cells exposed 

to IFN-γ and bind to a common receptor CXCR3 (Cole, Strick et al., 1998). CXCL9  is 

expressed on human brain-derived microvascular endothelial cells and astrocytes. It 

plays a role in recruiting immune T cells into the brain (Ochiai, Sa et al., 2015) and is 

involved in neuronal–glial interactions (Xia, Bacskai et al., 2000). High levels of 

CXCL9 have been associated with cognitive impairment (Elkind, Moon et al., 2021) 

and blocking its receptor CXCR3 inhibit macrophage activation and migration 

(Hasegawa, Venkata Suresh et al., 2021). A reduction in AD, combined with an 

increased MD, reflect axonal damage, changes in membrane density and myelin 

degeneration. 

 

Moreover CXCL2, CXCL6, CXCL8 associated with an increased AD, while CXCL1 

associated with increased GM volumes in the left inferior frontal gyrus and in the 

right cuneus. The CXCL1 and CXCL2 (known also as GRO-α and GRO-β) act as ligands 

for the chemokine receptor CXCR2. Both genes are expressed in response to 
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proinflammatory cytokines (Cowley, Weinberg et al., 2012) and are linked to a 

variety of autoimmune diseases, such as Type-1 Diabetes (Tuller, Atar et al., 2013). 
Expression of CXCR2 increases in the brains of rodents and humans with chronic 

demyelinating disease, indicating that CXCR2 is related to demyelination processes. 

Indeed, it has been shown that inhibition of CXCR2 promoted oligodendrocyte 

progenitor cells differentiation, reduced inflammation and immune response (Wang, 

Yang et al., 2020). Moreover CXCL1 and CXCL2 expression significantly inhibited the 

axon outgrowth after a peripheral nerve injury (Deftu, Ciorescu et al., 2019). In mice, 

increase of CXCL1 and CXCL2 levels has been reported, following repeated social 

defeat, which is indicative of higher leukocyte recruitment in the brain vasculature 

(Sawicki, McKim et al., 2015) and was correlated with depression-like behaviors 

(Chai, Fu et al., 2019). Both CXCL6 and CXCL8, in addition to binding to receptor 

CXCR2, they also bind to receptor CXCR1, which are expressed on 

monocytes/macrophages, neutrophils, T and NK cells, endothelial cells and 

oligodendrocyte (Baggiolini, 2001). They exert neutrophil-activating and angiogenic 

activities and their expression is up-regulated by TNF-α and IL-1β; they can also 

increase brain microvascular endothelial cells permeability (De Oliveira, Reyes-

Aldasoro et al., 2013, Linge, Collin et al., 2008). High levels were reported in several 

neuroinflammatory disease such as Alzheimer’s Disease, MS and stroke, also 

promoting demyelination (Ha, Debnath et al., 2017). Moreover, CXCL-8 also affects 

the HPA axis and high levels have been detected in MDD (Kuzior, Fiebich et al., 2020). 

Another neutrophil-activating factor is CXCL-5, which showed a positive association 

with GM volumes in the left cuneus, interact with the CXCR2 receptor and it is often 

release concomitantly with CXCL8 (Bisset & Schmid-Grendelmeier, 2005). CXCL5 

gene expression is upregulated by microglial cells and macrophages, follows stroke 

(Zaremba, Skrobański et al., 2006), promotes insulin resistance and is implicated in 

cardiovascular-related condition (Chavey & Fajas, 2009). Moreover, it contribute to 

BBB damage (Wang, Tu et al., 2016). Here, we found changes in both GM and WM 

structure that can be explained by increased brain water content. All these 

chemokines, are in fact involved in neutrophil transendothelial migration into the 

brain, which in turn release reactive oxygen species and pro-inflammatory cytokines, 

that adversely affect BBB integrity (Jin, Yang et al., 2010). Since neutrophils has 

been shown to increase edema formation (Shiga, Onodera et al., 1991), elevated 

extra-neurite water content and volumetric increase found in our sample, may 

thereby representing a condition of fluid accumulation. In line with our findings, 

previous data showed an implication of chemokines in brain edema (Frangogiannis, 

2007, Stamatovic, Dimitrijevic et al., 2006). 
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Finally, CX3CL1 associated with an increased AD and MD. Fractaline (CX3CL1) is 

a membrane-bound chemokine that operates as a chemoattractant and as an 

adhesion molecule. It is expressed in neurons, in microglia, astrocytes, and 

endothelial cells, activated by proinflammatory cytokines, and high levels of CX3CL1 

and its receptor CX3CR1 have been reported during inflammatory conditions (Jones, 

Beamer et al., 2010). It is responsible for control of microglial activation and 

regulates leukocytes recruitment to sites of injury, but controversial results have 

been reported: disruption of the CXCL1/CXCR1 pathway is neuroprotective in some 

pathological conditions, such as ischemia, and detrimental in other 

neurodegenerative diseases (Pawelec, Ziemka-Nalecz et al., 2020). Some studies 

suggested that the ability of CX3CL1 to be either neuroprotective/neurotoxic could 

depend on the M1 or M2 activation state of microglia during acute and chronic brain 

diseases. A recent study reported that blockade of CX3CL1/CX3CR1 signaling provide 

neuroprotection against depressive disorder and learning and memory deficits (Liu, 

Zhang et al., 2020b). Since there is an imbalance in M1-M2 in depression, it could 

be hypothesized that CX3CL1 deficiency may facilitate the M2 state activation of 

microglia deficits (Liu et al., 2020b). 

 

Looking at the cells populations, we found a positive association of CD4+ Naïve 

cells with GM volume in the right inferior parietal lobe and a positive association of 

CD8+ Naïve cells with FA, together with a reduced RD. Naïve cells are T-cells, 

differentiated in the thymus, that can migrate in the periphery but have not yet 

encountered their corresponding antigen. In humans, Naive T cells are long-lived, 

with expected lifespans of 6–9 years (den Braber, Mugwagwa et al., 2012), but the 

number of the naive T cell changes considerably with age (Westera, van Hoeven et 

al., 2015). Indeed, aging is associated with decrease in the number of naïve T cells, 

due to age-associated thymic involution (George & Ritter, 1996), and increase in the 

number of memory and natural killer cells with defective functional capacity 

(Cossarizza, Ortolani et al., 1996, Solana & Mariani, 2000), thus resulting in an 

increased susceptibility to infections, inflammatory and autoimmune diseases. Naïve 

T cells, circulated constantly through the lymph nodes, spleen, lymphatic vessels and 

blood and are essential for ensuring a strong and various immune surveillance (Mitra, 

Singh et al., 2002). A positive association with both GM and WM suggested that the 

preservation of a functional naïve pool can offer a protective environment. 
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Once activated, naïve cells can proliferate and, based on the inflammatory 

molecules they meet, can differentiate into effector cells. Afterwards, part of the 

antigen-specific T cells then die and the remaining pool show “memory” properties. 

These memory T cells need less stringent requirements for being activated through 

antigenic and co-stimulatory receptors, have an higher proliferative capacity, and a 

faster effector response (Pennock, White et al., 2013). For both CD4+ and CD8+ T 

cells, memory cells can be classified as central-memory (CM) and effector-memory 

(EM). Here, we found that increase in CD4+CM and CD8+CM Perf+Grz- cell percentage 

associated with decreased GM volumes respectively in the right precentral gyrus, and 

in the right cerebellum. Further, concerning the EM lineage, CD8+EM CD69+ subset 

associated with increased RD, while CD8+EM Perf-Grz+ associated with increased GM 

volumes in the bilateral cerebellum. CM t-cells (CD27+CD45RA-) circulate through 

the blood and the secondary lymphoid organs and exhibit increased proliferative 

potential once they reencounter the antigen, while EM t-cells (CD27-CD45RA-) 

migrate to inflamed peripheral tissues, have limited proliferative potential and show 

prompt effector functions, releasing cytolytic enzymes and cytokines (Sallusto, 

Geginat et al., 2004). Therefore, EM t-cells represent the “first responders”, allowing 

CM lineage to proliferate and create new effectors. 

Results showed that both activated CM and EM cells associated with changes in 

GM and WM microstructure, probably due to the low-grade inflammatory condition. 

Memory T cells are able to enter CSF, from the systemic circulation, through choroid 

plexus, and monitor the subarachnoid space, initiating local immune reactions 

(Kivisäkk, Mahad et al., 2003). It has been demonstrated that BBB have an active 

role in recruitment of effector memory CD8+ T cells, thus allowing the transmigration 

to the CNS; moreover, CD8+ T cells infiltrating the CNS showed more aggressive 

functions than CD4+ T cells (Ifergan, Kebir et al., 2011). The pattern of association 

of increased RD with CD8+EM CD69+ subset probably reflected myelin loss (Song, 

Sun et al., 2002). CD69, is an early activation marker that induce several cellular 

responses acting as a costimulatory molecule for T cell activation and proliferation, 

inducing the production of TNF-a and nitric oxide and it often detected at high levels 

in chronic conditions (Marzio, Mauel et al., 1999). In line with this, previous studies 

showed CD8+ T cells to be associated with demyelinated axons in multiple sclerosis 

brain tissue, neuronal damage (Neumann, Medana et al., 2002), and axonal loss 

(Sobottka, Harrer et al., 2009). Besides the cytotoxic activity via the release of 

cytokines, CD8+ CM and EM cells, after restimulation, can produce cytolytic molecules 

exerting strong effector functions (Parga-Vidal & van Gisbergen, 2020). Indeed, 
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perforin, released in the synaptic cleft, is able to form large transmembrane pores 

that allow the diffusion of granzymes in the target-cell cytosol, resulting in apoptosis 

of the target cell (Voskoboinik, Whisstock et al., 2015). Here, we found a detrimental 

effect of CD8+ cells that release Perforin on GM volume, that is supported by the fact 

that perforin alone can lead to rapid necrosis of the target cell (Waterhouse, Sutton 

et al., 2006); while increased GM volume was observed when CD8+ released only 

Granzyme. We can speculate that this positive association is not linked to a possible 

protective role of Granzyme but could reflect the absence of perforin. Indeed, studies 

in perforin-deficient mice have shown that this protein is absolutely necessary for 

granzyme-dependent killing (Kägi, Ledermann et al., 1994). 

Among the subsets of human CD8+ T cells, TEMRA is a terminally differentiated 

effector memory cells that re-expresses CD45RA marker and are a hallmarks of 

aging. They are characterized by low proliferative potential and high sensitivity to 

apoptosis (Geginat, Lanzavecchia et al., 2003), and high cytotoxicity (Hamann, Baars 

et al., 1997). This reduced proliferative capacity associated with short telomere 

length, due to the several rounds of cell division (Sallusto et al., 2004). IL-15 seems 

to be a potent activator of TEMRA, which in turn release IFN-γ and TNF-α (Tilly, Doan-

Ngoc et al., 2017). In line with the previous findings high CD8+temra associated with 

reduced FA. Increased numbers of TEMRA and the high secreting levels of 

proinflammatory cytokines confirm an active CD8+ T-cell response that affect WM 

microstructure. High levels of TEMRA were found in multiple sclerosis (Tilly, Yap et 

al., 2014) and in Alzheimer disease where they were negatively associated with 

cognition (Gate, Saligrama et al., 2020). An impaired cognitive function associated 

with TEMRA also in the elderly (Esgalhado, Reste-Ferreira et al., 2020). Further, we 

found a negative association of CD8+temra Perf+Grz- with GM volumes in the right 

precentral gyrus and a positive association of CD8+temra Perf-Grz+ with GM volumes 

in the bilateral putamen. Again, the presence of Perforin is sufficient to promote 

apoptosis, while the absence of perforin does not allow granzyme to exert its toxic 

actions. Thus, the accumulation of highly differentiated T cells, sign of an exhaustion 

of the immune system, and their high toxicity contribute to exert a detrimental action 

on neurons and oligodendrocytes. 

Finally, γδ T cells represent a small subset of T-cell population, expressing TCR γδ 

T chains. They have been described as a link between the innate and adaptive 

immune responses and they have an abundant cytokine and enzyme secretion 

capacity. This cytotoxic function can partially explain their association with changes 
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in WM integrity. Indeed, γδ T cells associated with decreased AD and MD, and when 

releasing both Perforin and Granzyme (Perf+Grz+), a negative association persisted 

with AD.  When both perforin and granzyme are released, perforin mediates the 

trafficking of granzymes into the target cell promoting apoptosis. It has been 

demonstrated that cytolytic activity of of T-lymphocytes is able to induce axonal 

destabilization of microtubules (Miller, Shriver et al., 2013). Moreover, expression of 

major histocompatibility complex class I (MHC) has been detected in  several cell 

types, such as neurons (Höftberger, Aboul-Enein et al., 2004) and seems to be 

involved in neuroinflammatory processes and in immune-mediated 

neurodegeneration since they become a target for the cytolytic activity of Perforin 

and Granzyme (Howe, Adelson et al., 2007). 

An interaction effect emerged between γδ T cells and BMI on AD, meaning that 

the relationship between γδ T cells and AD did not follow parallel slopes in the two 

groups. Indeed, in the overweight/obese group the relation is steeper: once activated 

γδ T cells, mainly through the release of cytokines, repair tissue, recruit leukocytes, 

induce inflammation and lyse cells. In high concentration these factors can lead to 

chronic inflammation, as in the case of obesity, thus interfering with γδ T cells 

functions, in favor of an enhanced pro-inflammatory state that negatively impact WM 

microstructure (Fay, Larson et al., 2016). 

 
Concerning the regulatory subsets, we found an association with both GM and WM 

structure. Specifically, CD4+CD25High T-reg associated with increased AD; CD3+ 

FoxP3+ CD39-  associated with increased GM volumes in the anterior cingulate gyrus. 

Moreover, CD3+ Treg CD49d+ (activated) were associated with increased FA, reduced 

RD and MD and positively associated with GM volumes in the right cerebellum, while 

CD3+ Treg CD49d- (un-activated) were negatively associated with GM volumes in the 

left precuneus. T- regs are a subtype of CD4+ T cells, known to play a pivotal role in 

maintaining immune balance, repressing autoimmunity or exaggerated inflammatory 

response (Ryba-Stanisławowska, Sakowska et al., 2019). The CD25 and FoxP3 are 

the main markers of T-reg. 

In the peripheral blood of healthy subjects of any age, there are always CD4+ 

CD25+ T cells, due to environmental antigenic challenge, so only the “high” sub-

population have suppressive role, thus enabling the identification of “resting” and 

effector T-reg cells (de Kleer, Wedderburn et al., 2004); while FoxP3 is a transcription 

factor crucial for the formation of T-reg and it has been associated with inhibition of 
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cytokine release, such as IL-2,IL-4 and IFN-γ (343). Due to the arbitrary cut off of 

CD25, FoxP3+ is considered a more proper marker for enumeration of Tregs in human 

pathology. Further, studies have identified the CD39 molecule as a marker of a 

FoxP3+ T-reg sub-population with potent immunosuppressive activity, both in mice 

and humans (Deaglio, Dwyer et al., 2007).  

Finally, CD49d is the main adhesion molecule involved in lymphocyte migration to 

the CNS, thus being considered a marker of migratory capacity (Kimura, Nakamura 

et al., 2016). CD49d is able to bind VCAM-1 and fibronectin on vascular endothelial, 

enabling the BBB crossing of T-reg. An increased percentage of peripheral activated 

T-reg was associated with MDD (Alvarez-Mon, Gomez-Lahoz et al., 2021). The overall 

positive association between T-reg and GM and WM structure may be due to their 

suppressive functions, while the volumetric reduction related to un-activated T-reg 

can be associated to neuronal loss induced by an inflammatory condition, due to the 

decreased number of T-reg that reached the brain areas to exert their suppressive 

functions. 

Finally, natural killers are cytotoxic cells of the innate immune system, able to 

secrete immunoregulatory cytokines and chemokines, perforin and granzyme. 

Increased NK levels with MDD (Seide et al., 1996), and are reported to be elevated 

in aging and in immunosenescence condition, combined with a decreasing loss of 

functions (Solana & Mariani, 2000). The increment of active NK cells can contribute 

to maintain the low-grade inflammatory process and induce a detrimental effect on 

brain structure, thus explaining our finding of a reduced FA which reflect changes in 

fiber density, axonal diameter, and myelination. In line with our findings studies 

showed that NK cells contribute to neuron, glia, oligodendrocyte damage and 

demyelination (Huang, Shi et al., 2006). 

 

 

Altogether, these panels of results are in agreement with the immune theory of 

mood disorders, suggesting that inflammatory processes could be major biological 

underpinnings of brain structural alterations that are known to be related to MDD. 

The detected effects of pro- and anti-inflammatory cytokines and of different type of 

immune cells on GM and WM structure suggests the existence of both toxic and 

regenerative processes which act in a complex interplay. Indeed, activated microglia 

play a pivotal role in inducing toxic inflammatory effects on neurons in MDD (Beumer, 
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Gibney et al., 2012). Moreover, oligodendrocytes are particularly vulnerable to 

inflammation compared to other cell types in the brain, thus explaining demyelination 

following immune reactions, observed in various inflammatory diseases (Deng, 

2010). Besides microglia can also downregulate inflammation by releasing a range 

of factors that directly or indirectly promote regeneration in the injured CNS 

(Nakajima & Kohsaka, 2001). In line with this reasoning, the relevant markers, 

identified in our study, were intercorrelated, suggesting that they are probably co-

secreted. 

Of course, not only the discussed markers play a role in brain damage during 

neuroinflammation, but there are other mechanisms should be take in consideration 

such as oxidative stress (Salzano, Checconi et al., 2014). 

 
 
A word of caution 

Several correlational analyses, especially when we considered the 40-plex panel, 

pointed out a role of increased AD index, that only sometimes was accompanied by 

changes in other DTI measures, thus making inferences more difficult. 

Indeed, a word of caution is always required when interpreted the single 

eigenvalues that lead to AD measure. AD and RD can show fictitious changes in voxels 

characterized by crossing fibers, possibly interfering with the interpretations that 

underlie tissue structure (Cercignani, 2009). Demyelination and axon damage may 

change at different stages of the lesion (Xie, Tobin et al., 2010) and some studies 

have also described that changes in AD and RD depend on the experimental method 

(Budde, Kim et al., 2007). While a decrease in AD reflect axonal degeneration, an 

increase in AD could be due to axon integrity or reduction in the volume of water 

within the neuritis, to cellular infiltration, gliosis or extracellular water changes 

caused by chronic inflammation (Aung et al., 2013). Thus, the complications of 

inflammation, cellular infiltration and gliosis complicate the interpretation of whether 

increased AD truly reflects axonal recovery versus loss masked by effects on 

diffusivity attributed to confounding cellular responses. The interpretation of them 

should be then explained taking into consideration different indexes. 

 
Moreover, cytokines are themselves pleiotropic, making the dichotomy ‘pro- and 

anti- inflammatory’ too simplistic. These mediators are able to activate various 

signaling pathways that contribute to different functions. It has been demonstrated 

that same cytokines/chemokines are able to act as anti-inflammatory mediators in 

healthy condition, while they can contribute to tissue damage with cytotoxic effects 
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on both glia and neuron, under pathological conditions (Park, Baik et al., 2009, Yang 

et al., 2002). The amount of a given molecule can influences its actions, controlling 

or contributing to inflammation in a dose-dependent manner (Border & Noble, 1995). 

Further, their actions could depend on the target cells or the timing of exposure 

(Cavaillon, 2001). The complex interplay of some mediators and the only change in 

AD required a further investigation, in order to obtain a more defined picture. 

 

6.1.1 A glimpse of metabolism 

 
Considering the metabolic panel, we found a positive association of leptin with AD, 

RD and MD, while C-peptide associated with decreased FA and increased MD and RD. 

Finally, GLP-1 associated with increased RD and MD. 

 

Leptin is an adipokine released from adipocytes, important for repressing food 

intake and promoting energy expenditure, and for improving peripheral insulin 

sensitivity (Rabe, Lehrke et al., 2008). Further, leptin seems to influence mood 

regulation exerting an antidepressant effect (Ge, Fan et al., 2018). Its circulating 

levels are proportional to adipose tissue mass and increase in response to infections. 

Recent studies point out its immunoregulatory role and its deficiency results in a 

severe immune dysfunction (Maurya, Bhattacharya et al., 2018). Leptin regulates 

cytokines induction (Loffreda, Yang et al., 1998) and contributes to a normal T 

lymphocyte proliferation and its defect causes thymus atrophy (Howard, Lord et al., 

1999); leptin receptors are expressed in CD4+ CD8+ (Papathanassoglou, El-Haschimi 

et al., 2006), T-reg (De Rosa, Procaccini et al., 2007), NK cells and in 

monocytes/macrophages (Zhao, Sun et al., 2003) and its action stimulates and 

modulates their functions (Cava & Matarese, 2004). In conditions of chronic 

inflammation, these ‘adaptive’ responses can induce adverse effects. Indeed, high 

levels of leptin can increase the cytotoxicity of NK cells and induce the release of 

inflammatory markers such as TNF-α, IL-6, and IL-12, which in turn increase leptin 

synthesis and release, setting up a vicious cycle. Moreover, leptin acting as a pro-

inflammatory cytokine, can also polarize Th cells toward a pro-inflammatory 

phenotype, lower T-reg cells (Salas-Venegas, Flores-Torres et al., 2022) and 

stimulate the expression of activation markers, such as CD69 and CD25 (Matarese, 

Procaccini et al., 2010). High levels of inflammatory markers can also induced leptin 

resistance (LR) which may contribute to insulin resistance (Zhang & Zhang, 2010). 

Here, we showed that leptin significantly predicted levels of IL-12 and CCL24.  
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Hyperleptinemia have been reported in both obese (Hoffler, Hobbie et al., 2009) 

and depressed patients (Lu, 2007), is associated with an increased proinflammatory 

response (Otero, Lago et al., 2006) and is a key marker of central LR. Moreover, the 

association between depressed symptoms and leptin was stronger for increasing 

adiposity levels, strengthening the hypothesis of the involvement of LR (Milaneschi, 

Lamers et al., 2017).  

In the present study, the fact that higher concentration of leptin associated with 

reduced FA, reflecting a loss of WM integrity of fibers, can be consistent with the 

hypothesis that leptin exerts a detrimental action through the enhancement of 

inflammation. Moreover, a chronic inflammatory stare induced LR, which blunts 

central action despite increased peripheral concentrations. This latter process is 

probably due to a decreased transport of leptin across the BBB, a reduced function 

of the leptin receptor or defect in leptin signaling transduction (Münzberg & Myers, 

2005). Previous studies that showed brain tissue damages due to an enhanced 

inflammatory response mediated by leptin (Kim, Ryu et al., 2013, Rummel, Inoue et 

al., 2010) and due to central leptin insensitivity further corroborate our hypotheses 

(Ahima, Bjorbaek et al., 1999) 

 

C-peptide is used as biomarker of insulin secretion and β-cell function, since is 

more stable and has a longer half-life. High levels of c-peptide denote increased 

endogenous insulin production and release which often reflect insulin resistance. C-

peptide was discovered to be part of the immune response by regulating 

inflammatory cytokines, such as leptin, visfatin secretion (Garcia-Serrano, Gutiérrez-
Repiso et al., 2015), IL-6 (Araki, Hosoi et al., 2005), by increasing nitric oxide 

(Kitamura, Kimura et al., 2003) and by operating as a chemoattractant for CD4-

positive lymphocytes and monocytes (Walcher, Aleksic et al., 2004) playing a role in 

atherogenesis (Vasic & Walcher, 2012). Studies have detected both negative and 

positive relations between C-peptide levels and diabetes complications (Gonzalez-

Mejia, Porchia et al., 2016, Gottsäter, Kangro et al., 2004, Stiegler, Standl et al., 

1992)  or depression (Wang, Sun et al., 2021). 

Moreover, several researches revealed that high level of C-peptide associated with 

rapid cognitive decline and cognitive impairment (Okereke, Kurth et al., 2010, 

Okereke, Pollak et al., 2008, Sima & Li, 2005), a core feature of mood disorders 

(Perini, Ramusino et al., 2019). Authors suggested that high levels of C-peptide 

reflect insulin resistance and disrupted glucose metabolism, which contributes to 

depression and cognitive impairment. Moreover, in our sample we reported an 

association between C-peptide and a pro-inflammatory environment: indeed c-
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peptide positively predicted IL-2, IL-5, IL-6, IL-12, VEGF, IFN-γ, CXCL10, CCL2, 

CCL1, CXCL16, TNF-α, IL-13, CCL24, CCL1 and ICAM. 

The pro-inflammatory environment and hyperinsulinemia can justify our results of 

a negative relationship with FA and a positive association with both RD and MD. 

Previous findings reported a reduction in cortical thinning associated with high levels 

of C-peptide, predominantly in the bilateral medial temporal region in a sample of 

1093 cognitively normal subjects, suggesting the presence of altered mechanisms 

such as oxidative stress, endothelial dysfunction, increase amyloid beta deposition 

(Yoon, Kang et al., 2014). 

 

GLP-1 is a peptide hormone, GLP-1 is mainly produced by L-cells of the gut, but 

it can also be secreted by microglia in response to inflammatory stimuli and neurons 

of the nucleus of the solitary tract. It regulates blood glucose levels by enhancing 

glucose-dependent insulin secretion, inhibiting glucagon release and is involved in 

the regulation of energy balance and in the reduction of food intake. GLP-1 can cross 

the BBB to influence several pathways, such as neurogenesis and trophic support 

(Salcedo, Tweedie et al., 2012), reduction of accumulation of Aβ deposits (Chen, Liu 

et al., 2012) and neuroinflammation. Indeed, it is able to lower the cytotoxic 

microglial responses, probably through the regulation of NF-κB (Athauda & Foltynie, 

2016). An association with reduced levels of TNF-α and IL-1β have been also reported 

(Kim, Moon et al., 2009). Moreover, treatment of rodents with exendin-4 enhanced 

hippocampal neurogenesis and led to improvement in mood and cognitive functions 

(Isacson, Nielsen et al., 2011). Impaired GLP-1 secretion/function was observed in 

obesity, T2 diabetes and GLP-1 resistance was related to increased visceral fat and 

to gut microbiota dysbiosis (Hamasaki, 2018), a condition often associated with MDD 

(Capuco, Urits et al., 2020). The alteration of the incretin effect could be attributed 

to a decreased expression and a desensitization of the GLP-1 receptors in β-cells and 

neuronal cells, induced by hyperglycemia and hyperlipidemia (Grasset, Puel et al., 

2017). Here, we can hypothesized that a condition of dismyelination or demyelination 

can be due to an impairment in GLP-1 signal, which is not able to exert directly its 

protective effects or through insulin signaling (Bae & Song, 2017). Exendin-4 (GLP-

1 agonist) treatment in mice attenuated the development of demyelination and 

promote the increase of myelinated axons (Qian, Chen et al., 2022). In line with this 

hypothesis we also showed that, in our sample, GLP-1 predicted positively levels of 

CCL21, CCL24 and CXCL9, probably as a consequence of its impaired function. 

Indeed, literature showed that GLP-1 usually inhibits chemokines migration 

(Liberman, Esser et al., 2013). 
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Interestingly, GLP-1 was proposed as a novel therapeutic marker to lower 

depression through the regulation of neuroinflammation, neurotransmission and 

neurogenesis (Kim, Kim et al., 2020). 

 

All together these results support the hypothesis that metabolic markers play 

important neuro-regulatory roles, interacting within the brain and their alterations 

are key pathophysiologic factors in the development of inflammation processes. 

These interconnections described by the term immunometabolism (Hotamisligil, 

2017) can give raise to abnormalities consisting in diminished neurotrophic support, 

decreased neurogenesis, increased glutamatergic activation, oxidative stress and 

astrocyte apoptosis as well as dysregulation of glial/neuronal interactions (Miller et 

al., 2009) , which can exert detrimental effects on WM microstructure. 

 

 

6.2 The Danger of stress 
 

To date, etiological models for depression pointed out an interacting role of both 

genetic and environmental factors, which include acute negative life events, 

chronically stressful life circumstances, and adverse childhood events (England & Sim, 

2009). In fact, both early and recent psychosocial stress has been frequently related 

to an increased risk for psychiatric disorders (Hammen, 2005, Kendler, Thornton et 

al., 2000, Nemeroff, 2016), can trigger the onset of new depressive episodes, right 

after the events (Mazure, 1998b) and years later (Assari & Lankarani, 2016) and has 

been associated to a more severe course of illness and unfavorable treatment 

outcome in depression (Nanni, Uher et al., 2012).  

The causal mechanisms for the relationship between stress and depression are not 

known, although current studies suggested a role of stress in promoting inflammatory 

responses (Raison, Capuron et al., 2006).  

Here, we found an association between both early and recent stress with 

inflammatory markers (IL-2, IL-5, IL-6, IL-12 and VEGF), which is in line with 

literature. In fact, previous findings reported an increase in the production of CRP 

(Danese, Moffitt et al., 2008) and in the peripheral levels of several cytokines, such 

as IL-2, IL-6, TNF-α, IFN-γ, FGF-b, and VEGF (Chrousos, 2000, Coelho, Viola et al., 

2014). Moreover, following the exposure to a stressful condition, a downregulation 

of Treg cells, which are important for controlling and lowering the autoimmune 

response, was reported (Freier, Weber et al., 2010).  
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IL-2 enhances cellular immunity and production of cytotoxic cell (Munk & Emoto, 

1995), it favors the development of short-lived effector T-cells promoting the release 

of proinflammatory cytokines such as IL-2, IL-4, IL-5, IFN-y and TNF-α and cytolytic 

effector molecules granzyme B and perforin (Ross & Cantrell, 2018).  
Moreover, an increase in cerebral edema, caused by alterations in vessel 

permeability, occurred in patients treated with high-dose intravenous IL-2 (Saris, 

Patronas et al., 1989). Indeed, IL-2 causes disruption of adherence junctions 

(Wylezinski & Hawiger, 2016) and induces activation of the NFκB pathway, leading 

to increased expression of IL-6 and MCP1, which both participate to endothelial 

instability (Kempe, Kestler et al., 2005). A positive association between IL-2, along 

with other pro-inflammatory cytokines and early childhood adversities was found in 

healthy adolescents (do Prado, Grassi-Oliveira et al., 2017) and in response to acute 

stress (Schulte, Bamberger et al., 1994). Moreover, IL-2 can induced nitric oxide 

release, which in turn stimulates the release of CRH (Karanth et al., 1993) and 

increases plasma levels of ACTH and cortisol (Hanisch et al., 1996, Zhang, Zhou et 

al., 2005). The hippocampus, hypothalamus, pituitary and locus coeruleus are tissue 

rich of the IL-2/IL-2R system (Prinz, Van Rossum et al., 2008). Finally, a high dosage 

of IL-2 can inhibits acetylcholine (Ach) release (Hanisch, Seto et al., 1993), thus 

possibly interfering with its anti-inflammatory role (Pavlov, Wang et al., 2003). 

IL-5 is a cytokine synthesized and released by activated CD4+ helper T cells of 

the Th2 subset, by mast cells and eosinophils (Moore & Peebles Jr, 2006). Few studies 

examined the role of IL-5 in MDD, which was shown to be able to activate p38 

mitogen activated protein kinase, thus decreasing synaptic serotonin availability (Zhu, 

Carneiro et al., 2005) and the januse kinase 2 (JAK) 2 and STAT5 pathways leading 

to depressive effects through glucocorticoid signaling (Hu, Pace et al., 2009). A gene 

expression profiling suggested an up-regulation of IL-5 in MDD, together with other 

cytokines (Shelton et al., 2011) that was confirmed when serum levels were analysed 

(Elomaa et al., 2012). Finally, IL-5 increases under stress (Chen, Fisher et al., 2003) 

and inhibits glucocorticoid-mediated apoptosis in human eosinophils (Brode, Farahi 

et al., 2010). 

IL-6, is a pleiotropic cytokine, involved in the synthesis of acute phase proteins 

(Gabay & Kushner, 1999), in the differentiation of B and T cells (Klimpel, 1980), may 

interfere with neural plasticity and neurogenesis (Khairova, Machado-Vieira et al., 

2009, Monje, Toda et al., 2003). A recent meta-analyses showed high levels of IL-6 

together with CRP and TNF-α in both healthy and depressed individuals exposed to 

childhood trauma, where a specific types of trauma (physical and sexual abuse) 

associated with significant increased TNF-α and IL-6, but not CRP (Baumeister, 
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Akhtar et al., 2016). Moreover, enhanced IL-6 production to a daily stressors in adults 

with a history of childhood abuse was reported, suggesting that early stressors may 

set the path for dysregulated inflammatory stress responses across the lifespan 

(Gouin, Glaser et al., 2012). Increased IL-6 accompanied glucocorticoid resistance in 

the social disruption stress (Stark, Avitsur et al., 2001) and positively correlate with 

post-dexamethasone cortisol levels (Maes, Scharpé et al., 1993). Moreover, previous 

data have shown that individuals with MDD have an excessive IL-6 release to 

psychosocial stress (Weinstein, Deuster et al., 2010) compared to HC, which is 

associated to smaller hippocampal volumes, suggesting that reduced glucocorticoid 

responsiveness and increased inflammation are interrelated factors in the 

pathophysiology of MDD (Frodl et al., 2012). 

IL-12 is involved in the differentiation of naive T cells into Th1 cells (Stern et al., 

1996) and stimulates the production of IFN-γ and TNF-α from both T and NK cells 

(Zheng, Ban et al., 2016). IL-12 values were significantly high in MDD and decreased 

after treatment (Lee & Kim, 2006) and correlated with depression severity in both 

patients with and without concomitant PTSD (Ogłodek, 2018). Moreover, in normal 

conditions glucocorticoids down-regulate the production of IL-12, affecting the 

TH1/TH2 balance and preventing tissue damage from excessive inflammation 

(Elenkov & Chrousos, 1999). 

VEGF is a neurotrophic factor and angiogenic cytokine, involved in neuronal 

survival, neuroprotection and regeneration (Sun, Jin et al., 2003). Growing evidence 

showed a possible role of VEGF in stress and depression. In fact it was found to be 

overexpressed in women with chronic stress induced exhaustion (Wallensten, Åsberg 

et al., 2016), in depressed patients (Elfving, Buttenschøn et al., 2014, Lee & Kim, 

2012) and in depressed exposed to childhood trauma (Lu, Peng et al., 2013) 

suggesting that it might be a part of compensatory response to restore neurogenesis. 

In animal models, contrast results emerged following exposure to stress, where Heine 

et al. (Heine, Zareno et al., 2005) found a decreased expression of VEGF in the 

hippocampus, while Manni et al (Manni, Antonelli et al., 2005) an increase of VEGF 

induced by both stress and nerve growth factor injection.  

These findings seem to confirm a possible role of stress in exacerbating an 

inflammatory condition, by increasing the release of pro-inflammatory molecules, 

through an alteration in the sympathetic nervous pathways combined with a 

decreased sensitivity to the inhibitory effects of glucocorticoids (Chrousos & Gold, 

1992, Raison & Miller, 2003). In fact, a reduced glucocorticoid responsiveness has 

been repeatedly reported in major depression (Pariante & Miller, 2001), which also 

showed changes in corticotropin releasing hormone pathways (Nemeroff, Widerlöv et 
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al., 1984), and seemed to be present in individuals with a risk for affective disorders 

(Modell, Lauer et al., 1998), thus altering the immunosuppressive effects of 

glucocorticoids. Moreover, in depressed patients  catecholamine concentrations 

produced by the sympathetic nervous system (SNS), associated with high levels of 

cortisol, further supporting the glucocorticoids resistance hypothesis (Maes, 

Vandewoude et al., 1990). In addition, cytokines themselves can impairs 

glucocorticoid receptor (GR) functioning, leading to a feed-forward inflammatory 

cascade, by disrupting GR translocation from cytoplasm to nucleus (Pariante, 2006), 

by inducing the inert isoforms GR-beta (Webster, Oakley et al., 2001) and/or by 

inhibiting GR-DNA binding through nuclear protein-protein interactions of 

inflammatory mediators with the GR itself (Pace, Hu et al., 2007). 
Moreover, in chronic stress, SNS is constantly activated without an appropriate 

counteraction of the parasympathetic nervous system (Chrousos & Gold, 1992), that 

resulted in decreased acetylcholine levels and consequent incapacity to inhibit the 

activation of nuclear factor kappa-b (NF-κB) (Pavlov & Tracey, 2005).  
An excessive SNS activity has been found in MDD (Veith, Lewis et al., 1994) and 

may contribute to increased proinflammatory cytokines release that aggravates 

pathologies, such as metabolic and cardiovascular diseases (Black & Garbutt, 2002, 

Esposito & Giugliano, 2004) often present in depressed patients (Gheshlagh, Parizad 

et al., 2016, Hare, Toukhsati et al., 2014).  
This low-grade inflammatory state can be linked not only to recent stressors but 

also to childhood adversities with a persistence into adulthood (Danese, Pariante et 

al., 2007).  
 

The consequent increased release of proinflammatory cytokines can lead to 

alterations in the CNS function, as we previously reported, due to the production of 

neurotoxic kynurenine pathway metabolites or to the direct neurotoxic effects that 

cytokines exert.  

This can explain consistent findings reported by neuroimaging studies which 

highlighted an effect of both early and recent stress on brain structure characterized 

by widespread GM volume reductions in the hippocampus, amygdala and dentate 

gyrus (Poletti, Locatelli et al., 2016a, Sublette, Galfalvy et al., 2016b, Treadway, 

Waskom et al., 2015) and marked alterations in several fiber tracts including the 

uncinate fasciculus, the longitudinal fasciculus, the cingulum and the corpus callosum 

(Choi, Jeong et al., 2009, Lautarescu, Pecheva et al., 2020, McCarthy-Jones, 

Oestreich et al., 2018, Poletti, Aggio et al., 2018a). Animal studies demonstrated a 

strong vulnerability of WM microstructure to stress conditions, that can be due to 
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oxidative stress (Horn, Leve et al., 2019), excitotoxicity (Kaufmann, Costa et al., 

2017) and oligodendrocytes dysfunction (Miyata, Taniguchi et al., 2016). Changes in 

oligodendrocyte number and morphology associated with a reduction in myelin 

thickness and a slower transmission of the signals (Coplan, Abdallah et al., 2010). 

Here, we observed that cytokines partially mediated the effect of early and recent 

stress on the left uncinate fasciculus (UNC) in AD, RD and MD indexes. UNC connects 

the medial temporal structures with the inferior frontal lobe (Schmahmann, Pandya 

et al., 2007) and is involved in neurocognitive functions, rewards and socio-emotional 

processes (Keedwell, Andrew et al., 2005, Rolls, 2004, Schmahl & Bremner, 2006) 

that are altered in depression. Change in the left uncinate fasciculus were consistently 

reported in previous studies conducted on socioemotionally deprived or abused 

children (Eluvathingal, Chugani et al., 2006, Hart & Rubia, 2012) and in adult 

subjects following stressful life events (SLE) (Wang, Wang et al., 2022). The latter 

research also demonstrated that these WM microstructure alterations, as potential 

adverse consequence of SLEs, could mediate and contribute to the vulnerability to 

depression (Wang et al., 2022). In accordance, substantial evidence showed white 

matter abnormalities in the UNC in depressed adults and adolescents (de Kwaasteniet, 

Ruhe et al., 2013, LeWinn, Connolly et al., 2014) and structural alterations in frontal 

(Peng, Zheng et al., 2013, Tha, Terae et al., 2013) and temporal lobes (Ouyang, Tao 

et al., 2011).  

Most of the above findings reported alteration in FA, which provides information 

on relative axonal size, myelination, and fiber orientation (Sexton, Mackay et al., 

2009a). Our mediation models did not resulted significant when FA index was entered, 

contrary to all the three other DTI indexes that however can provide valuable 

information regarding the mechanisms underlying microstructural differences. A 

positive relation between SLEs and AD, RD and MD can reflect dysmielination or 

demyelination processes, cellular infiltration, gliosis and changes in extracellular 

water partially caused by inflammation. 

These data found support by theoretical mechanisms previously mentioned in which 

SLEs  trigger the increase of glucocorticoid inflammatory factors, the reduction of 

neurotrophic factors and the inhibition of neurogenesis, resulting in the abnormalities 

in WM microstructure, thus further emphasizing the central role of glucocorticoids in 

protecting the brain during immune activation/inflammation (Goshen, Kreisel et al., 

2008). Finally, recent data indicated that the immune imbalance related to SLEs can 

accelerate the physiological cellular senescence processes (de Punder, Heim et al., 

2019), that involved also stress hormones (Bauer, 2008), thus further explaining the 
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presence of a low-grade inflammatory activity. ‘Inflammaging’ has been reported in 

MDD (Green, Squillace et al., 2021) and increased WM hyperintensities following 

SLEs, suggested a role of stress in accellerating brain aging (Johnson, McQuoid et al., 

2017). 

 

6.3 The interplay between inflammation and cognitive functions 

 

Patients obtained significantly lower domain scores across the entire battery 

compared to normative data for the Italian population, replicating the finding present 

in literature of a neuropsychological deficit in depressed patients (Pan, Park et al., 

2019, Poletti, Aggio et al., 2017). In fact, cognitive impairment represent a core 

feature in MDD, especially in the domains of processing speed, attention, executive 

function, memory and verbal fluency (Henry & Crawford, 2005, Pan et al., 2019), 

and persist in periods of symptom remission (Conradi, Ormel et al., 2011, 

Hasselbalch, Knorr et al., 2011b). These deficits are critical mediators of impaired 

global functioning (McIntyre, Cha et al., 2013).  

 
A reduction in FA values was previously reported to be associated with processing 

speed, executive functions and memory deficits in HC (Kennedy & Raz, 2009, Turken, 

Whitfield-Gabrieli et al., 2008) and in other psychiatric conditions such as in 

schizophrenia and bipolar disorder (Magioncalda, Martino et al., 2016, Zhang, Yang 

et al., 2020). Few studies investigated DTI measures and cognitive decline in MDD 

and most of them focused on late-life depression, but consistent results emerged. 

Executive performance and divided attention positively correlate to FA values in the 

middle anterior and posterior cingulum bundle (Schermuly, Fellgiebel et al., 2010) 

and in multiple fronto striatal-limbic regions (Murphy, Gunning-Dixon et al., 2007, 

Sexton, McDermott et al., 2012). Moreover, FA measure associated to a general 

cognitive performance in a large bilateral cluster involving the corpus callosum (CC), 

the inferior-fronto occipital fasciculus (IFOF), the anterior thalamic radiation (TR), 

and the longitudinal fasciculus (LF) (Meinert, Nowack et al., 2021). 

 
Several biological pathways may contribute to cognitive dysfunction and its 

association to WM changes in MDD, such as hyperactive HPA axis, an increase in 

oxidative stress, inflammation, as well as a diminished neurotrophic support (F 

Carvalho, K Miskowiak et al., 2014). A chronic activation of the immune system by 



 

 
98 

microglia induce the release of cytokines that contribute to create a vulnerability in 

the brain, thus leading to cognitive impairments (Hu, Liou et al., 2014, Weaver, 

Huang et al., 2002). 

 

Here, we found an association of verbal memory and symbol coding with specific 

cytokines. In details, verbal memory associated negatively with IL-1ra, IP-10 and 

MCP-1, together with symbol coding which also associated positively to IL-16. Our 

data are in line with previous observations which reported an association of 

neuroimmune activation to cognitive impairment in both healthy samples and 

depressed patients (Baune, Ponath et al., 2008, Goldsmith, Haroon et al., 2016, Mac 

Giollabhui, Alloy et al., 2021). Moreover, cognitive deficits were reported to emerge 

after infections and trauma (Eriksen, Sundet et al., 2009, Li, Robertson et al., 2014, 

Perez & Widom, 1994) and in mice models following stress-induced 

neuroinflammation (McKim, Niraula et al., 2016). Lupien and colleagues highlighted 

how stress can impact on brain and cognition (Lupien, McEwen et al., 2009), while 

one study identified IL-6 as the mediator linking adiposity with executive dysfunction 

(Mac Giollabhui, Swistun et al., 2020), further confirming a role of inflammatory 

pathways. 

Specifically, IL-1ra is a potent IL-1 antagonist that binds to the same IL-1 

receptor, showing an higher affinity than IL-1(Garlanda, Dinarello et al., 2013). 

Contrasting results have been reported in relation to cognition, since high levels of  

IL-1ra may counteract the adverse cognitive effects of IL-1β (Corbett, Roy et al., 

2012), while administration of IL-1ra, in animal models, impairs learning and 

memory (Yirmiya, Winocur et al., 2002) and during prenatal development disrupts 

memory (Goshen, Kreisel et al., 2007). Moreover, circulating IL-1ra levels were found 

to be elevated in bipolar patients and associated with worse cognitive functions 

compared to HC (Lotrich, Butters et al., 2014). Finally, IL-1ra polymorphisms have 

been significantly associated with intellectual disability (Aureli, Sebastiani et al., 

2014) and with attention deficit hyperactivity disorder (Segman, Meltzer et al., 

2002). 

IP-10/CXCL10, is a pro-inflammatory chemokine expressed by glia and neuronal 

cells, that can be overexpressed in response to pathological conditions (Biber, 

Zuurman et al., 2002). CXCL10 attracts inflammatory leukocytes, in particular 

activated T and NK cells (Saudemont, Jouy et al., 2005). It has been reported to be 

elevated in Alzheimer’s disease (Xia et al., 2000) and to be associated with cognitive 

impairments both in health and illness conditions. Indeed, high levels of CXCL10 

associated with spatial working memory in old healthy adults (Bradburn, McPhee et 
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al., 2018) and with decreased cognitive performance in both Alzheimer’s disease 

(Galimberti, Schoonenboom et al., 2006) and Parkinson’s disease (Rocha, Scalzo et 

al., 2014). Chronic exposure to high levels of CXCL10 can induce apoptosis due to 

the neurotoxic action (Sui et al., 2006), and to alteration in intracellular calcium (Cho 

et al., 2009), thus  being detrimental for neuronal activity and cognition. 
MCP-1 is expressed by neurons, glia cells, and by endothelial cells of the BBB 

during inflammatory conditions (Dimitrijevic, Stamatovic et al., 2006). It regulates 

the activation of monocytes/macrophages, dendritic cells (Murphy, Baggiolini et al., 

2000) and microglia (Hinojosa et al., 2011), but emerging data also suggested a 

neuro-modulatory effect of MCP-1 (Mélik-Parsadaniantz & Rostène, 2008). Some 

studies showed that blocking the action of MCP-1 may reduce neuronal damage 

(Yang, Meng et al., 2011). High levels of MCP-1 has been associated with deficits in 

learning and memory tasks in aged mice (Villeda et al., 2011), with cognitive decline 

in patients with mild cognitive impairment (Westin, Buchhave et al., 2012) and in 

asymptomatic aging adults with longitudinal decline in memory (Bettcher et al., 

2019). 

IL-16 is a cytokine produced by many cells, such as CD4+ and CD8+ T cells, mast 

cells, fibroblasts and eosinophils (Cruikshank, Kornfeld et al., 2000). It was firstly 

described as a T cell chemoattractant, who is able to prime T cells activation and 

proliferation (Lombard, McKallip et al., 2003, Skundric, 2015), but recent studies 

highlighted also an immunomodulator role. In fact, administration of IL-16 reduced 

the number of eosinophils, decreased T lymphocyte proliferation and Th-2 type 

cytokine release (De Bie, Jonker et al., 2002). Moreover, in IL-16 knock out mice, an 

enhanced inflammatory response was observed (Mashikian, Ryan et al., 1999) and 

increased levels induced cross-desensitization of CXCR4 and CCR5, interfering with 

the chemo-attractive action of some chemokines (Van Drenth, Jenkins et al., 2000, 

Zhang & Xu, 2002). Treatment with exogenous IL-16 significantly inhibited the 

production of IFN-γ, IL-1β, and TNF-α in rheumatoid arthritis (Klimiuk, Goronzy et 

al., 1999). Interestingly, IL-16 has been involved in Alzheimer's disease and plasma 

IL-16 levels decreased with diagnosis and severity (Motta, Imbesi et al., 2007).  

 
Both neuroinflammation and oxidative processes can impact on brain structure, 

leading to WM alterations, as we previously reported.  

Here, we observed an interaction effect between MCP-1 and FA on symbol coding 

in the left PTR. Only with low/average levels of MCP-1, FA associated with symbol 

coding. Our findings linking higher plasma MCP-1 with lower levels of FA and cognitive 

decline are compatible with literature reporting its pathophysiological involvement in 
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neurodegeneration (Bettcher, Johnson et al., 2018). Contrary to our expectations, in 

the high level group we did not found a moderating effect, that further show an 

exacerbated toxic action of MCP-1. This could be in part explained by the dual role of 

MCP-1. Indeed MCP-1 was also linked to the migration of neurons, into damaged 

brain areas (Chintawar, Cayrol et al., 2009), and a significant dose-dependent 

increase in the number of migrated neurons and in the velocity and distance traveled 

emerged (Poon, Ho et al., 2014), thus suggesting that the neuromodulatory action 

of MCP-1 can partly counteract the inflammatory state. Moreover, higher levels of 

MCP-1 protects neurons against inflammatory damage caused by NMDA-mediated 

excitotoxicity (Eugenin, D'aversa et al., 2003). 

Furthermore, the association between FA and symbol coding was moderated by 

IL-16 in the CC, in the bilateral posterior CR and in the bilateral UNC and by MCP-1 

in the left PTR. 

Only with average/high levels of IL-16, FA positively associated with symbol 

coding. One hypothesis to explain the interaction between levels of FA and IL-16 

could be that the increase in IL-16 levels, by modulating the possible damages to the 

WM microstructure, protect from cognitive dysfunction. Indeed, as the IL-16 

concentrations increase, an anti-inflammatory environment that protect against 

excitotoxicity, can be promoted thus stimulating neuroprotection, with a consequent 

improvement in symbol coding performances. In keeping, the different actions of IL-

16 seems to be in part dose-dependent. Indeed, secretion of L-1β, IL-6, IL-15 and 

TNF-α was reduced or inhibited as the concentration of exogenous IL-16 increases 

(Mathy et al., 2000). Moreover, high dose IL-16 enhances apoptosis while low dose 

IL-16 inhibits apoptosis of Jurkat CD4+ T leukemic cells (Zhang & Xu, 2002). Future 

studies to investigate this inhibitory effect are needed.  

 

 

The corpus callosum is the largest WM tract in the brain allowing interhemispheric 

communication.  It is crucial for the integration of sensory-motor functions, memory, 

language and attention (Fryer, Frank et al., 2008), which are frequently impaired in 

depressed patients (Murrough, Iacoviello et al., 2011b). In fact, decreased FA in the 

body of the corpus callosum associated with a worse performance in attention task 

in euthymic MDD patients (Masuda, Okada et al., 2020), while a decreased FA in the 

genu of corpus callosum associated with lower processing speed in late life depression 

(Sexton et al., 2012). Moreover, alteration in myelin formation were frequently 

reported in MDD (Lacerda, Brambilla et al., 2005, Williams, Sharma et al., 2019). 
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The fornix connects the hippocampus to mammillary bodies, nuclei of thalamus 

and PFC. It is implicated in memory functions (Foster, Kennedy et al., 2019, Metzler-

Baddeley, Jones et al., 2011) and its degeneration has been considered a predictor 

of cognitive decline in healthy elderly individuals (Fletcher, Raman et al., 2013) and 

associated with MDD (Hou, Lai et al., 2021).  
The corona radiata conveys both descending and ascending fibers from many 

cortical regions to the brain-stem structures, and is part of the limbic–thalamo–

cortical circuitry. CR associated with impaired executive functions and information 

processing speed (Sasson, Doniger et al., 2012) and with lower cognitive flexibility 

(Birdsill, Koscik et al., 2014). Moreover, an alteration of its structure was detected in 

depression (Xiao, He et al., 2015). 

The thalamic radiations are bidirectional thalamo-cortical projections connecting 

the thalamus and the cerebral cortex. This structure is involved in cognitive and 

attentional processes (Chaddock-Heyman, Erickson et al., 2013), in visual short term 

memory (Menegaux, Meng et al., 2017) and in intellectual performance (Benito-León, 

Mato-Abad et al., 2017). Moreover, a reduced FA in PTR has been found in mild 

cognitive impaired adults with and without a history of depression (Duffy, Paradise 

et al., 2014a). 

Finally, the uncinate fasciculus connects the medial temporal structures with the 

inferior frontal lobe. Correlation of WM changes with memory tasks (Sato, Maruyama 

et al., 2012) and executive functions (Sasson, Doniger et al., 2013) has been 

reported and a reduction in its integrity was consistently detected in patients with 

MDD (Bhatia, Henderson et al., 2018). 

 
 
These results together suggested a complex interplay between 

cytokines/chemokines, WM alterations and cognitive performance. The altered 

cognitive functioning in our sample could then resulted from the combined anti- and 

pro- inflammatory effects that markers exert. 
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6.4 Conclusion 

 
This is the first study that combined a multimodal neuroimaging with a complete 

FACS immunological profiling and Luminex quantification of both metabolic and 

inflammatory markers. We reported higher levels of immune markers in peripheral 

blood in patients with depression compared to healthy controls and an association 

between early and recent SLEs and immune biomarkers, confirming previous 

findings. Indeed, considerable evidence suggested that immune system 

dysregulation plays a role in the development of depression (Osimo, Pillinger et al., 

2020). Moreover, stress has been reported to activate inflammatory response both 

peripherally and in the brain (Calcia, Bonsall et al., 2016, Hackett, Lazzarino et al., 

2015) and to increase the risk of mental health problems in adulthood, such as 

depression (Danese et al., 2008). Glucocorticoids, catecholamines and cytokines are 

the main mediators of a stress-induced pro-inflammatory response. In fact, cortisol 

is able to suppress immune response, but a reduced glucocorticoid responsiveness 

has been repeatedly reported in major depression (Pariante & Miller, 2001), and in 

individuals who are at risk for mood diseases (Modell et al., 1998). Moreover, 

cytokines themselves can impairs GR functioning and hastens norepinephrine 

turnover, which in turn promoted the release of inflammatory factors (Liu, Wang et 

al., 2017). The constant activation of the SNS, due to stress, which is present in MDD 

(Veith et al., 1994) is not properly counteracted by parasympathetic nervous system 

activity, thus resulting in decreased acetylcholine levels and consequent incapacity 

to inhibit the activation of NF-κB  (Pavlov & Tracey, 2005). In addition, psychological 

stress exposure induced microglia activation (Johnson, Campisi et al., 2005) and 

changes in microglial markers have been reported in MDD (Torres-Platas, Cruceanu 

et al., 2014). This low-grade inflammatory state can be linked not only to recent 

stressors but also to childhood adversities with a persistence into adulthood (Danese 

et al., 2007). Adversities in childhood can take place in sensitive developmental 

periods that lead to chronic impairment in various systems (e.g. endocrine, immune, 

metabolic). A “two-hit” hypothesis has been proposed, in which early life experiences 

primed microglia, so that a subsequent inflammatory stimulus in late adolescence or 

adulthood induces an exaggerated microglial response (Calcia et al., 2016).  

Previous findings showed an association between stress and structural changes in 

the brain (Hart & Rubia, 2012;(Wang et al., 2022). Here, we reported that these 

associations can be partially mediated by inflammatory markers, thus corroborating 

the interplay between stress, inflammation and brain structure. 
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Recently, it has been also shown that SLEs can induce immunosenescence, a 

conditions characterized by an incapacity to produce an appropriate immune reaction 

in response to challenge, that lead to a low-grade chronic pro-inflammatory state. 

Previous findings showed a reduction in telomere length following childhood 

traumatic experiences (Shalev, Moffitt et al., 2013) and chronic stress in adult 

(Oliveira, Zunzunegui et al., 2016). Interestingly, immune cells of MDD patients were 

reported to be 27,9 years older than those of HC (Karabatsiakis, Kolassa et al., 2014). 
The relatively preserved innate immune system overtakes the more dysfunctional 

adaptive immune system in aging, thus resulting in an increased amount of 

inflammatory cytokines release often referred to inflamm-aging (Fulop, Larbi et al., 

2018). 

 

Moreover, SLEs seems to increase the risk for metabolic dysfunctions, such as 

dyslipidemia, fat deposition, hyperinsulinemia and insulin resistance (Huffhines, 

Noser et al., 2016, Main, Rossing et al., 2020), which are consistently reported in 

MDD (Kan, Silva et al., 2013, Pan, Keum et al., 2012b). Our sample showed altered 

levels of serum total cholesterol levels, LDL, triglycerides and hyperinsulinemia and 

27% of the patients resulted insulin resistant. Recently, a study found high levels of 

insulin and c-peptide in relation to exposure stress, suggesting that SLEs might be 

specifically related to an impaired glucose metabolism; the association was stronger 

in individuals additionally exposed to SLEs in adulthood, raising the risk of insulin-

resistance, diabetes, and obesity (Tosato, Bonetto et al., 2021). Here, no associations 

between SLEs and metabolic markers emerged. Besides stress, another source of 

metabolic dysfunction that we could take into consideration is endotoxemia, which is 

related to adverse life styles. In fact, increased gut permeability induced IL-6, TNF-

α, CCL2, leptin, CRP, cortisol and FFA elevation and systemic IR, due to increase in 

suppressor of cytokine signaling 1 and 3 expression that interfere with tyrosine 

phosphorylation of insulin receptors (Moreira & Alfenas, 2012). Chronic low-dose LPS 

can induce leptin and insulin resistance, thus interfering with glucose metabolism. 

Leptin and insulin are interrelated and it has been shown that intact GLP-1R signaling 

is needed for preventing hypothalamic inflammation and enhancing leptin sensitivity 

(Heiss, Mannerås-Holm et al., 2021) and insulin sensitivity (Guo, Huang et al., 2016). 

An impairment of GLP-1 responsiveness has been detected in conditions of lipo-

glucotoxicity or gut microbiota dysbiosis (Grasset et al., 2017). Moreover, higher 

glucose levels and insulin resistance associated with depression and suicidal behavior 

(Koponen, Kautiainen et al., 2015) and data have linked depression to higher levels 

of circulating endotoxins, indicative of a poorer gut barrier integrity (Madison, 
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Andridge et al., 2020), which resulted to be also elevated in the elderly (Wiesner, 

Choi et al., 2010).  

 

Altogether these data supported the existence of low-grade chronic pro-

inflammatory state in MDD which is known to alter brain structure. In agreement 

with both a chronic inflammatory state and an immunosenescence condition we 

observed an overall pattern of both WM and GM alterations. A shift to a pro-

inflammatory environment exerted a detrimental effect, mainly on WM 

microstructure. This could be in part explained by the fact that oligodendrocytes, 

responsible for myelin production, are particularly susceptible to inflammation 

compared to other cell types in the brain (Deng, 2010). This highly fragile nature 

may describe the primary demyelination following an immune response that occur in 

various inflammatory diseases (Wisniewski & Bloom, 1975). Concerning immune cell 

populations, the effects on brain structure were detected mainly for memory T-cells 

(effector, central and TEMRA). Indeed, aging is characterized by an increase in 

memory T cells and a reduction in naïve T cells that leads to the shrinking of the TCR 

repertoire. Of the whole panel only CD4+ and CD8+ naïve cells associated with 

increased GM and WM integrity, which is in line with data that showed that even if 

there is a thymic involution the functionality of naïve cells can be maintained over 

the years (Qi, Liu et al., 2014). Increased markers of microglia activation was 

obesrved in brain of depressed subjects (Enache, Pariante et al., 2019). Moreover, 

senescent microglia displayed an elevation in pro-inflammatory cytokines and 

proliferative capacity (Rawji, Mishra et al., 2016), further corroborating our data. 

These findings support the hypothesis that activated metabolic and inflammatory 

response systems might be involved in MDD pathophysiology, interfering with brain 

structure in crucial cortico-limbic networks important for mood regulation and 

neurocognitive functioning.  
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Figure 48. Overwiew of the mechanisms and pathways of inflammation and 
metabolic alterations in depressive morbidity 

 

6.5 Strengths and limitations  

 
Strengths of the present study include a novel and focused research question, 

multimodal imaging methods and multi-techniques approaches. Though, our findings 

need to take into consideration some limits. Due to the COVID-19 emergency, the 

experimental design lacked a control group of healthy volunteers as was planned. 

Indeed, we were able to recruit only a small sample of 33 HC, that underwent a blood 

sampling without MRI acquisition, thus limiting the generalizability of our findings. 

Moreover, COVID-19 restrictions together with the lack of compliance at follow-up 

assessments affected the size of our sample, hampering the possibility of evaluating 

changes of immune parameters together with multimodal brain imaging results 

overtime. Recruitment occurred in a single center and in a single ethnic group, 
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increasing the possibility of population stratification. Patients were not drug-naïve, 

and taking antidepressant and antipsychotic drugs could have an impact on MRI 

measures, immunological parameters and clinical outcomes. 

Finally, another limitation could be linked to DTI technique. The use of a new 

neuroimaging technique, the Neurite Orientation Dispersion and Density Imaging 

(NODDI) (Zhang, Schneider et al., 2012), allow to distinguish the contribution of 

intra- and extra-neuritis volume fractions to the observed effects on water diffusion, 

thus providing more accurate interpretation of microstructural changes. 

These limitations, however, do not bias the main finding of the association 

between immuno-metabolic markers and brain structural changes, which adds new 

evidence of a complex interplay between stress, immune alterations, neuroimaging 

changes and cognitive functions.  

 
 

6.6 Future research direction 
 

Our exploratory approach emphasises the importance of future studies that take 

several factors into account simultaneously in order to obtain an integrated picture 

of the complexity of the disorder. 

Inflammation certainly plays an important role in the onset and maintenance of 

the disorder and in resistance to treatment. In order to be able to improve the quality 

of life of these patients, it is of primary importance to identify an immune signature 

that allows us to target more specific treatments. In this direction, elastic net models 

can be run in bigger MDD and healthy control samples, a method that allow to reduce 

overfitting and eliminate irrelevant or redundant variables, increasing model 

interpretability and dealing with multicollinearity induced by highly correlated 

variables. Moreover, longitudinal assessments are needed to confirm our speculations, 

allowing us to examine direct causative mechanisms of the observed effects.  

In a wider perspective, in line with the theory of premature immunosenescence, it 

would be important to focus future studies on the analysis of inflammatory mediators 

combined with markers of immunosenescence, such as CD28 loss and/or CD57 

upregulation or the rate of TL shortening and telomerase activity in different PBMC 

subpopulations. Defining the extent to which CMV infection contribute to this 

immunological aging would shed further light in the pathophysiological mechanisms. 

Finally, metabolic dysregulation cannot be ignored when trying to understand the link 

between immune activation and depression. 
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We have demonstrated an alteration of metabolic markers, mainly involved in 

glucose metabolism, that contribute to the disorder and hypothesised a possible 

source in microbiota alterations. In this respect, it would be useful to evaluate 

changes in the richness and diversity of the microbiota, and in the 

expression/distribution of proteins capable to form the tight junctions, such as 

ocludina and zonular occludens-1, responsible of increasing gut permeability.  

it is important to point out that the prevalence and relevance of metabolic 

abnormalities may partly depend on the specific depression symptom profile. Recent 

studies point towards more metabolic alterations and elevated immune markers in 

depressed persons with atypical symptoms, thus having raised awareness of the 

existence of immunometabolic depression, that can not be neglected in future studies. 

 
 

6.7 Impact on clinical practice 
 
The overall project and the future steps, mentioned above, can empower the 

research of depression biomarkers and will provide potential future effective support 

in clinical decision making, promoting more accurate diagnoses and tailored 

treatments. Specifically, new insights into the causative mechanisms related to MDD 

could help with prevention approaches as well as enabling early diagnosis, with the 

establishment of new endophenotype as a potential predictor for the syndrome. 

Endophenotypes can help identify at risk populations for whom preventive 

interventions and enable the differentiation of with or without comorbid metabolic 

alterations. Moreover, a prompt identification of MDD patients with an “immune 

signature” and differentiation with those also showing metabolic comorbidities would 

help in provide more tailored therapeutic. This will help in reducing symptomatology, 

reducing illness duration, relapsing and recurrences, risk of suicide and enhance 

quality of life and functioning of patients, thus improving prognosis.  

Stratified medicine aims to identify subgroups of patients with distinct mechanisms 

of disease in order to develop more personalized and effective therapies, whose 

targets focused on biological profile. A successful therapy could manage 

the  inflammatory score of MDD, without excess immune-suppression, which can 

occur with multiple cytokine inhibition therapy, thus leading to an improvement of 

symptoms. Moreover, a modulation of the gut microbiota via diet and/or probiotics 

regime, combined with exercise has to be taken in consideration and might help 

control the unwanted immune responses. 
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7 MATERIALS AND METHODS 

 
7.1 Ethical Consideration 

 
   The study protocol, performed in agreement with the Helsinki Declaration of 

2013 (World Medical, 2013), was approved by the ethical committee of the Scientific 

Institute and University San Raffaele. Written informed consent was obtained from 

all participants. 

 
7.2  Participants  

 
   All patients were recruited at the psychiatric ward of San Raffaele Hospital - Ville 

Turro, in Milan, between November 2018 and August 2021 and satisfied following 

eligibility criteria: 

1. Voluntary acceptance of the informed consent approved by the San Raffaele 

Ethical Committee;  

2. A diagnosis of MDD according to the DSM-IV-TR edition;  

3. A baseline Hamilton Depression Rating Scale score of 18 or higher;  

4. Absence of other diagnosis on Axis I or mental retardation on Axis II;  

5. No current pregnancy, history of epilepsy, major neurological or physical illnesses;  

6. No inflammatory or uncontrolled systemic diseases;  

7. No treatment with long-acting anti-psychotics in the last three months;  

8. No history of substance and/or alcohol abuse in the last six months.  

  
   All MDD patients were taking antidepressant medication, including selective 

serotonin reuptake inhibitors, serotonin–norepinephrine reuptake inhibitors and/or 

tricyclics. 

Physical examination, psychiatric interview, blood sampling, and 

electrocardiograms were performed at admission. Fasting blood samples were taken 

in the morning (between 7:00 and 9:00 a.m.). 

Participants also underwent magnetic resonance scanning in a 3.0 Tesla magnet 

(Ingenia CX, Philips) at the C.E.R.M.A.C (Centro d’Eccellenza Risonanza Magnetica 

ad Alto Campo). After an accurate explanation of the study to the participants, we 

acquired a written informed consent. All the research activities were authorized by 

the local ethical committee (ATS, città di Milano).  
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A small sample of healthy controls was recruited. Fasting blood samples were 

taken, whereas due to COVID-19 emergency health controls could not underwent 

MRI scanning. 

 

 
7.3 Clinical and Neuropsychological Assessment  

 
Severity of depression was rated at admission by psychiatrists through a  modified 

version of the 21-item Hamilton Depression Rating Scale (HDRS) (Hamilton, 1967). 

Depression was defined as a baseline HDRS score of 18 or higher and clinical 

response was considered as a HDRS score of <8.  

Moreover, all patients underwent a clinical evaluation of environmental stressors 

and cognitive functions. All tests were administered by a trained psychologist. 

Specifically, the Social Readjustment Rating Scale (SRRS) (Holmes & Rahe, 1967) 

was used to measure the occurrence of both early (childhood) and recent (last three 

years) stressful events. The scale concerns several life events, such as death of a 

parent, marriage, change of house or job,  that led to changes in usual activities that 

often precede illness onsets. Two different measures of the stress experienced can 

be obtained: one score can be calculated by summing the number of stressful events 

that had occurred, the other score is determined as the weighted probability that 

these events are followed by detrimental effects. These weights are based upon the 

estimated amount of change or readjustment required for each event by the subjects. 

weighted scores were used in order to assess the risk for developing stress-related 

symptoms. 

Cognitive functions were rated through the Brief Assessment of Cognition in 

Schizophrenia (BACS) (Keefe, Goldberg et al., 2004), a reliable test battery assessing 

various domains of cognition including symbol coding (speed processing), digit 

sequencing task (working memory), list learning (verbal memory), category 

instances and controlled oral word association test (verbal fluency), token motor task 

(psychomotor coordination. We used the Tower of London Test to evaluate executive 

functions. 

Normative Italian adjusted scores were used for the BACS subtests (Anselmetti, 

Poletti et al., 2008). In order to have a standard measure for comparison between 

different neurocognitive domains an equivalent score, between 0 and 4, was 

calculated for each BACS subtest, with a score of 0 or 1 reflecting a poor performance, 

score of 2 and 3 being considered intermediate and 4 revealing a good performance. 
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7.4 Image Acquisition  

 
All imaging was performed on a 3.0 T scanner (Ingenia CX, Philips, The 

Netherlands). Diffusion Tensor images were acquired, using the following 

parameters: repetition time/echo time = 5900/78 ms, FoV (mm) 240 (ap), 129 (fh), 

232 (rl); 56 contiguous, 2.3 mm thick axial slices reconstructed with in-plane pixel 

size 1.88 × 1.88 × 2.30 mm; acquisition matrix 2.14 × 2.73 × 2.30; sensitivity 

encoding acceleration factor = 2; 1 b0 and 40 non-collinear directions of the diffusion 

gradients; b value = 1000 s/mm2. Fat saturation was performed in order to avoid 

chemical shift artifacts. 

Volumetric T1 and T2 examinations were first performed on all subjects in order 

to exclude brain lesions. T1 and T2 images were acquired using the same magnet 22 

Turbo Spin Echo,. T1-weighted MPRAGE sequence had TR 2500 ms, TE 4.6 ms, 

yielding 220 transversal slices with a thickness of 1.6 mm, 256 × 256 matrix and 

230 mm of FOV. T2 axial slices had repetition time = 3000 ms; echo time = 85 ms; 

flip angle = 90°; turbo factor 15; 5mm-thick, axial slices with a 512 × 512 matrix 

and a 230 mm field of view. 

 
 

7.5 Grey Matter Analysis: Voxel-based Morphometry  

 
Structural MRI analysis were conducted using the Computational Atlas Toolbox 12 

(CAT12, http://dbm.neuro.uni-jena.de/cat/) implemented in Statistical Parametric 

Mapping 12 (SPM12, https://www.fil.ion.ucl.ac.uk/spm/) software package.  

Voxel based morphometry (VBM) allows the exploration of the entire brain, 

without specifying regions of interest (ROIs) in advance, through different 

preprocessing steps. 

First, a nonlinear transformation was performed in order to obtain a spatial 

normalization, where all images were registered into the standard template volume 

of the Montreal Neurological Institute (MNI) space, so that they resulted in the same 

space. 

Spatially normalised images were then segmented into GM, WM and cerebrospinal 

fluid (CSF) using the default tissue probability maps (TPM) and smoothed using a 8-

mm full-width at half-maximum (FWHM) isotropic Gaussian kernel, so the intensity 

of each voxel in the smoothed images contains the weighted average of the 

surrounding voxels. 
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We tested if biological analytes have an impact on brain volumes in the whole 

brain. For this purpose, a multiple regression model within the general linear model 

(GLM) framework was carried out. Age, sex, age at illness onset, total intracranial 

volumes and WM hyperintensities were added as nuisance covariates. 

The total intracranial volume was calculated as the sum of the volumes of GM, WM 

and CSF, as estimated by the MATLAB get totals script implemented for SPM   

(http://www0.cs.ucl.ac.uk/staff/g.ridgway/vbm/get_totals.m).  

WM hyperintensities were first observed upon visual inspection and later confirmed 

via the SPM12 toolbox LST (v. 3.0.0), using the Lesion growth algorithm LGA 

(Schmidt, Gaser et al., 2012) with the default threshold 0.3.  

The threshold for significance was p < 0.05 and the Family Wise Error (FWE) was 

corrected for multiple comparisons. Brain region labels were determined through 

Wake Forest PickAtlas software (https://fmri.wfubmc.edu/software/PickAtlas), 

provided by SPM. 

 
 

7.6 Diffusion Tensor Imagining: data processing and analysis 

Diffusion Tensor Imaging (DTI) (Assaf & Pasternak, 2008) is a non-invasive in vivo 

Magnetic Resonance Imaging (MRI) technique which estimates water diffusion in 

biological tissues at a microstructural level, thus allowing the investigation of WM 

architecture and integrity in the brain. 

DTI is based on the molecular Brownian motion explained by Einstein in 1905: any 

molecule placed in a fluid, where there are no boundaries (i.e. CSF) will spread 

randomly in all directions (Horsfield & Jones, 2002). This kind of diffusion is called 

isotropic and can be represented by a sphere. 

On the contrary, if there are boundaries (i.e. along the fiber tracts), the molecular 

diffusivity is restricted and diffusion is called anisotropic. The anisotropic diffusion 

can be represented by an ellipsoid and is typical of several biological tissues, including 

WM (Beaulieu, 2009). In fact, neural axons are covered by insulating sheaths of 

myelin that drive the molecules along a particular direction, lowering their chance to 

flow out of the axonal walls. Also, axon membrane, microtubules and neurofilaments 

contribute to giving preferential directions.  

DTI applies a tensor model of water diffusion for each voxel, allowing a voxel-wise 

extraction of parameters which define the diffusion. The anisotropic diffusion is 

determined by three eigenvectors and their eigenvalues. The eigenvalues reflect the 



 

 
112 

diffusivity entity along each directions and the derived eigenvectors is informative of 

the orientation of the direction.  

The eigenvector corresponding to the largest eigenvalue (λ1) represents the 

longest axis of the ellipsoid and it is called axial diffusivity (AD) which reflect the 

principal diffusivity direction.  

"# = %! 
 

The average of the other two eigenvalues (λ2 and λ3), perpendicular to the first one, 

corresponds to radial diffusivity (RD). 

 

&# = %" + %#
2  

 

The average of the three eigenvalues is mean diffusivity (MD), which is the mean 

molecular diffusion within a voxel.  

)# = %! + %" + %#
2  

 

Fractional anisotropy (FA) indicates the degree to which diffusion is directionally 

constrained. FA is a scalar measure and is calculated as: 

 

*" = +32+
(%! − %)" + (%" − %)" + (%# − %)"

%! + %" + %#
 

 

FA value ranges from 0, that indicates an isotropic diffusion meaning no preferred 

direction, to 1, which indicates an anisotropic diffusion characterized by an 

unidirectional movement.  

The combination of multiple DTI indexes has been reported to be of help in 

understanding the several processes underlying microstructural modifications 

(Cherubini, Peran et al., 2010) and in overcoming misleading interpretations related 

to the study of FA values alone  (Alexander, Hurley et al., 2011). In fact while FA 

reflects the integrity of WM, AD, RD and MD give more specific information about the 

biological mechanisms related to the observed FA alterations (Sun, Song et al., 

2003). Moreover investigation of the difference in FA values alone may be misleading. 

Specifically, diminished FA provide information about fiber density and coherence 

within a voxel, while low AD represents axonal injury and dysfunction and its 

decrease has been often reported in ischemic diseases (Boretius, Escher et al., 2012). 
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Moreover, an increase in RD seems to reflect a drug-induced demyelination, a 

deficient myelination and loss of myelin following axonal injury (Song, Yoshino et al., 

2005), thus indicating alterations in myelin integrity. Finally MD is informative of an 

increased extracellular space and decreased membrane density (Schulte, Sullivan et 

al., 2005), suggesting a cytoarchitecture change due to tissue immaturity or 

degeneration after injury (Sen & Basser, 2005). 

 

7.6.1 TBSS 

 

Tract-Based Spatial Statistic (TBSS) is a whole brain fully-automated method set 

up by Smith and colleagues (Smith, Jenkinson et al., 2006), that tried to overcome 

VBM and tractography limitations. Indeed it is an approach that does not need a 

spatial smoothing or a pre-definition of the ROIs and is based on projecting data into 

a common space, through a non-linear registration, and then a projection into the 

mean FA skeleton, an alignment-invariant tract representation (Smith et al., 2006).  

TBSS analysis requires several steps that involve an 1) intra-subject pre-

processing, 2) an inter-subject pre-processing and 3) GLM statistics. 

1) Images of each subject are corrected for head movements and eddy 

currents; then BET v2 (Brain Extraction Tool) Software (Smith, 2002) 

performs a brain’s extraction in order to exclude non-brain regions; finally 

a diffusion tensor model is fitted within each voxel of the subject’s image. 

2) – Identification of the target for alignment: The most suitable FA image 

is chosen to be the target for non linear registrations. It can be the most 

typical subject in the sample or a pre-defined FMRIB_58 template 

generated by averaging 58 FA images in MNI152 space. 

- Non-linear alignment: All FA images are  aligned to the selected 

target and the resulting dataset is then normalized into a 1x1x1 mm3 

MNI152 space, by running FMRIB’s nonlinear image registration tool 

(FNIRT) (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FNIRT). 

 - Generation of FA image and skeleton: A mean FA volume, obtained 

from the averaged FA images, is thinned to obtain a mean FA skeleton, 

which represents the centres of all common tracts: a tubular fiber bundle 

is delineated by its central line, whereas a larger surface sheet is 

represented by a sheet. 

The mean_FA_skeleton is created by finding a surface bundle and 

identifying, through the maximization principle, those voxels 
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(perpendicular to bundle orientation) with highest FA within each cube, 

that represent the tract centre. 

3×3×3 mm3 cubes are examined one at a time: the centre of gravity 

of FA values is considered as “close” if it lies closer than a 0.1 mm to the 

centre of the cube, if not it is “far”. If the centre of gravity is in the middle 

of the cube it means that it corresponds to the highest FA, which includes 

the tract centre. As a consequence, high FA values will be found in the 

neighbouring voxels, while lower FA will be detected along radial 

direction. Once the skeleton tracts are identified, a thresholding strategy 

between 0.2 and 0.3 is applied, in order to not include brain areas where 

an adequate tract correspondence between subjects is unlikely, such as 

GM and CSF. Junctions represent problematic points, where the skeleton 

may appear disconnected given that it is not possible to delineate the 

perpendicular direction to the tracts where fibres cross.  

- Projection of single-subject FA into the skeleton: in order to account 

for residual misalignments between subjects, a skeleton distance map for 

each subject’s FA image, representing the distance of the voxel from the 

nearest skeleton tract, is generated. This step allows to limit the search 

for the highest FA values only to the voxels that lie close enough to the 

skeleton end it ensures an alignment between the skeleton and the 

subject’s FA image without a perfect nonlinear pre-registration. 

- Statistics and thresholding: Voxel-wise cross-subjects statistical 

analysis are performed on the 4D image (where the fourth dimension is 

the subject) that results from the merging of every subject’s 

“skeletonized” image on the common skeleton, for each point. Given the 

Gaussianity of the cross-subject null distribution of FA values for any 

given voxel, simple parametric regression and inference can be performed 

in the contest of the General Linear Model (GLM). 

In order to ensure a multiple-comparison correction, a permutation-

based approach seems to be the most appropriate one for TBSS data 

(Nichols & Holmes, 2002): a statistic test (e.g., voxel t-value) is tested 

against the null distribution (obtained from multiple random permutations 

of subjects) of maximum values of the statistic test.  

This enables to control for family wise errors (FWE) while searching for 

regions of significant effect within the entire skeleton. A strong point of 

this approach is the decrease in the number of tests: fewer tests implicate 

a less severe multiple comparisons problem. After permutations, the 
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resulting statistical inference p-values are corrected through a Threshold-

Free Cluster Enhancement (TFCE) method that aims to increase areas of 

signal within cluster-like regions in order to better discriminate them from 

noise, thanks to thresholding. 

We used a general linear model to evaluate the effect of biological 

analytes on all the DTI measures across the WM skeleton. Nuisance 

covariates which could affect WM microstructure were included in the 

models: sex, age, age at illness onset, imipramine equivalents 

Our data were tested, through 5000 permutations for every contrast, 

against a null distribution. We retained results that have a corrected 

P<.05 with a cluster size of k > 100. 

Although TBSS overcomes many disadvantages of previous DTI methods, improving 

sensitivity, objectivity, and interpretability of multi-subjects DTI analyses it still 

presents some faults. In fact, even if this approach is able to correct for head 

movements and eddy currents, some factors can interfere and cause biases. For 

example errors can occur when comparing group of patients with healthy subjects, 

where patients may have greater head motion than the controls. Moreover a cautious 

interpretation is needed when regions of crossing fibers or tract junctions are 

considered. A diminished FA in these points may be due to the increase of a crossing 

bundle instead of a real decrease of flux in the axial direction of the examined fibers. 

Finally, it is possible that some pathologies, as cancers or strokes, could reduce FA 

so strongly that potential areas of interest may be erroneously excluded from the 

analysis when threshold is applied. Anyway, this situation is improbable, since these 

pathologies are better investigated with other methods.  

 

7.7 ROI-based ENIGMA-DTI protocol of white matter analysis 

 
Whole-brain tract averages of FA, AD, RD and MD were extracted following 

ENIGMA-DTI protocols (http://enigma.ini.usc.edu/protocols/dti-protocols/). Using  

FMRIB Software Library (FSL) tools, DTI images were pre-processed. Specifically, 

“eddy correct” command corrected all volumes for head movements and distortions. 

Next, BET generated a brain mask (Smith, 2002), to exclude non-brain tissues. 

Finally, DTIFIT allowed the fitting of a voxel-wise diffusion tensor model to the data 

in order to obtain parametric maps of FA.  
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Whole brain statistical analyses of all subject’s FA images were then performed 

using TBSS method. All subject’s FA data have been aligned to the MNI space, then 

their average was generated, and a “thinning” process was employed to create a 

skeletonized mean FA image that reflect the centers of all common tracts. A threshold 

of 0.2 was applied to the resultant image to account for inter-subject variability and 

minimize the likelihood of partial volume effect. 

Finally, all individual FA image were projected into the skeleton by searching for 

maximum FA values (Smith et al., 2006). The average FA values were computed 

from voxels in the WM skeleton of each subject within 43 regions of interest (ROIs), 

obtained from the Johns Hopkins University (JHU) WM parcellation atlas (Mori, Oishi 

et al., 2008) (Table 27). The same procedure was applied to extract average values 

of AD, RD and MD. All measures were separately calculated for right (R) and left (L) 

hemispheres in each ROI, except for body of corpus callosum (BCC), genu of corpus 

callosum (GCC), splenium of corpus callosum (SCC) and fornix (FX). 

 

ACR Anterior corona radiata 
ALIC Anterior limb of internal capsule 
BCC Body of Corpus callosum 
CC Corpus callosum 
CGC Cingulate gyrus 
CGH Cingulum (hippocampal part) 
CR Corona radiata 
CST Cortico-spinal tract 
EC External capsule 
FX Fornix  
FX-ST Fornix - stria terminalis 
IC Internal capsule 
IFO Inferior fronto-occipital fasciculus 
PCR Posterior corona radiata 
PLIC Posterior limb of internal capsule 
PTR Posterior thalamic radiation 
RLIC Rentrolenticular part of internal capsule 
SCC Splenuim of Corpus callosum 
SCR Superior corona radiata 
SFO Superior fronto-occipital fasciculus 
SLF Superior longitudinal fasciculus 
SS Sagittal striatum 
UNC Uncinate fasciculus 

 

Table 22. List of regions of interests (ROIs) derived from John Hopkins University 
(JHU) white matter parcellation atlas in which average DTI values were extracted. 
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7.8 Luminex Quantification  

 
   A venipuncture done between 7:00 am and 9:00 am allowed us to obtain 

peripheral blood samples that were poured into an EDTA Vacutainer tube. Blood was 

then centrifuged (2.000 revolutions per minute (RPM) for 10 min), and plasma was 

stored in 200 µL aliquots at −60◦C. 

Bio-Plex Multiplex Immunoassays were used to analyse plasma samples through 

the Luminex magnetic beads technology (Bio-Rad). This method was chosen has the 

best option for our analyses since it is able to provide a very sensitive quantification 

of different analytes, performed on small quantities of plasma volume, at the same 

time and in a single assay. Thus, improving the efficiency and reducing the total 

amount of time needed for the experiments. 

Four premade multiplex panels were selected in order to study metabolism and 

inflammation: the Bio-Plex ProTM Human Diabetes 10-plex panel, the Bio-Plex ProTM 

Human Diabetes Adipsin and Adiponectin panel, the Bio-Plex ProTM Human Cytokine 

27-plex panel and the Bio-Plex ProTM Human Chemokine 40-plex panel (www.bio-

rad.com). All analytes identified by each plex are listed in the tables 28-30. 

 

Bio-Plex ProTM assays are sandwich immunoassays that quantify (pg/mL) the 

analytes through a magnetic beads system. Magnetic beads are 5.6 microns 

polystyrene microspheres embedded with specific quantities of two fluorescent dyes; 

the combination of these fluorochromes characterizes each bead with a unique 

colour. In addition, beads are bound to antibodies specific to different analytes. 

Incubating the beads in a specific plate, biotinylated detection antibodies are added, 

binding the corresponding analytes. Then, Phycoerythrin (PE)-conjugated 

streptavidin is introduced and binds to the biotinylated detection antibodies.  

The multiplex reading is performed through the Luminex 200TM analyser, a flow-

based dual laser instrument: a red laser (635nm) identify each microsphere and its 

associated analyte based on the colour code of the bead, and a green laser (525nm) 

quantify the amount of analyte using the reporter molecules (determining the 

magnitude of the PE-derived signal). 

 

   All panels were analysed according to the manufacturer’s instructions. Standard, 

which shows the expected concentration for each analyte were produced using the 

premixed lyophilized standards provided in the kits. An 8-points standard curve was 

got following sequential 4-fold dilutions of the standards. Analytes concentrations 

were obtained from the standard curve, through a 5-parameter logistic (5pl) fit curve, 
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developed by Brendan Scientific for the StatLIA immunoassay software, which 

converts the mean fluorescence intensities into concentrations. and provides the best 

results for most assays. Plasma samples were diluted 4-folds and run once. 

The lower limit of quantification (LLOQ) reflects the lowest standard point, while 

the upper limit of quantification (ULOQ) represents the highest valid standard point. 

Bio-Plex Manager Software version 6.1 (Bio-Rad) was used to generate the median 

fluorescence intensities. 

 

Bio-Plex Pro Human Diabetes 10+2-plex 
C-peptide Glucagon Resistin 

Ghrelin Insulin Visfatin 

GIP Leptin Adiponectin 

GLP-1 PAI-1 Adipsin 

      Table 23. Bio-plex Pro-Human Diabetes Analytes (10+2-plex)  

Bio-Plex Pro Human Cytokine 27-plex 
Eotaxin PDGF-BB IL-6 

Basic FGF RANTES IL-7 

G-CSF TNF-α IL-8 

GM-CSF VEGF IL-9 

IFN-γ IL-1β IL-10 

IP-10 IL-1ra IL-12p70 

MCP-1 IL-2 IL-13 

MIP-1α IL-4 IL-15 

MIP-1β IL-5 IL-17 

       Table 24. Bio-plex Pro-Human Cytokine Analytes (27-plex)  

Bio-Plex Pro Human Chemokine 40-plex 
6Ckine/CCL21 Gro-α/CXCL1 IL-16 MIP-1α/CCL3 

BCA-1/CXCL13 Gro-β/CXCL2 IP-10/CXCL10 MIP-1δ/CCL15 

CTACK/CCL27 I-309/CCL1 I-TAC/CXCL11 MIP-3α/CCL20 

ENA-78/CXCL5 IFN-γ MCP-1/CCL2 MIP-3β/CCL19 

Eotaxin/CCL11 IL-1b MCP-2/CCL8 MPIF-1/CCL23 

Eotaxin-2/CCL24 IL-2 MCP-3/CCL7 SCYB16/CXCL16 

Eotaxin-3/CCL26 IL-4 MCP-4/CCL13 SDF-1α+β/CXCL12 

Fractalkine/CX3CL1 IL-6 MDC/CCL22 TARC/CCL17 

GCP-2/CXCL6 IL-8/CXCL8 MIF TECK/CCL25 

GM-CSF IL-10 MIG/CXCL9 TNF-α 

        Table 25. Bio-plex Pro-Human Chemokine Analytes (40-plex)  
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7.9 Immunophenotyping  

 
7.9.1  PBMCs isolation  

 

Whole blood was collected in five EDTA-containing vials (6 mL), then was placed 

in a wide-mouth flask in order to be diluted with Sodium Chloride (NaCl) 0.9% 

solution (30 mL). Since PBMCs differ from other blood cells in terms of physical 

properties, we were able to separate them through a density gradient centrifugation 

using Ficoll-Paque PLUS (GE Healthcare, Uppsala, Sweden) which has a density of 

1.007 g/mL. Dead cells, granulocytes and erythrocytes will move through the Ficoll 

layer, because of their higher density, while monocytes and lymphocytes will 

assemble at the plasma-gradient boundary having a lower density.  

 

Fifteen mL of Ficoll-Paque PLUS were transferred into two 50mL Eppendorf Conical 

Tubes, and diluted blood sample was inserted (30 mL per tube). Tubes were then 

centrifuged at 1800 rpm for 30 minutes at room temperature with no brake to get a 

proper stratification. The upper layer, consisting of plasma and platelets, was drew 

off with a sterile pipette, leaving the PBMCs layer untouched at the interface. Then, 

PBMCs were transferred to a new Eppendorf Conical Tube (50 mL), and washed twice 

with a normal saline solution at 1500 rpm for 10 minutes, in order to eliminate the 

supernatant. PBMCs were again diluted and stained with 10µL of Trypan Blue (Sigma-

Aldrich, St Louis, MO, USA) to asses cell viability. To count the number of living cells, 

PBMCs were placed in a Bürker counting chamber.  

Finally, PBMCs were frozen with 90% Fetal Bovine Serum (FBS) plus 10% dimethyl 

sulfoxide (DMSO). Depending on the available PBMCs number, each sterile cryogenic 

vials were prepared containing 1mL of the freezing medium with 10x106 PBMCs and 

were stored in liquid nitrogen at -192°.  

 

7.9.2 Flow-cytometry Multiparametric Analysis  

 

PBMCs vials were extracted from liquid nitrogen, defrosted in a 37°C water bath 

(1-2 minutes) to diminish any cell membranes damage and washed by centrifugation 

at 1500 rpm for 7 minutes to remove the freezing medium. 

Cells were then resuspended in 650µL of Roswell Park Memorial Institute (RPMI) 

1640 Biowhittaker medium (having 10% FBS Gibco, 1% L-Glutamine and 1% 

Penicillin Streptomycin) and were deposed in a 96 well-plate (1 x 106 cells in each 

well).  
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Four ad hoc panels were generated for immunophenotyping: one comprised only 

surface markers and the other three included both surface and intracellular markers. 

Panels are listed below: 

1) Lymphocytes and Mait Panel 

2) Cytotoxic T-lymphocytes, NK and T γδ Panel 

3) T-lymphocytes and NK cells cytokines Panel 

4) T-regulatory lymphocytes Panel 

 

Antibodies (Ab) were titrated to dispose the exact dilution needed for cells probing. 

Cytokines are typically expressed at low levels in resting cells, so panels 2 and 3 

need a two hours stimulation for the intracellular staining consisting of further steps 

and different buffers compared to a simple surface antibody staining. The solution 

used for PBMCs stimulation is composed of phorbol 12-myristate 13-acetate (PMA) 

(30ng/mL) (Sigma-Aldrich) and Ionoyicin from Streptomyces Conglobatus 

(300ng/mL). PMBCs were divided into two different 96-well plates (the stimulated 

sample and the unstimulated one that function as control) for each panel. After 

stimulation cells were re-suspended, and diluted (1:100) Brefeldin A (GolgiPlug) was 

added to each well to retain cytokines within the cells; then, cells rested for 2 hours 

at 37°C CO2.  

 

   After the incubation time, the 96-well plates were washed with staining buffer 

by centrifugation at 1200 rpm for 5 minutes, and the supernatant eliminated.  

Then the staining protocol was performed. Cells from all panels were marked with 

the LIVE/DEAD Fixable Aqua Dead Cell Stain (1:100, LIVE/DEAD Fixable Aqua Dead 

Cell Stain Kit, Invitrogen, Thermo Fisher) to assess cells viability. After 20 minutes 

at 4°C, cells were put again in the vortex at 1200 rpm for 5 minutes to be washed.  

   Then specific mixes of primary fluorochrome-conjugated antibodies for each 

panel were prepared and stored at 4° C until their use. For the surface staining a 

particular staining buffer (Stain Buffer – FBS, BD Pharmingen) able to maximize 

fluorochromes fluorescence signal intensities was used. Instead, buffers for 

intracellular staining differ based on the panel: BD Perm/Wash Buffer for panel 2 and 

3, and diluted (1:10 in distilled H2O) eBioscience Perm/Wash Buffer for panel 4.  

   Firstly, surface antibodies mix (100 µL) was added to the panels, and the 96-

well plate was incubated for 20 minutes at 4°C in dark room. Then, cells were washed 

with staining buffer at 1200 rpm for 5 minutes, and the supernatant discarded.  

After that, before proceeding to intracellular staining, for panel 2 and 3, the 

Cytofix/Cytoperm Plus Fixation/Permeabilization set Kit was utilized (BD 
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Biosciences); whereas for panel 4 FoxP3-staining buffer set toolkit (eBioscience) was 

added. One-hundred µL of the previously diluted buffers were then added and the 

96-well plate was centrifugated at 1200 rpm for 5 minutes.  

 

Once staining processes were completed, cells were re-suspend in 200 µl PBS 1X, 

2% FBS and relocated into 5mL round-bottom polypropylene tubes (Falcon) in order 

to be analysed with the BD FACSymphony A5 Cell Analyzer (BD Biosciences). We 

used FlowJo v 10.7.1 software (Tree Star Inc, Ashland, Oregon, USA) to analyse 

acquired data. An 8-peak Rainbow calibration particles (BioLegend) acquisition was 

performed before each experiment to assess the consistency of data collected in 

different sessions. 

 

7.9.3 Gating strategies  

 

The gating strategy allows us to define and identify different cells sub-populations 

based on markers expression, morphology, and Fluorescence Minus One (FMO) 

controls, drawing a gate around the examined population. 

   For all panels, the first gating strategy was based on a morphological gating and 

lymphocytes were detected: the Forward (FSC-A) and Side scatter (SSC-A) enable 

to discriminate cells based respectively on their size and complexity. Lymphocytes in 

fact have smaller size than monocytes and differ from both granulocytes and 

monocytes because of less granules.  

The following gate was drawn to distinguish between live and dead cells, thanks 

to the LIVE/DEAD Aqua stain that enters only in dead cells, due to cell membrane 

damage. Then, single cells were selected from live cells. 

Hereafter, a specific gating strategy proceed for all the panels, choosing different 

markers based on the panel analysed. 

 

   The gating strategy of panel 1 is illustrated in the picture below and allow us to 

characterize lymphocytes, obtained with a surface staining. From single cells, T-

lymphocytes were identified and gated by expression of CD3 marker. Then, Tγδ 

lymphocytes (CD3+Vd1-Vd2+) were classified thorugh the expression of both CD3 

and Vd1-Vd2.  

Starting from CD3+ T-cells, another gating strategy was applied to differentiate 

Mucosal Associated Invariant T-cells (MAIT), which express TCR Vα7.2, from CD3+ 

non-MAIT T-cells. Within MAIT cells, CD161 expression enable a further 

characterization (CD3+Vα7.2+CD161+). 
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Moreover, the CD3+ Vα7.2- T-cells were gated by the expression of CD4 and CD8 

to define T-helper (CD4+), cytotoxic T-cells (CD8+) and double negative T-cells (CD4-

CD8-). The use of CD27 and CD45RA markers classified memory (primed) cells within 

both CD4+ and CD8+ T cells:  

- naϊve cells (CD45RA+CD27+) 

- central memory (CM) cells (CD45RA-CD27+) 

- effector memory (EM) cells (CD45RA-CD27-)  

- terminally differentiated effector memory (TEMRA) cells (CD45RA+CD27-) 

A last differentiation of naϊve cells, CM and EM cells, was performed considering 

the relative expression of both CD69 and CD25. 
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Figure 49. Gating strategy for Lymphocytes and Mait Panel 
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Panel 2 discriminates the cytotoxic activity of NK cells, CD8+ and T ϒδ lymphocytes: 

CD3 and CD56 markers were applied to distinguish both NK cells (CD3-CD56+) and 

T-lymphocytes (CD3+CD56-). Within T-cells, a further classification discriminate T 

ϒδ lymphocytes which express both Vd1 and Vd2 (CD3+Vd1Vd2+) and CD8+ 

lymphocytes based on the expression of CD4 or CD8. Moreover naϊve, CM, EM, and 

TEMRA cells were differentiated within CD8+ subpopulation. On NK cells, T ϒδ 

lymphocytes, and different memory CD8+ T-cells, the expression of both Granzyme 

and Perforin was measured in order to study the activation of cytotoxic mechanisms 

and the following secretion of granulocytes.  

Figure 50. Gating strategy for Cytotoxic T-lymphocytes, NK and T γδ Panel 
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In the third panel we gated for cytokines release by NK and T lymphocytes, to get 

a view of functional settings. CD3 and CD56 markers were used to distinguish T-

lymphocytes (CD3+CD56-) and NK cells (CD3-CD56+). To identify T-helper (CD4+) 

and cytotoxic T-cells (CD8+), CD3+ T lymphocytes were marked with CD4 and CD8. 

Then, in NK+, CD4+, and CD8+ we looked for the expression of GM-CSF, IL-2, IL-4, 

IL-17, IFN-γ, and TNF-α.  

 
 

 
Figure 51. Gating strategy for T-lymphocytes and NK cells cytokines Panel 
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Finally, the purpose of panel 4 is to characterize T-regulatory (T-reg) lymphocytes. 

Starting from CD3+ T-cells subpopulation, based on the expression of CD4 and CD25 

markers, T-reg lymphocytes (CD4+CD25high) were identified. Another gate was set to 

further characterized T-reg cells, through the expression of the transcription factor 

FoxP3 and CD39. Lastly, FoxP3+CD39+ cells subset were classified as activated 

(FoxP3+CD39+CD49d+) and un-activated (FoxP3+CD39+CD49d-) T-regs, according to 

CD49d marker expression. 

 
Figure 52. Gating strategy for T-regulatory lymphocytes Panel 
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7.10  Statistical Analysis  

 
 
Matching routine was run within R version 3.6.3 using the package MatchIt version 

4.2.0 (Stuart EA, 2011) (https://www.jstatsoft.org/v42/i08/), with the aim of 

creating MDD and control groups balanced on included covariates (age, sex). HC and 

MDD patients were matched using cardinality matching method that identify the 

largest subset of the MDD subjects that satisfies the balance constraints with respect 

to the HC group, which is left intact. 

 

Analyses between MRI acquisition and Luminex and Flow-cytometry data are 

detailed for each brain imaging modality at the end of their respective section.  

Statistical analyses were performed with SPSS software package version 25.0. 

Independent t-test analyses were performed in order to evaluate significant 

differences between MDD patients and HC in relation to inflammatory markers, and 

between normal and overweight/obese group in relation to metabolic and 

inflammatory markers. Moreover, Pearsons’ correlations between stress, cognitive 

functions and inflammatory markers were computed to test for their associations. 

To test the hypothesis of inflammation mediating the possible effects of both early 

and recent stress on WM tracts, we performed a multiple regression mediation 

analysis, with the PROCESS macro for SPSS and SAS, version 3.5 (Hayes, 2017). 

The average FA, AD, RD and MD measures of specific WM tracts extracted using 

the ENIGMA-DTI protocol were included in the analyses. An accurate review of the 

literature shown that the most reported WM tracts affected by stress were the 

uncinate fasciculus (Eluvathingal et al., 2006, Lautarescu et al., 2020), the 

longitudinal fasciculus, the cingulum (Choi et al., 2009) and the corpus callosum 

(Paul, Henry et al., 2008, Siehl, King et al., 2018), so we focused our attention on 

these fiber tracts and we included them as dependent variables in a Multivariate 

Regression within the context of the general linear model, (Kim & Timm, 2006, 

McCulloch & Searle, 2004), with early and recent stress as independent factor. Levels 

of significance of the observed regressions emerged only for the uncinate fasciculus. 

We then selected cytokines that have been previously found to be associated to 

both early and recent stress in our sample.  Given that a high inter-correlation of 

these cytokines was expected, multicollinearity was diagnosed by calculating the 
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variance inflation factor (VIF). In the presence of an average VIF substantially > 1, 

that indicates that predictors have linear relationships among themselves that might 

bias regression (Ziegel, 1991) multicollinearity was corrected by principal component 

analysis (PCA) (Dormann, Elith et al., 2013, Lafi & Kaneene, 1992). 

PCA was performed to identify orthogonal directions of maximum variance in the 

original data, and to project the data into a lower-dimensionality space formed of a 

sub-set of the highest-variance component(s), detected according to the least 

squares criterion. In the presence of significant effects, and eigenvalues for the 

component(s) >1, the score of the component was then extracted and used as 

predictor variable to test the combined effect of the original collinear factors on the 

uncinate (left and right) tracts. Mediation model was then performed with age and 

imipramine equivalents as nuisance covariates. The R2 was computed as mediation 

effect size measure (Fairchild, MacKinnon et al., 2009) while the Sobel test was used 

to evaluate the effect size of the indirect effect (Sobel, 1982). 

Moreover, to test the hypothesis of immune/inflammatory markers moderating 

the possible effects of WM alterations on cognitive functioning, a hierarchical multiple 

regression was performed using the PROCESS macro for SPSS and SAS, version 3.5, 

with 5.000 bootstrap resamples to generate 95% confidence percentile intervals. 

Variables were mean centered prior to analysis. Conditional effects of a) WM 

alterations on cognitive functions at values of the moderator and interaction plots 

were used to interpret the moderation effects. To test the hypothesis, the average 

FA measure of WM tracts found, in previous studies, to be involved in cognitive 

functions were extracted using the ENIGMA-DTI protocol. Specifically, the fronto-

occupital fasciculus, the longitudinal fasciculus, the uncinate fasciculus, the corona 

radiata, the thalamic radiations, the corpus callosum and fornix (Meinert et al., 2021, 

Sexton et al., 2012). Correlational analyses were performed to identify the 

inflammatory markers associated with cognitive domains.  

Moderation analyses were corrected for education, sex and onset. 

 

Finally, to test the relationship between BMI and inflammatory markers that differ 

between normal weight and overweight/obese subjects,we extracted the mean 

values of significant DTI measures for each subject from a mask including those 

tracts of the whole brain skeleton, where we observed an effect of 

metabolic/inflammatory markers in the TBSS analysis. We then performed multiple 

regressions in the context of the GLM: by using BMI and immunometabolic markers 
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as independent factors, and measures of WM matter integrity as dependent 

variables; and by modelling a BMI x immunometabolic marker interaction term;. 

Values entered in the analysis had been centred. 
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9 APPENDIX/CES  
 
 

Radial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.05±0.01 
 

 
716 
 
-7   28   11 (Forceps minor) 
 

L  Anterior corona radiata 
L Superior corona radiata 
Genu of corpus callosum 
Body of corpus callosum 

 

 
520 
 
20   42   -3 (R Uncinate fasciculus) 
 

R Anterior corona radiata 
Genu of corpus callosum 
R Anterior thalamic radiation 
Forceps minor 

 
Appendix Table A.1. Effect of CD3+CD8+EM+CD69+ cells percentage on DTI measures 
of WM microstructure. First column shows mean and standard deviation of the clusters. In 
the second column, dimensions of clusters (number of voxels, mm3) and localization of signal 
peaks (MNI coordinates) are given for regions showing maximal effects at TBSS values (signal 
peaks) The third column lists the WM tracts significantly affected by CD3+CD8+EM+CD69+ cells 
percentage in the clusters. 

 
 
 
Fractional 
Anisotropy 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
 
0.47±0.11 
 

 
 
7829 
 
-22   24   -1 (L Anterior corona 
radiata) 
 
 
 

 
R Anterior corona radiata 
L Posterior corona radiata 
L External capsule 
L Corticospinal tract 
L Superior fronto-occipital fasciculus 
L Superior longitudinal fasciculus 
L Posterior thalamic radiation 
L Anterior thalamic radiation 
L Superior corona radiata 
L Uncinate fasciculus 
L Inferior longitudinal fasciculus 
L Inferior fronto-occipital fasciculus 
L Anterior limb of internal capsule 
L Posterior limb of internal capsule 
L Retrolenticular part of internal capsule 
Genu of corpus callosum 
Splenium of corpus callosum 
Forceps minor 
 

 

2187 
 
23   24   0 (R Anterior corona 
radiata) 

 
R Cerebral peduncle 
R Anterior limb of internal capsule 
R Posterior limb of internal capsule 
R Superior corona radiata 
R External capsule 
R Superior longitudinal fasciculus 
R Superior fronto-occipital fasciculus 
R Anterior thalamic radiation 
R Corticospinal tract 
R Inferior fronto-occipital fasciculus 
 

 

1901 
 
20   24   35 (R Superior corona 
radiata) 

R Anterior corona radiata 
R Anterior thalamic radiation 
R Corticospinal tract 
Forceps minor 



 

 
174 

 

 
1087 
 
-30   17   38 (L Anterior corona 
radiata) 
 

L Superior longitudinal fasciculus 

 

326 
 
8   -19   1 (R Anterior thalamic 
radiation) 

R Cerebral peduncle 
R Posterior limb of internal capsule 

 

186 
 
-11   -40   12(Splenium of corpus 
callosum) 

Forceps major 

 

 
126 
 
-31   5   38 (L Anterior thalamic 
radiation) 
 

L Superior longitudinal fasciculus 

Radial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.05±0.01 
8731 
 
-16   32   -16 (Forceps minor) 

 
Bilateral Anterior thalamic radiation 
Bilateral Superior corona radiata 
Bilateral Inferior fronto-occipital fasciculus 
Bilateral External capsule 
Bilateral Anterior corona radiata 
R Cingulum (cingulate gyrus) 
L Anterior limb of internal capsule 
L Corticospinal tract 
L Uncinate fasciculus 
L Superior longitudinal fasciculus 
L Posterior limb of internal capsule 
L Posterior corona radiata 
L Superior fronto-occipital fasciculus 
Genu of corpus callosum 
Body of corpus callosum 
Splenium of corpus callosum 
Forceps minor 
 

 
Appendix Table A.2. Effect of CD3+CD8+ NAIVE cells percentage on DTI measures of 
WM microstructure. First column shows mean and standard deviation of the clusters. In the 
second column, dimensions of clusters (number of voxels, mm3) and localization of signal 
peaks (MNI coordinates) are given for regions showing maximal effects at TBSS values (signal 
peaks) The third column lists the WM tracts significantly affected by CD3+CD8+ NAIVE cells 
percentage in the clusters.  
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Fractional 
Anisotropy 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
 
0.50±0.09 
 

 
 
 
 
 
1309 
 
-22   21   9 (L Anterior Corona 
Radiata) 
 
 
 

 
L Uncinate fasciculus 
L Superior longitudinal fasciculus 
L Anterior limb of internal capsule 
L Posterior limb of internal capsule 
L Anterior corona radiata 
L Superior corona radiata 
L External capsule 
L Superior fronto-occipital fasciculus 
L Anterior thalamic radiation 
L Inferior fronto-occipital fasciculus 
 

 

 
893 
 
17   16   0 (R Anterior limb of 
internal capsule) 

 
R Anterior limb of internal capsule 
R Posterior limb of internal capsule 
R Anterior corona radiata 
R Superior corona radiata 
R Superior fronto-occipital fasciculus 
R Inferior fronto-occipital fasciculus 
R Anterior thalamic radiation 
 

 

210 
 
-27   -29   17 (L Retrolenticular 
part of internal capsule) 

 
L Posterior limb of internal capsule 
L Retrolenticular part of internal capsule 
L Posterior thalamic radiation 
L Posterior corona radiata 
L Corticospinal tract 
 

 
Appendix Table A.3. Effect of CD3+CD8+ TEMRA cells percentage on DTI measures of 
WM microstructure. First column shows mean and standard deviation of the clusters. In the 
second column, dimensions of clusters (number of voxels, mm3) and localization of signal 
peaks (MNI coordinates) are given for regions showing maximal effects at TBSS values (signal 
peaks) The third column lists the WM tracts significantly affected by CD3+CD8+ TEMRA cells 
percentage in the clusters.  
 
 
 

Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
 
0.12±0.01 
 

 
 
 
30017 
 
12   -63   36 (R Inferior fronto-
occipital fasciculus) 
 
 
 

 
R Anterior corona radiata 
R Superior corona radiata 
R Posterior corona radiata 
R External capsule 
R Posterior thalamic radiation 
R Superior longitudinal fasciculus 
R Corticospinal tract 
R Uncinate fasciculus 
R Anterior thalamic radiation 
R Anterior limb of internal capsule 
Body of corpus callosum 
Splenium of corpus callosum 
Genu of corpus callosum 
Forceps minor 
 

Mean 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 
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0.07±0.01 

2932 
 
13   9   29 (Body of corpus 
callosum) 

 
R Superior corona radiata 
R Posterior corona radiata 
R Posterior thalamic radiation 
R Superior longitudinal fasciculus 
R Corticospinal tract 
Body of corpus callosum 
Splenium of corpus callosum 
 

 

2247 
 
19   39   -2 (R Anterior Corona 
radiata) 

 
R External capsule 
R Anterior limb of internal capsule 
R Anterior thalamic radiation 
R Anterior corona radiata 
R Inferior fronto-occipital fasciculus 
R Uncinate fasciculus 
Genu of corpus callosum 
Forceps minor 
 

 

1766 
 
-21   -61   31 (L Anterior thalamic 
radiation) 

L Posterior corona radiata 
L Posterior thalamic radiation 
L Superior longitudinal fasciculus 
L Corticospinal tract 

 
Appendix Table A.4. Effect of by CD3+Tγδ+ cells percentage on DTI measures of WM 
microstructure. First column shows mean and standard deviation of the clusters. In the 
second column, dimensions of clusters (number of voxels, mm3) and localization of signal 
peaks (MNI coordinates) are given for regions showing maximal effects at TBSS values (signal 
peaks) The third column lists the WM tracts significantly affected by CD3+Tγδ+ cells percentage 
in the clusters. 

 
 
 
Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
 
0.11±0.01 
 

 
 
 
 
 
9471 
 
-36   -23   33 (L Superior 
longitudinal fasciculus) 
 
 
 

 
L Anterior limb of internal capsule 
L Anterior corona radiata 
L Superior corona radiata 
L Posterior corona radiata 
L Posterior thalamic radiation 
L External capsule 
L Superior longitudinal fasciculus 
L Anterior thalamic radiation 
L Corticospinal tract 
L Inferior fronto-occipital fasciculus 
L Uncinate fasciculus 
Genu of corpus callosum 
Body of corpus callosum 
Splenium of corpus callosum 
Forceps major 
Forceps minor 
 

 

7924 
 
17   20   43 (R Anterior corona 
radiata) 

 
R Anterior limb of internal capsule 
R Posterior corona radiata 
R Superior corona radiata 
R External capsule 
R Posterior thalamic radiation 
R Superior longitudinal fasciculus 
R Uncinate fasciculus 
R Anterior thalamic radiation 
R Inferior fronto-occipital fascIculUs 
R Corticospinal tract 
Forceps minor 
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Forceps major 
Genu of corpus callosum 
Body of corpus callosum 
Splenium of corpus callosum 

 
Appendix Table A.5. Effect of by CD3+Tγδ+ Perf+Grz+ cells percentage on DTI 
measures of WM microstructure. First column shows mean and standard deviation of the 
clusters. In the second column, dimensions of clusters (number of voxels, mm3) and 
localization of signal peaks (MNI coordinates) are given for regions showing maximal effects 
at TBSS values (signal peaks) The third column lists the WM tracts significantly affected by 
CD3+Tγδ+ Perf+Grz+ cells percentage in the clusters.  

 
 
 
Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
 
0.48±0.10 
 

 
 
 
5614 
 
 -40   -25   30 (L Superior 
longitudinal fasciculus) 
 
 
 

 
L Anterior limb of internal capsule 
L Posterior limb of internal capsule 
L Retrolenticular part of internal capsule 
L Anterior corona radiata 
L Superior corona radiata 
L Posterior corona radiata 
L External capsule 
L Fornix 
L Superior longitudinal fasciculus 
L Superior fronto-occipital fasciculus 
L Anterior thalamic radiation 
L Corticospinal tract 
L Inferior fronto-occipital fasciculus 
L Uncinate fasciculus 
Forceps minor 
 

 

 
2541 
 
36   -32   5 (R Retrolenticular part 
of internal capsule) 

 
R Anterior limb of internal capsule 
R Posterior limb of internal capsule 
R Retrolenticular part of internal capsule 
R Anterior corona radiata 
R Superior corona radiata 
R Posterior corona radiata 
R Posterior thalamic radiation 
R Anterior thalamic radiation 
R Superior longitudinal fasciculus 
R External capsule 
R Superior fronto-occipital fasciculus 
R Inferior fronto-occipital fasciculus 
R Inferior longitudinal fasciculus 
R Corticospinal tract 
 

 

1312 
 
-42   -30   -7 (L Inferior 
longitudinal fasciculus) 

 
Retrolenticular part of internal capsule 
Posterior corona radiata 
Posterior thalamic radiation 
External capsule 
Inferior fronto-occipital fasciculus 
Inferior longitudinal fasciculus 
 

 

122 
 
26   17   -10 (R Uncinate 
fasciculus) 

R Anterior corona radiata 
R External capsule 
R Inferior fronto-occipital fasciculus 
R Uncinate fasciculus 

 
Appendix Table A.6. Effect of NK+ cells percentage on DTI measures of WM 
microstructure. First column shows mean and standard deviation of the clusters. In the second 
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column, dimensions of clusters (number of voxels, mm3) and localization of signal peaks (MNI 
coordinates) are given for regions showing maximal effects at TBSS values (signal peaks) The 
third column lists the WM tracts significantly affected by NK+ Perf-Grz- cells percentage in the 
clusters.  

 
 
 
Fractional 
Anisotropy 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.45±0.11 
 

 
35112 
 
28   -15   28  (R Superior corona 
radiata) 
 

 
Bilateral Corticospinal tract 
Bilateral Inferior cerebellar peduncle 
Bilateral Superior cerebellar peduncle 
Bilateral Anterior limb of internal capsule 
Bilateral Posterior limb of internal capsule 
Bilateral Retrolenticular part of internal 
capsule 
Bilateral Anterior corona radiata 
Bilateral Superior corona radiata 
Bilateral Posterior corona radiata 
Bilateral Posterior thalamic radiation 
Bilateral External capsule 
Bilateral Fornix 
Bilateral Superior longitudinal fasciculus 
Bilateral Superior fronto-occipital fasciculus 
Bilateral Anterior thalamic radiation 
Bilateral Inferior fronto-occipital fasciculus 
Bilateral Inferior longitudinal fasciculus 
Bilateral Uncinate fasciculus 
L Cingulum (cingulate gyrus) 
Middle cerebellar peduncle 
Body of corpus callosum 
Splenium of corpus callosum 
Forceps major 
Forceps minor 
 

Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.11±0.02 

 
 
 
47782 
 
 
29   -23   8   
(R Retrolenticular part of internal 
capsule) 
 

 
Bilateral Corticospinal tract 
Bilateral Inferior cerebellar peduncle 
Bilateral Superior cerebellar peduncle 
Bilateral Anterior limb of internal capsule 
Bilateral Posterior limb of internal capsule 
Bilateral Anterior corona radiata 
Bilateral Superior corona radiata 
Bilateral Posterior corona radiata 
Bilateral Anterior thalamic radiation 
Bilateral Posterior thalamic radiation 
Bilateral External capsule 
Bilateral Cingulum (cingulate gyrus) 
Bilateral Fornix 
Bilateral Superior longitudinal fasciculus 
Bilateral Superior fronto-occipital fasciculus 
Bilateral Uncinate fasciculus 
Bilateral Inferior fronto-occipital fasciculus 
Bilateral Inferior longitudinal fasciculus 
R Cingulum (hippocampus) 
L Retrolenticular part of internal capsule 
Forceps major 
Forceps minor 
Genu of corpus callosum 
Body of corpus callosum 
Splenium of corpus callosum 
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Appendix Table A.7. Effect of CD3+CD4+ cells percentage releasing IL-4 on DTI 
measures of WM microstructure. First column shows mean and standard deviation of the 
clusters. In the second column, dimensions of clusters (number of voxels, mm3) and 
localization of signal peaks (MNI coordinates) are given for regions showing maximal effects 
at TBSS values (signal peaks) The third column lists the WM tracts significantly affected by 
CD3+CD4+IL-4+ cells percentage in the clusters.  

 
 
 
Fractional 
Anisotropy 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
 
0.47±0.12 
 

 
 
 
 
 
49604 
 
27   -14   26 (R Superior corona 
radiata) 
 
 
 

 
Bilateral Corticospinal tract 
Bilateral Medial lemniscus 
Bilateral Inferior cerebellar peduncle 
Bilateral Superior cerebellar peduncle 
Bilateral Cerebral peduncle 
Bilateral Anterior limb of internal capsule 
Bilateral Posterior limb of internal capsule 
Bilateral Retrolenticular part of internal 
capsule 
Bilateral Anterior corona radiata 
Bilateral Superior corona radiata 
Bilateral Posterior corona radiata 
Bilateral Posterior thalamic radiation 
Bilateral External capsule 
Bilateral Cingulum (cingulate gyrus) 
Bilateral Fornix 
Bilateral Superior longitudinal fasciculus 
Bilateral Superior fronto-occipital fasciculus 
Bilateral Anterior thalamic radiation 
Bilateral Corticospinal tract 
Bilateral cingulum (cingulate gyrus) 
Bilateral Inferior fronto-occipital fasciculus 
Bilateral Cingulum (hippocampus) 
Bilateral Inferior longitudinal fasciculus 
L Uncinate fasciculus 
Forceps major 
Forceps minor 
Genu of corpus callosum 
Body of corpus callosum 
Splenium of corpus callosum 
 

Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.11±0.01 

47782 
 
29   -23   8 (R Retrolenticular part 
of internal capsule) 

 
Bilateral Corticospinal tract 
Bilateral Inferior cerebellar peduncle 
Bilateral Superior cerebellar peduncle  
Bilateral Cerebral peduncle 
Bilateral Anterior limb of internal capsule 
Bilateral Posterior limb of internal capsule 
Bilateral Anterior corona radiata 
Bilateral Superior corona radiata 
Bilateral Posterior corona radiata 
Bilateral Posterior thalamic radiation 
Bilateral Anterior thalamic radiation 
Bilateral External capsule 
Bilateral Cingulum (cingulate gyrus) 
Bilateral Fornix 
Bilateral Superior longitudinal fasciculus 
Bilateral Superior fronto-occipital fasciculus 
Bilateral Uncinate fasciculus 
Bilateral Inferior fronto-occipital fasciculus 
Bilateral Inferior longitudinal fasciculus 
R Cingulum (hippocampus) 
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L Retrolenticular part of internal capsule 
Middle cerebellar peduncle 
Genu of corpus callosum 
Body of corpus callosum 
Splenium of corpus callosum 
Forceps major 
Forceps minor 
 

 
Appendix Table A.8. Effect of CD3+CD8+ cells percentage releasing IL-4 on DTI 
measures of WM microstructure. First column shows mean and standard deviation of the 
clusters. In the second column, dimensions of clusters (number of voxels, mm3) and 
localization of signal peaks (MNI coordinates) are given for regions showing maximal effects 
at TBSS values (signal peaks) The third column lists the WM tracts significantly affected by 
CD3+CD8+IL-4+ cells percentage in the clusters.  

 
 

 
Fractional 
Anisotropy 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.47±0.12 
 

 
22938 
 
9   25   14 (Genu of corpus 
callosum) 
 

 
Bilateral Anterior corona radiata 
Bilateral Superior corona radiata 
Bilateral Posterior corona radiata 
Bilateral Posterior thalamic radiation 
Bilateral Superior longitudinal fasciculus 
Bilateral Anterior thalamic radiation 
Bilateral Corticospinal tract   
Bilateral Inferior fronto-occipital fasciculus 
Bilateral Inferior longitudinal fasciculus 
Bilateral Superior longitudinal fasciculus 
L Uncinate fasciculus 
L Cingulum (cingulate gyrus) 
Body of corpus callosum 
Splenium of corpus callosum 
Forceps major 
Forceps minor 
 

Radial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.06±0.01 

48560 
 
30   -67   11 (R Posterior thalamic 
radiation) 
 

 
Bilateral Retrolenticular part of internal 
capsule 
Bilateral Anterior corona radiata 
Bilateral Superior corona radiata 
Bilateral Posterior corona radiata 
Bilateral Anterior thalamic radiation 
Bilateral Posterior thalamic radiation 
Bilateral External capsule 
Bilateral Cingulum (cingulate gyrus) 
Bilateral Superior longitudinal fasciculus 
Bilateral Inferior fronto-occipital fasciculus 
Bilateral Inferior longitudinal fasciculus 
Bilateral Uncinate fasciculus 
Bilateral Corticospinal tract 
R Superior fronto-occipital fasciculus 
R Anterior limb of internal capsule 
R Cingulum (hippocampus) 
L Fornix 
Genu of corpus callosum 
Body of corpus callosum 
Splenium of corpus callosum 
Forceps major 
Forceps minor 
Fornix 
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Mean 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.08±0.01 

42043 
 
30   -67   11  (R Posterior thalamic 
radiation) 
 

Bilateral Anterior limb of internal capsule 
Bilateral Retrolenticular part of internal 
capsule 
Bilateral Anterior corona radiata 
Bilateral Superior corona radiata 
Bilateral Posterior corona radiata 
Bilateral Posterior thalamic radiation 
Bilateral Anterior thalamic radiation 
Bilateral External capsule 
Bilateral Corticospinal tract 
Bilateral Uncinate fasciculus 
Bilateral Inferior fronto-occipital fasciculus 
Bilateral Inferior longitudinal fasciculus 
Bilateral cingulum (cingulate gyrus) 
Bilateral Superior longitudinal fasciculus 
R Posterior limb of internal capsule 
R Cingulum (hippocampus) 
Genu of corpus callosum 
Body of corpus callosum 
Splenium of corpus callosum 
Fornix 
Forceps major 
Forceps minor 
 

 
Appendix Table A.9. Effect of CD3+CD8+ cells percentage releasing IFN-γ on DTI 
measures of WM microstructure. First column shows mean and standard deviation of the 
clusters. In the second column, dimensions of clusters (number of voxels, mm3) and localization 
of signal peaks (MNI coordinates) are given for regions showing maximal effects at TBSS values 
(signal peaks) The third column lists the WM tracts significantly affected by CD3+CD8+IFN-γ+ 
cells percentage in the clusters.  

 
 
 

Fractional 
Anisotropy 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
 
0.49±0.12 
 

 
 
 
 
 
39293 
 
-23   -18   7 (L Posterior limb of 
internal capsule) 
 
 
 

 
Genu of corpus callosum 
Splenium of corpus callosum 
Body of corpus callosum 
Bilateral Corticospinal tract 
Bilateral Inferior cerebellar peduncle 
Bilateral Superior cerebellar peduncle 
Bilateral Anterior limb of internal capsule 
Bilateral Posterior limb of internal capsule 
Bilateral Retrolenticular part of internal 
capsule 
Bilateral Anterior corona radiata 
Bilateral Superior corona radiata 
Bilateral Posterior corona radiata 
Bilateral Posterior thalamic radiation 
Bilateral Fornix  
Superior longitudinal fasciculus 
Bilateral External capsule 
Bilateral Anterior thalamic radiation 
Bilateral Corticospinal tract 
Bilateral Inferior fronto-occipital fasciculus 
Bilateral Inferior longitudinal fasciculus 
Bilateral Uncinate fasciculus 
L Cingulum (cingulate gyrus) 
Forceps major 
Forceps minor 
 



 

 
182 

Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.12±0.01 

23352 
 
24   -17   2 (R Posterior limb of 
internal capsule) 

 
Bilateral Anterior limb of internal capsule 
Bilateral Retrolenticular part of internal 
capsule 
Bilateral Anterior corona radiata 
Bilateral Superior corona radiata 
Bilateral Posterior corona radiata 
Bilateral Posterior thalamic radiation 
Bilateral External capsule 
Bilateral Fornix 
Bilateral Inferior fronto-occipital fasciculus 
Bilateral Inferior longitudinal fasciculus 
Bilateral Superior longitudinal fasciculus 
Bilateral Superior fronto-occipital fasciculus 
Bilateral Anterior thalamic radiation 
Bilateral Corticospinal tract 
R Uncinate fasciculus 
R Cerebral peduncle 
L Cingulum (cingulate gyrus) 
L Posterior limb of internal capsule 
Genu of corpus callosum 
Body of corpus callosum 
Splenium of corpus callosum 
Forceps major 
Forceps minor 
 

 
276 
 
19   50   -1 (Forceps minor) 

R Anterior corona radiata 
R Anterior thalamic radiation 
R Inferior fronto-occipital fasciculus 
R Uncinate fasciculus 

 
Appendix Table A.10. Effect of NK+ cells percentage releasing IL-4 on DTI measures 
of WM microstructure. First column shows mean and standard deviation of the clusters. In 
the second column, dimensions of clusters (number of voxels, mm3) and localization of signal 
peaks (MNI coordinates) are given for regions showing maximal effects at TBSS values (signal 
peaks) The third column lists the WM tracts significantly affected by NK+IL-4+ cells percentage 
in the clusters.  

 
 
 
Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
 
0.13±0.01 
 

 
 
14532 
 
-41   -35   -2 (L Inferior 
longitudinal fasciculus) 
 

 
Bilateral Anterior limb of internal capsule 
Bilateral Retrolenticular part of internal 
capsule 
Bilateral Superior corona radiata 
Bilateral Posterior corona radiata 
Bilateral Posterior thalamic radiation 
Bilateral External capsule 
Bilateral Cingulum (hippocampus) 
Bilateral Fornix 
Bilateral Superior longitudinal fasciculus 
Bilateral Anterior thalamic radiation 
Bilateral Inferior fronto-occipital fasciculus 
Bilateral Corticospinal tract 
Bilateral Uncinate fasciculus 
R Inferior longitudinal fasciculus 
R Cerebral peduncle 
L Cingulum (cingulate gyrus) 
L Anterior corona radiata 
L Posterior limb of internal capsule 



 

 
 

183 

Body of corpus callosum 
Splenium of corpus callosum 
Forceps major 
 

 
281 
 
17   -54   33 (R Cingulum) 

Splenium of corpus callosum 
R Posterior corona radiata 

 
Appendix Table A.11. Effect of CD3+CD4+CD25high cells percentage on DTI measures of 
WM microstructure. First column shows mean and standard deviation of the clusters. In the 
second column, dimensions of clusters (number of voxels, mm3) and localization of signal peaks 
(MNI coordinates) are given for regions showing maximal effects at TBSS values (signal peaks) 
The third column lists the WM tracts significantly affected by CD3+CD4+CD25high cells percentage 
in the clusters.  

 
 

 
Fractional 
Anisotropy 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.51±0.15 
 

 
8145 
 
7   -21   25 (Body of corpus 
callosum) 
 

 
Bilateral Anterior corona radiata 
Bilateral Superior corona radiata 
Bilateral Posterior corona radiata 
Bilateral Inferior fronto-occipital fasciculus 
Bilateral Posterior thalamic radiation 
Bilateral Anterior thalamic radiation 
Bilateral Cingulum 
R Corticospinal tract 
R Superior longitudinal fasciculus 
L Inferior longitudinal fasciculus 
Forceps major 
Forceps minor 
Genu of corpus callosum 
Splenium of corpus callosum 
 

 

1859 
 
-34   -38   20 (L Superior 
longitudinal fasciculus) 

L Superior longitudinal fasciculus (temporal 
part) 

 

1302 
 
-26   -27   28 (L Posterior corona 
radiata) 

L Retrolenticular part of internal capsule 
L Superior corona radiata 
L Posterior corona radiata 
L Posterior thalamic radiation 
L Superior longitudinal fasciculus 
L Corticospinal tract 
Body of corpus callosum 

 
277 
 
-17   51   11 (Forceps minor) 

L Cingulum 
L Anterior thalamic radiation 
L Inferior fronto-occipital fasciculus 

Radial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.05±0.01 

16515 
 
-34   -38   19 (L Superior 
longitudinal fasciculus) 

 
Bilateral Retrolenticular part of internal 
capsule 
Bilateral Anterior corona radiata 
Bilateral Superior corona radiata 
Bilateral Posterior corona radiata 



 

 
184 

Bilateral Posterior thalamic radiation 
Bilateral Anterior thalamic radiation 
Bilateral Corticospinal tract 
Bilateral Inferior fronto-occipital fasciculus 
Bilateral Cingulum (cingulate gyrus) 
R Anterior limb of internal capsule 
R Superior longitudinal fasciculus 
R External capsule 
R Superior fronto-occipital fasciculus 
L Fornix 
L Inferior longitudinal fasciculus 
Genu of corpus callosum 
Body of corpus callosum 
Splenium of corpus callosum 
Forceps major 
Forceps minor 
 

 

403 
 
-11   -15   15 (L Anterior 
thalamic radiation) 

L Posterior limb of internal capsule 
L Fornix 

 
Appendix Table A.12. Effect of CD3+CD49d+ (activated) T-regulatory cells percentage 
on DTI measures of WM microstructure. First column shows mean and standard deviation 
of the clusters. In the second column, dimensions of clusters (number of voxels, mm3) and 
localization of signal peaks (MNI coordinates) are given for regions showing maximal effects at 
TBSS values (signal peaks) The third column lists the WM tracts significantly affected by 
CD3+CD49d+ T-regulatory cells percentage in the clusters. 

 
 
 
Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
 
0.12±0.02 
 

 
 
2270 
 
13   -42   15 (Splenium of corpus 
callosum) 
 
 
 

R Superior corona radiata  
R Posterior corona radiata 
R Superior longitudinal fasciculus  
R Corticospinal tract  
R Superior longitudinal fasciculus  
Body of corpus callosum 
Forceps major 

Mean 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.08±0.01 

2439 
 
19    -64    38 (R Inferior fronto-
occipital fasciculus) 

 
R Superior corona radiata  
R Posterior corona radiata  
R Posterior thalamic radiation (include optic 
radiation)  
R Superior longitudinal fasciculus  
R Corticospinal tract  
R Superior longitudinal fasciculus  
R Superior longitudinal fasciculus (temporal 
part)  
Body of corpus callosum 
Splenium of corpus callosum 
Forceps major 
 

 

308 
 
26    -48    22 (R Inferior fronto-
occipital fasciculus) 

 
R Posterior corona radiata  
R Posterior thalamic radiation (include optic 
radiation)  
R Inferior longitudinal fasciculus 
Splenium of corpus callosum 



 

 
 

185 

 

 

280 
 
45    5    18 (R Superior 
longitudinal fasciculus) 

R Superior longitudinal fasciculus (temporal 
part) 

 
Appendix Table A.13. Effect of IL-1β on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given 
for regions showing maximal effects at TBSS values (signal peaks) The third column lists the 
WM tracts significantly affected by IL-1β in the clusters. 

  
 
 

Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.12±0.02 
 

 
12915 
 
-25   23   26 (L Anterior corona 
radiata) 

 
Bilateral Inferior fronto-occipital fasciculus 
Bilateral Anterior corona radiata 
Bilateral Uncinate fasciculus 
Bilateral Superior longitudinal fasciculus  
R Anterior thalamic radiation 
R Posterior corona radiata  
L External capsule 
L Cingulum (cingulate gyrus) 
Splenium of corpus callosum 
Genu of corpus callosum 
Body of corpus callosum 
Forceps minor 
 

Mean 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.08±0.01 
 

 
6939 
 
3   18   17   (Body of corpus 
callosum) 

 

 
Bilateral Inferior fronto-occipital fasciculus 
Bilateral Anterior corona radiata 
Bilateral Anterior thalamic radiation 
Bilateral Uncinate fasciculus 
Bilateral Cingulum (cingulate gyrus) 
L Superior longitudinal fasciculus  
R External capsule 
Forceps minor 
Genu of corpus callosum 
 

 

1375 
 
26   -50   27 (R Posterior corona 
radiata) 

 
R Posterior fronto-occipital fasciculus 
R Superior longitudinal fasciculus 
R Anterior thalamic radiation 
R Posterior thalamic radiation  
R Inferior longitudinal fasciculus 
R Cingulum (cingulate gyrus) 
R Posterior corona radiata 
Splenium of corpus callosum 
Forceps major 
 

 

 
489 
 
31   -30   36 (R Superior 
longitudinal fasciculus) 

 
R Superior longitudinal fasciculus  
R Corticospinal tract 
R Superior corona radiata 
 



 

 
186 

 

 

 
187 
 
43   -45   36 (R Superior 
longitudinal fasciculus) 
 

 
R Superior longitudinal fasciculus (temporal 
part) 

 

 
132 
 
15   -47   45 (R Superior 
longitudinal fasciculus) 
 

 
R Inferior fronto-occipital fasciculus 
R Posterior thalamic radiation  
R Inferior longitudinal fasciculus 
Forceps major 
R Cingulum (cingulate gyrus) 
 

 
Appendix Table A.14. Effect of IL-2 on DTI measures of WM microstructure. First column 
shows mean and standard deviation of the clusters. In the second column, dimensions of clusters 
(number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given for regions 
showing maximal effects at TBSS values (signal peaks) The third column lists the WM tracts 
significantly affected by IL-2 in the clusters. 

 
 
 
Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.12±0.02 
 

 
 
17846 
 
16   -37   28 (Splenium of corpus 
callosum) 
 
 
 

 
Bilateral Corticospinal tract 
Bilateral Superior longitudinal fasciculus 
Bilateral Posterior thalamic radiation 
Bilateral Posterior corona radiata 
R superior longitudinal fasciculus (temporal 
part) 
R Inferior fronto-occipital fasciculus 
R Inferior longitudinal fasciculus 
R retrolenticular part of internal capsule 
Forceps major 
Genu of corpus callosum 
Body of corpus callosum 
 

 

306 
 
26   0   23 (R Superior corona 
radiata) 

R Superior longitudinal fasciculus 
R Anterior corona radiata 

 
Appendix Table A.15. Effect of IL-4 on DTI measures of WM microstructure. First column 
shows mean and standard deviation of the clusters. In the second column, dimensions of clusters 
(number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given for regions 
showing maximal effects at TBSS values (signal peaks) The third column lists the WM tracts 
significantly affected by IL-4 in the clusters. 

 
  

Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
 

0.1±0.01 
 

 
 
 
 
 

8139 
 

17   18   27 (Body of corpus 
callosum) 

 

 
R Anterior thalamic radiation 
R Inferior fronto-occipital fasciculus 
R Anterior corona radiata 
R Uncinate fasciculus 
R External capsule 
R Superior corona radiata 
R Corticospinal tract 
R Posterior corona radiata 
R Inferior longitudinal fasciculus 



 

 
 

187 

 
 

R Cingulum (cigulate gyrus) 
Forceps minor 
Splenium of corpus callosum 
 

 

 
 
 
 

3831  
 

-19   15   29 (L Anterior corona 
radiata) 

 
 
 
 
 
 
 

 
L Cingulum (cingulate gyrus) 
L Anterior thalamic radiation 
L Posterior thalamic radiation  
L Superior longitudinal fasciculus 
L Posterior corona radiata 
L Inferior longitudinal fasciculus 
L Retrolenticular part of internal capsule 
L Corticospinal tract 
L Uncinate fasciculus  
Genu of corpus callosum 
Splenium of corpus callosum 
Forceps major 

Mean 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
 
 
 
 

0.07±0.01 
 
 
 
 
 
 

14036 
 

16   15   28 (Body of corpus 
callosum) 

 
 
 

 
Bilateral Anterior corona radiata 
Bilateral Inferior fronto-occipital fasciculus 
Bilateral Uncinate fasciculus 
Bilateral Anterior thalamic radiation 
R Superior longitudinal fasciculus 
R Superior corona radiata 
R Corticospinal tract  
L Cingulum (cingulate gyrus) 
Forceps minor 
Genu of corpus callosum 
 

 

 
 

1945 
 
25   -51   27 (R Posterior corona 
radiata) 

 
 

 
R Inferior fronto-occipital fasciculus 
R Inferior longitudinal fasciculus 
R Anterior thalamic radiation 
R Cingulum (cingulate gyrus) 
R Posterior corona radiata 
R Posterior thalamic radiation  
Splenium of corpus callosum 
Forceps major 
 

 

 
 
 

1691 
 

-28   -60   19 (L Posterior corona 
radiata) 

 
 
 

 
L Anterior thalamic radiation 
L Posterior corona radiata 
L Inferior fronto-occipital fasciculus 
L Inferior longitudinal fasciculus 
L Superior longitudinal fasciculus 
L Posterior thalamic radiation  
Splenium of corpus callosum 
Forceps major 
 

 

 
134 

 
53   -4   19 (R Superior longitudinal 
fasciculus) 

 

R Superior longitudinal fasciculus  

 
Appendix Table A.16.  Effect of IL-5 on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given 
for regions showing maximal effects at TBSS values (signal peaks) The third column lists the 
WM tracts significantly affected by IL-5 in the clusters.  

 
 



 

 
188 

 
Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
 

0.11±0.01 
 

 
 
2794 

 
21   18   28 (R Anterior corona 
radiata) 

 
 
 

 
R Cingulum (cingulate gyrus) 
R Anterior thalamic radiation 
R Superior corona radiata 
R Posterior corona radiata 
R Corticospinal tract 
R Superior longitudinal fasciculus 
R Inferior fronto-occipital fasciculus 
R Uncinate fasciculus 
Splenium of corpus callosum 
Genu of corpus callosum 
Body of corpus callosum 
Forceps major 
Forceps minor 
 

 

 
796 

 
-19   15   29 (L Anterior corona 
radiata) 

 

L Superior longitudinal fasciculus 
L Superior corona radiata 
L Corticospinal tract  
Body of corpus callosum 

Mean 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
 
 
 
 

0.08±0.01 
 
 
 
 
 
 

 
10740 

 
15   15   27 (Body of corpus 
callosum) 

 
 
 

 
Bilateral Corticospinal tract 
Bilateral Anterior thalamic radiation 
Bilateral Anterior corona radiata 
Bilateral Superior corona radiata 
Bilateral Uncinate fasciculus 
R Inferior fronto-occipital fasciculus 
R Superior longitudinal fasciculus 
L Posterior corona radiata 
L Cingulum (cingulate gyrus) 
Genu of corpus callosum 
Forceps minor 

 

 

 
187 

 
26   -48   23 (R Inferior fronto-
occipital fasciculus) 

 

 
R Inferior longitudinal fasciculus 
R Superior longitudinal fasciculus 
R Posterior thalamic radiation  
Forceps major 

 

 

 
161 

 
26   -50   27 (R Posterior corona 
radiata) 

 

R Posterior corona radiata 
R Inferior fronto-occipital fasciculus 
R Superior longitudinal fasciculus 

 
Appendix Table A.17. Effect of IL-6 on DTI measures of WM microstructure. First column 
shows mean and standard deviation of the clusters. In the second column, dimensions of clusters 
(number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given for regions 
showing maximal effects at TBSS values (signal peaks) The third column lists the WM tracts 
significantly affected by IL-6 in the clusters.  

 
 
 
 
 
 
 
 



 

 
 

189 

Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
0.11±0.02 

 

 
 
 

30693 
 

22   17   -13 (R Inferior fronto-
occipital fasciculus) 

 
 
 

 
Bilateral Anterior thalamic radiation 
Bilateral Posterior limb of internal capsule 
Bilateral Superior corona radiata  
R Inferior fronto-occipital fasciculus 
R Uncinate fasciculus 
R Superior longitudinal fasciculus 
R Posterior thalamic radiation  
L Corticospinal tract  
L Inferior longitudinal fasciculus 
R Cingulum (cingulate gyrus) 
Forceps major 
Forceps minor 
Fornix  
Splenium of corpus callosum  
Body of corpus callosum 

 
Mean 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
 
 
 

0.08±0.01 
 
 
 
 
 
 

 
 

23000 
 

26   27   5 (R Anterior corona 
radiata) 

 
 
 

 
Bilateral Anterior thalamic radiation 
Bilateral Cerebral peduncule 
R Inferior fronto-occipital fasciculus 
R Anterior corona radiata  
R Superior corona radiata 
R Uncinate fasciculus 
R Superior longitudinal fasciculus 
L nferior longitudinal fasciculus 
Body of corpus callosum 
Forceps minor 
Genu of corpus callosum 
Fornix  

 
 

Appendix Table A.18. Effect of IL-12 on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given 
for regions showing maximal effects at TBSS values (signal peaks) The third column lists the 
WM tracts significantly affected by IL-12 in the clusters. 

 
 
 

Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
 
0.12±0.01 
 

 
 
29549 
 
 
 
30    -44    35 (R Superior 
longitudinal fasciculus) 
 
 
 

 
Bilateral Anterior thalamic radiation   
Bilateral Corticospinal tract   
Bilateral Cingulum (cingulate gyrus) 
Bilateral Anterior limb of internal capsule 
Bilateral Anterior corona radiata   
Bilateral Superior corona radiata   
Bilateral Posterior corona radiata    
Bilateral Posterior thalamic radiation 
Bilateral External capsule   
Bilateral Inferior fronto-occipital fasciculus 
Bilateral Inferior longitudinal fasciculus 
Bilateral Uncinate fasciculus 
Bilateral Superior fronto-occipital fasciculus 
R Uncinate fasciculus 
R Posterior limb of internal capsule 
L Superior longitudinal fasciculus 
Genu of corpus callosum   
Body of corpus callosum   
Splenium of corpus callosum   



 

 
190 

Fornix 
Forceps major   
Forceps minor   
  

Mean 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.08±0.01 

19379 
 
25    -44    34 (R Superior 
longitudinal fasciculus) 

 
Bilateral Posterior corona radiata 
R Anterior limb of internal capsule 
R Posterior limb of internal capsule 
R Retrolenticular part of internal capsule 
R Anterior corona radiata 
R Superior corona radiata 
R Posterior thalamic radiation (include optic 
radiation) 
R External capsule 
R Cingulum (cingulate gyrus) 
R Superior fronto-occipital fasciculus 
R Uncinate fasciculus 
R Anterior thalamic radiation 
R Corticospinal tract 
R Inferior fronto-occipital fasciculus 
R Inferior longitudinal fasciculus 
Genu of corpus callosum  
Body of corpus callosum   
Splenium of corpus callosum   
Forceps major   
Forceps minor    
 

 

11343 
 
-19    20    -2 (R Anterior thalamic 
radiation) 

 
L Anterior limb of internal capsule 
L Anterior corona radiata 
L Superior corona radiata 
L Posterior corona radiata 
L Posterior thalamic radiation 
L External capsule    
L Cingulum (cingulate gyrus) 
L Superior longitudinal fasciculus 
L Corticospinal tract   
L Inferior fronto-occipital fasciculus 
L Superior longitudinal fasciculus   
L Uncinate fasciculus 
Genu of corpus callosum   
Body of corpus callosum   
Splenium of corpus callosum   
Forceps major   
Forceps minor  
 

 
Appendix Table A.19. Effect of IL-16 on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given 
for regions showing maximal effects at TBSS values (signal peaks) The third column lists the 
WM tracts significantly affected by IL-16 in the clusters.  

 
 

 
 
 
 
 
 
 
 



 

 
 

191 

Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
0.11±0.02 

 

 
7426 

 
15   15   27 (Body of corpus 
callosum) 

 
 
 

 
R Anterior corona radiata 
R Superior corona radiata  
R Posterior corona radiata  
R Corticospinal tract  
R Posterior thalamic radiation 
R Superior longitudinal fasciculus 
R Posterior limb of internal capsule 
R Cerebral peduncule 
R Retrolenticular part of internal capsule 
R Inferior fronto-occipital fasciculus 
R Uncinate fasciculus 
R Cingulum (cingulate gyrus) 
Forceps major 
Forceps minor 
Splenium of corpus callosum  
 

 

4560 
 

-19   15   29 (L Anterior corona 
radiata) 

 
L Superior corona radiata  
L Posterior corona radiata 
L Corticospinal tract 
L Anterior thalamic radiation 
L Inferior longitudinal fasciculus 
L Retrolenticular part of internal capsule 
L Posterior limb of internal capsule 
L Superior longitudinal fasciculus 
L Uncinate fasciculus 
L Cingulum (cingulate gyrus) 
Forceps major 
Forceps minor 
Body of corpus callosum 
Splenium of corpus callosum 
Genu of corpus callosum 

 

 
1505 
 
14   26   46 (Forceps minor) 

R Inferior fronto-occipital fasciculus 
R Cingulum (cingulate gyrus) 
R Anterior thalamic radiation 
R Uncinate fasciculus 

Mean 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
 
 
 
 

0.08±0.01 
 
 
 
 
 
 

9947 
 

15   15   27 (Body of corpus 
callosum) 

 
 

R Uncinate fasciculus 
R Superior longitudinal fasciculus 
R Anterior corona radiata  
R Superior corona radiata 
R Corticospinal tract 
R Inferior fronto-occipital fasciculus 
R Anterior thalamic radiation 
Forceps minor 
Genu of corpus callosum 

 

 
7026 

 
-27   -66   17 (L Posterior talamic 
radiation) 

 
 

 
L Inferior longitudinal fasciculus 
L Inferior fronto-occipital fasciculus 
L Anterior thalamic radiation 
L Posterior corona radiata 
L Superior corona radiata 
L Uncinate fasciculus 
L Cingulum (cingulate gyrus) 
Forceps major 
Forceps minor 
Splenium of corpus callosum 



 

 
192 

 

 

 
1018 

 
26   -50   27 (R Posterior corona 
radiata) 

 

 
R Inferior fronto-occipital fasciculus 
R Anterior thalamic radiation 
R Posterior thalamic radiation 
R Posterior corona radiata 
R Cingulum (cingulate gyrus) 
R Superior longitudinal fasciculus 
Splenium of corpus callosum 
 

 
Appendix Table A.20. Effect of VEGF on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given 
for regions showing maximal effects at TBSS values (signal peaks) The third column lists the 
WM tracts significantly affected by VEGF in the clusters. 

 
 

 
Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
0.12±0.01 

 

 
1973 

 
15   -44   -34 (R Corticospinal 
tract) 

 

Bilateral Inferior cerebral peduncule 
Bilateral Anterior thalamic radiation 
Bilateral Superior cerebral peduncule 
 

 
Appendix Table A.21. Effect of IP-10 on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are 
given for regions showing maximal effects at TBSS values (signal peaks) The third column lists 
the WM tracts significantly affected by IP-10 in the clusters.  

 
 
 

Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.12±0.02 
 

 
 
 
4904 
 
25   -59   35 (R Superior 
longitudinal fasciculus) 
 
 
 

 
R Superior longitudinal fasciculus (temporal 
part) 
R Superior corona radiata 
R Posterior corona radiata 
R Inferior fronto-occipital fasciculus 
R Corticospinal tract 
R Retrolenticular part of internal capsule 
Body of corpus callosum 
Splenium of corpus callosum 
Forceps major 
 

 
Appendix Table A.22. Effect of TNF-α on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given 
for regions showing maximal effects at TBSS values (signal peaks) The third column lists the 
WM tracts significantly affected by TNF-α in the clusters. 



 

 
 

193 

Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
 
0.15±0.01 
 

 
1108 
 
15   -41   22 (Splenium of corpus 
callosum) 
 

R Posterior corona radiata  
Body of corpus callosum 
Forceps major 

 

606 
 
-15   -40   24 (Splenium of corpus 
callosum) 

L Superior corona radiata  
L Posterior corona radiata  
L Corticospinal tract  
Body of corpus callosum 

 

 
172 
 
8   23   15 (Genu of corpus 
callosum) 
 

Body of corpus callosum 
Forceps minor 

 
Appendix Table A.23. Effect of IFN-γ on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given 
for regions showing maximal effects at TBSS values (signal peaks) The third column lists the 
WM tracts significantly affected by IFN-γ in the clusters.  

 
 
 
Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.14±0.03 
 

3211 
 
13   -39   24 (Splenium of corpus 
callosum) 

 
L Posterior corona radiata 
L Superior longitudinal fasciculus 
L cingulum 
L Corticospinal tract  
Forceps major 
Body of corpus callosum 
 

 
Appendix Table A.24. Effect of GM-CSF on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given 
for regions showing maximal effects at TBSS values (signal peaks) The third column lists the 
WM tracts significantly affected by GM-CSF in the clusters.  

 
 
 

Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
 
0.13±0.01 
 

 
 
2095 
 
 
15    34     6 (Forceps minor) 
 
 
 

 
R Anterior limb of internal capsule 
R Anterior corona radiata 
R External capsule 
R Uncinate fasciculus 
R Inferior fronto-occipital fasciculus 
R Anterior thalamic radiation 
Genu of corpus callosum 
Body of corpus callosum 
Splenium of corpus callosum 
 



 

 
194 

 

1545 
 
52    -16    -19 (R Inferior 
longitudinal fasciculus) 

 
R Retrolenticular part of internal capsule 
R Posterior thalamic radiation (include optic 
radiation) 
R Sagittal stratum (include inferior 
longitidinal fasciculus and inferior fronto-
occipital fasciculus) 
R External capsule 
R Superior longitudinal fasciculus 
L Inferior fronto-occipital fasciculus 
 

 

467 
 
23    -34    56 (R Corticospinal 
tract) 

 
 
R Superior corona radiata 
R Posterior corona radiata 
 
 

 

272 
 
10    -34    33 (R Cingulum – 
cingulate gyrus) 

Body of corpus callosum 

Mean 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.07±0.01 

325 
 
-11    4    29 (Body of corpus 
callosum) 

 
L Superior corona radiata 
 

Appendix Table A.25. Effect of MIF on DTI measures of WM microstructure. First column 
shows mean and standard deviation of the clusters. In the second column, dimensions of clusters 
(number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given for regions 
showing maximal effects at TBSS values (signal peaks) The third column lists the WM tracts 
significantly affected by MIF in the clusters. 

 

Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
 
0.12±0.02 
 

 
 
29545 
 
 
 
31    -59   22 (R Posterior corona 
radiata) 
 
 
 

 
Bilateral Anterior thalamic radiation 
Bilateral Retrolenticular part of internal 
capsule 
Bilateral Superior corona radiata 
Bilateral Posterior corona radiata 
Bilateral inferior fronto-occipital fasciculus 
Bilateral Cingulum (cingulate gyrus) 
Bilateral Superior longitudinal fasciculus 
Bilateral Uncinate fasciculus 
Bilateral Inferior longitudinal fasciculus 
R Posterior limb of internal capsule 
R Anterior limb of internal capsule 
R Retrolenticular part of internal capsule 
R Posterior thalamic radiation 
R Superior fronto-occipital fasciculus 
Genu of corpus callosum 
Body of corpus callosum 
Splenium of corpus callosum 
Fornix 
Forceps major 
Forceps minor 
 



 

 
 

195 

Mean 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.08±0.03 

6943 
 
36    -26    34 (R Superior 
longitudinal fasciculus ) 

 
R Anterior corona radiata 
R Superior corona radiata 
R Posterior thalamic radiation 
R Corticospinal tract 
R Inferior fronto-occipital fasciculus 
R Inferior longitudinal fasciculus 
R Superior longitudinal fasciculus (temporal 
part) 
R Cingulum 
Body of corpus callosum 
Splenium of corpus callosum 
 

 

607 
 
24    42     15 (R Anterior thalamic 
radiation) 

R Anterior corona radiata 
R Inferior fronto-occipital fasciculus  
Forceps minor 

 

480 
 
14    11     29 (Body of corpus 
callosum) 

Body of corpus callosum 

 

141 
 
11    -31    55 (R Corticospinal 
tract) 

R Corticospinal tract 

 

 
119 
 
37    -71    20 (R Inferior 
longitudinal fasciculus) 
 

R Inferior longitudinal fasciculus 

Appendix Table A.26. Effect of CCL1 on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are 
given for regions showing maximal effects at TBSS values (signal peaks) The third column lists 
the WM tracts significantly affected by CCL1 in the clusters. 

 

Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.16±0.01 
 

 
153 
 
5   -37   17 (Splenium of corpus 
callosum) 
 

Forceps major 
 

Appendix Table A.27. Effect of CCL2 on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are 
given for regions showing maximal effects at TBSS values (signal peaks) The third column lists 
the WM tracts significantly affected by CCL2 in the clusters.  

 



 

 
196 

Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
 
0.13±0.01 
 

 
 
11604 
 
29    -58    25 (R Inferior fronto-
occipital fasciculus) 
 
 
 

 
R Inferior longitudinal fasciculus 
R Anterior thalamic radiation 
R Superior longitudinal fasciculus 
R Uncinate fasciculus 
R External capsule 
R Anterior corona radiata  
R Superior corona radiata 
R Corticospinal tract 
R Posterior corona radiata 
R Cingulum (cingulate gyrus) 
Genu of corpus callosum 
Body of corpus callosum 
Splenium of corpus callosum 
 

 

7537 
 
-25    -65    27 (L Inferior 
longitudinal fasciculus) 

 
L Anterior limb of internal capsule 
L Posterior limb of internal capsule 
L Retrolenticular part of internal capsule 
L Anterior corona radiata 
L Superior corona radiata 
L Posterior corona radiata 
L Posterior thalamic radiation  
L External capsule 
L Cingulum (cingulate gyrus) 
L Superior longitudinal fasciculus 
L Anterior thalamic radiation 
Genu of corpus callosum 
Body of corpus callosum 
Splenium of corpus callosum 
Forceps major 
 

 
649 
 
-11    18    52 (Forceps minor) 

L Inferior fronto-occipital fasciculus 
L External capsule 

Mean 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.07±0.01 
1824 
 
-27    -51    36 (L Cingulum) 

 
L Posterior corona radiata 
L Superior longitudinal fasciculus 
Forceps major 
Splenium of corpus callosum 
 

 

735 
 
27    -28    39 (R Superior 
longitudinal fasciculus) 

R Posterior corona radiata 
R Corticospinal tract 

 

363 
 
-39    -6    33 (L Superior 
longitudinal fasciculus) 

L Superior longitudinal fasciculus (temporal 
part) 

 

245 
 
-22    -33    46 (L Corticospinal 
tract) 

L Posterior corona radiata 
 

 

128 
 
57    -8    20 (R Superior 
longitudinal fasciculus) 

R Superior longitudinal fasciculus (temporal 
part) 



 

 
 

197 

 

113 
 
-15    -35    57 (L Corticospinal 
tract) 

L Anterior thalamic radiation 

 
Appendix Table A.28. Effect of CCL8 on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given 
for regions showing maximal effects at TBSS values (signal peaks) The third column lists the 
WM tracts significantly affected by CCL8 in the clusters.  

 
 

 
Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.12±0.02 
 

 
 
7240 
 
37   -26   29 (R Superior 
longitudinal fasciculus) 
 
 
 

 
R Superior longitudinal fasciculus (temporal 
part) 
R Inferior longitudinal fasciculus 
R Posterior thalamic radiation 
R Corticospinal tract 
R Posterior corona radiata 
R Cingulum (cingulate gyrus) 
R Inferior fronto-occipital fasciculus 
Splenium of corpus callosum 
Body of corpus callosum 
 

 
3785 
 
-26   -28   28 (L Corticospinal tract) 

 
L Posterior corona radiata 
L Superior longitudinal fasciculus 
L Superior longitudinal fasciculus (temporal 
part) 
L Cingulum (cingulate gyrus) 
L Corticospinal tract 
L Anterior thalamic radiation 
Splenium of corpus callosum 
Body of corpus callosum 
 

 
Appendix Table A.29. Effect of CCL7 on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given 
for regions showing maximal effects at TBSS values (signal peaks) The third column lists the 
WM tracts significantly affected by CCL7 in the clusters. 

 
 
 

Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.11±0.01 
 

 
873 
 
34   -25   37 (R Superior 
longitudinal fasciculus) 
 

 
R Superior longitudinal fasciculus (temporal 
part) 
R Corticospinal tract 
R Superior corona radiata 
R Posterior corona radiata 
 

 

250 
 
23   -56   33 (R Inferior fronto-
occipital fasciculus) 

 
R Posterior thalamic radiation 
R Posterior corona radiata 
R Inferior longitudinal fasciculus 
Forceps major 
Splenium of corpus callosum 
 



 

 
198 

 

170 
 
39   -5   34 (R Superior longitudinal 
fasciculus) 

R Superior longitudinal fasciculus (temporal 
part) 

 
Appendix Table A.30. Effect of CCL13 on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given 
for regions showing maximal effects at TBSS values (signal peaks) The third column lists the 
WM tracts significantly affected by CCL13 in the clusters. 

 
 

 
Fractional 
Anisotropy 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.5±0.02 

 
18856 
 
15   -15   -12 (R Corticospinal 
tract) 
 
 

 
Bilateral Anterior thalamic radiation    
Bilateral Inferior fronto-occipital fasciculus   
Bilateral Inferior longitudinal fasciculus   
Bilateral Superior longitudinal fasciculus 
Bilateral Uncinate fasciculus 
Bilateral Anterior limb of internal capsule    
Bilateral Posterior limb of internal capsule 
Bilateral Retrolenticular part of internal 
capsule   
Bilateral Anterior corona radiata     
Bilateral Superior corona radiata 
Bilateral Posterior thalamic radiation 
Bilateral External capsule    
Middle cerebellar peduncle   
R Cingulum (hippocampus)    
R Superior fronto-occipital fasciculus   
L Corticospinal tract 
Forceps major   
Forceps minor   
Genu of corpus callosum   
Body of corpus callosum   
Splenium of corpus callosum 
 

 

 
1639 
 
-32   -66   7 (L Posterior thalamic 
radiation) 
 
 

 
L Retrolenticular part of internal capsule    
L Inferior fronto-occipital fasciculus    
L Inferior longitudinal fasciculus   
L Superior longitudinal fasciculus 
Splenium of corpus callosum   
Forceps major   
 

 

 
1262 
 
-8   -52   -29 (L Superior cerebellar 
peduncule) 
 

 
L Corticospinal tract 
L Inferior cerebellar peduncle 
L Anterior thalamic radiation 
Middle cerebellar peduncle 
 
 

Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 



 

 
 

199 

 
0.12±0.01 
 

 
11116 
 
 
-7   -36   -25 (L Superior cerebellar 
peduncule) 
 
 
 

 
Bilateral Anterior thalamic radiation 
Bilateral Corticospinal tract 
Bilateral Inferior cerebellar peduncle      
Bilateral Posterior limb of internal capsule    
R Superior cerebellar peduncle    
L Inferior fronto-occipital fasciculus   
L Inferior longitudinal fasciculus    
L Superior longitudinal fasciculus 
L Anterior limb of internal capsule    
L Retrolenticular part of internal capsule    
L Posterior thalamic radiation 
L External capsule    
L Cingulum (hippocampus)   
L Fornix 
L Uncinate fasciculus    
Forceps major   
Middle cerebellar peduncle   
Splenium of corpus callosum   
 

 

262 
 
53   -34   -9 (R Superior 
longitudinal fasciculus) 

 
R inferior longitudinal fasciculus 
R inferior fronto-occipital fasciculus 
R Superior longitudinal fasciculus (temporal 
part) 

 

250 
 
41   -44   -17 (R Inferior 
longitudinal fasciculus) 

R Inferior fronto-occipital faciculus 

 

163 
 
51   -46   -13 (R Superior 
longitudinal fasciculus) 

R Superior longitudinal fasciculus (temporal 
part) 

 

157 
 
40   -40   -4 (R Posterior thalamic 
radiation) 

 
R Inferior fronto-occipital fasciculus 
R Inferior longitudinal fasciculus 
R Retrolenticular part of internal capsule 
 

 

117 
 
34   -4   -33 (R Inferior longitudinal 
fasciculus) 

R Inferior longitudinal fasciculus 

Radial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.07±0.01 
 

6352 
 
15   -14   -12 (R Posterior limb of 
internal capsule) 

 
R Cerebral peduncle 
R Anterior limb of internal capsule 
R Retrolenticular part of internal capsule 
R Anterior corona radiata 
R Superior corona radiata 
R Posterior corona radiata 
R Posterior thalamic radiation 
R Inferior fronto-occipital fasciculus 
R Inferior longitudinal fasciculu 
R Superior longitudinal fasciculus 
R Superior fronto-occipital fasciculus 
R Anterior thalamic radiation  
R Corticospinal tract R External capsule 
R Fornix 
Forceps major 
Forceps minor 



 

 
200 

Genu of corpus callosum 
Splenium of corpus callosum 
 

 

 
528 
 
-5   -9   -12 (L Anterior thalamic 
radiation) 
 
 

L Cerebral peduncle 
L Posterior limb of internal capsule 
L Retrolenticular part of internal capsule   
L Corticospinal tract 

Mean 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.05±0.01 

 
644 
 
28   46   -5 (R Inferior fronto-
occipital fasciculus) 
 

R Anterior limb of internal capsule 
R Anterior corona radiata 
R External capsule 
R Anterior thalamic radiation 

 
577 
 
18   -31   53 (R Corticospinal tract) 
 

R Posterior corona radiata 
R Superior longitudinal fasciculus 

 
151 
 
20    38    13 (R Anterior thalamic 
radiation) 
 

R Anterior corona radiata 
Forceps minor 

 
Appendix Table A.31. Effect of CCL21 on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given 
for regions showing maximal effects at TBSS values (signal peaks) The third column lists the 
WM tracts significantly affected by CCL21 in the clusters.  

  
 
 

Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.12±0.01 
 

 
 
12627 
 
23   -34   56 (R Corticospinal tract) 
 
 
 

 
R Posterior corona radiata 
R Cingulum (cingulate gyrus) 
R Superior longitudinal fasciculus 
R Superior longitudinal fasciculus (temporal 
part) 
R Inferior longitudinal fasciculus 
R Retrolenticular part of internal capsule 
R Inferior fronto-occipital fasciculus 
R Posterior limb of internal capsule 
R Cerebral peduncle  
Sagittal stratum  
Body of corpus callosum 
Splenium of corpus callosum 
 

 
Appendix Table A.32. Effect of CCL25 on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given 
for regions showing maximal effects at TBSS values (signal peaks) The third column lists the 
WM tracts significantly affected by CCL25 in the clusters.  

 



 

 
 

201 

 
 

Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.11±0.01 
 

 
 
 
7519 
 
37   -30   32 (R Superior 
longitudinal fasciculus) 
 
 
 

 
R Superior longitudinal fasciculus (temporal 
part) 
R Corticospinal tract 
R Posterior corona radiata 
R Superior corona radiata 
R Inferior fronto-occipital fasciculus 
R Retrolenticular part of internal capsule 
R Anterior thalamic radiation 
R Cingulum (cingulate gyrus) 
R Posterior limb of internal capsule 
R Uncinate fasciculus 
Splenium of corpus callosum 
 

 
Appendix Table A.33. Effect of CCL27 on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given 
for regions showing maximal effects at TBSS values (signal peaks) The third column lists the 
WM tracts significantly affected by CCL27 in the clusters. 

 
 
 

Mean 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.07±0.01 

12323 
 
28    -28    34 (R Posterior corona 
radiata) 

 
R Anterior limb of internal capsule 
R Retrolenticular part of internal capsule 
R Anterior corona radiata 
R Superior corona radiata 
R External capsule 
R Superior longitudinal fasciculus 
R Uncinate fasciculus 
R Corticospinal tract 
R Inferior longitudinal fasciculus 
R Inferior fronto-occipital fasciculus 
R Anterior thalamic radiation 
Genu of corpus callosum 
Body of corpus callosum 
Fornix  
Forceps minor 
 

 

157 
 
46    -46    0 (R Superior 
longitudinal fasciculus) 

R Superior longitudinal fasciculus 

 
Appendix Table A.34. Effect of CCL22 on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given 
for regions showing maximal effects at TBSS values (signal peaks) The third column lists the 
WM tracts significantly affected by CCL22 in the clusters. 

 
 
 
 
 
 



 

 
202 

Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
 
0.12±0.01 
 

2270 
 
-20   11   31 (L Anterior thalamic 
radiation) 
 

 
L Anterior thalamic radiation 
L Anterior limb of internal capsule 
L Posterior limb of internal capsule 
L Anterior corona radiata 
L Superior corona radiata 
L External capsule 
L Superior fronto-occipital fasciculus 
L Inferior fronto-occipital fasciculus 
L Uncinate fasciculus 
Forceps minor 
Genu of corpus callosum 
Body of corpus callosum 
 

 

387 
 
-15   -32   29 (Splenium of corpus 
callosum) 

 
Body of corpus callosum 
L Posterior corona radiata 
 

Mean 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.07±0.01 

23907 
 
-17   -46   22 (Splenium of corpus 
callosum) 

 
Bilateral Anterior corona radiata 
Bilateral Superior corona radiata 
Bilateral Anterior limb of internal capsule 
Bilateral Posterior corona radiata 
Bilateral Posterior thalamic radiation  
Bilateral Cingulum (cingulate gyrus) 
Bilateral Superior longitudinal fasciculus 
Bilateral Corticospinal tract 
Bilateral Retrolenticular part of internal 
capsule 
L Cingulum (hippocampus) 
L Posterior limb of internal capsule  
L Anterior thalamic radiation 
L Inferior fronto-occipital fasciculus 
Genu of corpus callosum 
Body of corpus callosum 
Splenium of corpus callosum 
Forceps minor 
Forceps major 
 

 
Appendix Table A.35. Effect of CCL23 on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given 
for regions showing maximal effects at TBSS values (signal peaks) The third column lists the 
WM tracts significantly affected by CCL23 in the clusters. 

 
 
 
 
 
 
 
 
 
 
 
 



 

 
 

203 

Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
 
0.11±0.01 
 

 
 
 
2763 
 
32   17    24 (R Superior 
longitudinal fasciculus) 
 
 
 

 
R Superior longitudinal fasciculus (temporal 
part) 
R Inferior fronto-occipital fasciculus 
R Anterior thalamic radiation 
R Uncinate fasciculus 
R Anterior corona radiata 
R Superior corona radiata 
R Corticospinal tract 
Body of corpus callosum 
 

 

1192 
 
-24   37   10 (L Anterior thalamic 
radiation) 

 
L Inferior fronto-occipital fasciculus 
L Anterior corona radiata 
L Superior corona radiata  
L Cingulum (cingulate gyrus) 
L Anterior thalamic radiation 
L Uncinate fasciculus 
Forceps minor 
 

 

 
534 
 
36   -25   27 (R Superior 
longitudinal fasciculus) 
 
 

 
R Superior longitudinal fasciculus (temporal 
part) 
R Inferior fronto-occipital fasciculus 
R Posterior thalamic radiation  
R Inferior longitudinal fasciculus 
 

 
142  
 
14   -2   56 (Forceps minor) 

Forceps minor 

Mean 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.07±0.01 

9009 
 
46   0   33 (R Superior longitudinal 
fasciculus) 

 
R Superior longitudinal fasciculus (temporal 
part) 
R External capsule 
R Anterior thalamic radiation 
R Superior fronto-occipital fasciculus 
R Corticospinal tract 
R Anterior internal capsule 
R Superior corona radiata 
R Posterior corona radiata 
R Anterior corona radiata 
 

 
Appendix Table A.36. Effect of CCL24 on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given 
for regions showing maximal effects at TBSS values (signal peaks) The third column lists the 
WM tracts significantly affected by CCL24 in the clusters. 

 
 
 
Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.11±0.01 
 

 
 
 
26946 
 
36   -26   28 (Forceps minor) 
 

 
Bilateral Cingulum (cingulate gyrus) 
Bilateral Anterior thalamic radiation 
Bilateral Anterior corona radiata 
Bilateral Inferior fronto-occipital fasciculus 
Bilateral Superior longitudinal fasciculus 
(temporal part) 



 

 
204 

 
 

Bilateral Superior longitudinal fasciculus 
R Superior corona radiata 
R External capsule 
R Retrolenticular part of internal capsule 
L Posterior corona radiata 
Splenium of corpus callosum 
Body of corpus callosum 
Forceps major 
Forceps minor 
 

 
Appendix Table A.37. Effect of CCL11 on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given 
for regions showing maximal effects at TBSS values (signal peaks) The third column lists the 
WM tracts significantly affected by CCL11 in the clusters.  

 
 
 
Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.11±0.01 
 

 
947 
 
24   -34   54 (R Corticospinal tract) 
 

 
R Superior longitudinal fasciculus 
R Cingulum (cingulate gyrus) 
R Superior corona radiata 
R Posterior corona radiata 
Splenium of corpus callosum 
 

 

795 
 
35   -22   36 (R Superior 
longitudinal fasciculus) 

R Superior longitudinal fasciculus (temporal 
part) 
R External capsule 

 

475 
 
13   9   29 (Body of corpus 
callosum) 

 
R Anterior corona radiata 
R Superior corona radiata 
 

 
Appendix Table A.38. Effect of CXCL2 on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given 
for regions showing maximal effects at TBSS values (signal peaks) The third column lists the 
WM tracts significantly affected by CXCL2 in the clusters.  

 
 
 
Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.12±0.01 
 

 
324 
 
28   -22   8 (R Retrolenticular part 
of internal capsule) 
 
 

R Inferior fronto-occipital fasciculus 
R Inferior longitudinal fasciculus 
R External capsule 
R Posterior limb of internal capsule 
R Corticospinal tract 
R Superior corona radiata 



 

 
 

205 

 

194 
 
45   -14   -8 (R Inferior longitudinal 
fasciculus) 

 
R Inferior fronto-occipital fasciculus 
 

 

172 
 
32   -20   38 (R Superior 
longitudinal fasciculus) 

R Superior longitudinal fasciculus (temporal 
part) 
 

 

127 
 
18   -29   10 (R Anterior thalamic 
radiation) 

R Anterior thalamic radiation 

 
120 
 
27    -25    -7 (R Fornix) 

R Stria terminalis 

 
Appendix Table A.39. Effect of CXCL6 on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given 
for regions showing maximal effects at TBSS values (signal peaks) The third column lists the 
WM tracts significantly affected by CXCL6 in the clusters. 

 
 
 

Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.12±0.02 
 

 
 
8005 
 
24    -33    54 (R Corticospinal 
tract) 
 
 
 

 
R Inferior fronto-occipital fasciculus 
R Superior longitudinal fasciculus 
R Superior longitudinal 
fasciculus (temporal part) 
R Uncinate fasciculus 
R External capsule 
R Anterior corona radiata 
R Anterior thalamic radiation 
R Superior corona radiata 
R Inferior longitudinal fasciculus 
R Cingulum (cingulate gyrus) 
Forceps major 
Forceps minor 
Body of corpus callosum 
Splenium of corpus callosum 
 

 
Appendix Table A.40. Effect of CXCL8 on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given 
for regions showing maximal effects at TBSS values (signal peaks) The third column lists the 
WM tracts significantly affected by CXCL8 in the clusters. 

 
 
 

Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.12±0.01 
 

 
 
3471 
 

 
Bilateral Inferior cerebellar peduncle 
Bilateral Superior cerebellar peduncle 
Bilateral Cerebral peduncle 



 

 
206 

-24    -50    -37 (L Corticospinal 
tract) 
 
 
 

Bilateral Anterior thalamic radiation 
R Corticospinal tract 
 

 

 
420 
 
37   -43   -14 (R Inferior 
longitudinal fasciculus) 
 
 

 
R Inferior longitudinal fasciculus 
R Retrolenticular part of internal capsule 
R Posterior thalamic radiation (include optic 
radiation) 
R Sagittal stratum  
 

 

345 
 
-41   -31   -5 (L Inferior fronto-
occipital fasciculus) 

 
L Inferior longitudinal fasciculus 
L Retrolenticular part of internal capsule 
L Posterior thalamic radiation  
 

 
335 
 
-20   -87   6 (Forceps major) 

L Inferior fronto-occipital fasciculus 
L Inferior longitudinal fasciculus 

 

187 
 
43   -25   -15 (R Superior 
longitudinal fasciculus) 

R Sagittal stratum  
R Inferior longitudinal fasciculus 
R Inferior fronto-occipital fasciculus 

Mean 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.07±0.01 

975 
 
23    -31    46 (R Corticospinal 
tract) 

 
R Superior corona radiata 
R Posterior corona radiata 
R Superior longitudinal fasciculus 
 

 
Appendix Table A.41. Effect of CXCL9 on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given 
for regions showing maximal effects at TBSS values (signal peaks) The third column lists the 
WM tracts significantly affected by CXCL9 in the clusters. 

 
 
 

Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.12±0.01 
 

 
 
16473 
 
23   -59   37 (R Inferior longitudinal 
fasciculus) 
 
 

 
R Inferior fronto-occipital fasciculus 
R Superior longitudinal fasciculus  
R Posterior thalamic radiation 
R Retrolenticular part of internal capsule 
R Uncinate fasciculus 
R Fornix 
R Posterior corona radiata 
Splenium of corpus callosum 
Body of corpus callosum 
Forceps major 
 



 

 
 

207 

 

4573 
 
-26   -26   30 (L Anterior thalamic 
radiation) 

 
L Inferior fronto-occipital fasciculus 
L Anterior corona radiata 
L Superior corona radiata 
L Cingulum (cingulate gyrus) 
L Anterior thalamic radiation 
L Uncinate fasciculus 
Forceps minor 
 

Mean 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.07±0.01 
31192 
 
23   -27   42 (R Corticospinal tract) 

 
Bilateral Anterior corona radiata 
Bilateral Superior corona radiata 
Bilateral Posterior corona radiata 
Bilateral Posterior thalamic radiation  
Bilateral Cingulum (cingulate gyrus) 
Bilateral Superior longitudinal fasciculus 
R Inferior longitidinal fasciculus 
R Inferior fronto-occipital fasciculus 
R External capsule 
R Uncinate fasciculus  
R Posterior limb of internal capsule 
R Retrolenticular part of internal capsule 
Genu of corpus callosum 
Body of corpus callosum 
Splenium of corpus callosum 
Forceps minor 
 

 
Appendix Table A.42. Effect of CX3CL1 on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given 
for regions showing maximal effects at TBSS values (signal peaks) The third column lists the 
WM tracts significantly affected by CX3CL1 in the clusters. 

 
 

 
Fractional 
Anisotropy 

N. Voxels & Signal Peaks 
(x, y, z) White Matter Tracts 

 
0.58±0.09 

 
 

 
603 
 
-13   21   21 (Genu of corpus 
callosum) 

 

L Cingulum (cingulate gyrus) 
Body of corpus callosum 
Forceps minor 

 

 
180 

 
15   34   4 (Genu of corpus 
callosum)  

 

Forceps minor 
R Anterior corona radiata 
R Anterior thalamic radiation 

Radial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
 

0.05±0.01 
 

3394 
 

-13   13   27 (Body of corpus 
callosum)  

 
Bilateral Superior corona radiata 
R Anterior corona radiata 
R Anterior thalamic radiation 
L Inferior fronto-occipital fasciculus 
Cingulum 
Genu of corpus callosum  
Forceps minor 
 



 

 
208 

Mean 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
0.08±0.01 

 

 

803 

16   15   28 (Body of corpus 
callosum) 

 
R Anterior corona radiata 
R Superior corona radiata 
Forceps minor 
Genu of corpus callosum 
R Anterior thalamic radiation 
 

 

 

324 

 

-15   13   29 (Body of corpus 
callosum) 

L Superior corona radiata 
L Anterior corona radiata 

 

 

184 

 

28   24   23 (R Anterior thalamic 
radiation) 

R Inferior fronto-occipital fasciculus  
R Anterior thalamic radiation 
R Anterior corona radiata 

 

 

113 

 

36   16   19 (R Superior 
longitudinal fasciculus) 

 
R Superior longitudinal fasciculus (temporal 
part) 
R Anterior thalamic radiation 
R Superior longitudinal fasciculus 
Forceps minor 
 

 
Appendix Table A.43. Effect of C-peptide on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given 
for regions showing maximal effects at TBSS values (signal peaks) The third column lists the 
WM tracts significantly affected by c-peptide in the clusters. 

 
 
 

Axial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.13±0.03 
 

 
198 

 
-23   16   32 (L Anterior corona 
radiata) 

 

L Superior corona radiata 
L Superior longitudinal fasciculus 
Body of corpus callosum 
 

 

 
153  

 
-8   30   8 (Forceps minor) 

 

Genu of corpus callosum 
L Cingulum (cingulate gyrus) 
 

Radial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.06±0.01   



 

 
 

209 

 
 
 

11804 
 

37   -24   44 (R Superior 
longitudinal fasciculus) 

 
 
 
 
 
 

R Corticospinal tract 
R Superior longitudinal fasciculus 
R Superior longitudinal fasciculus (temporal 
part) 
R Inferior longitudinal fasciculus 
Bilateral Posterior thalamic radiation (include 
optic radiation) 
R Inferior fronto-occipital fasciculus 
Forceps major 
Splenium of corpus callosum 
Genu of corpus callosum 
R Sagittal stratum 
R Posterior corona radiata 
Bilateral Cingulum (cingulate gyrus) 
L Anterior corona radiata 
Forceps minor 
 

 

 
 

2709 
 

-16   -43   23 (Splenium of corpus 
callosum) 

 
 

 
L Cingulum (cingulate gyrus) 
L Superior longitudinal fasciculus 
L Corticospinal tract 
L Inferior longitudinal fasciculus 
L Posterior corona radiata 
L Superior corona radiata 
L Anterior  thalamic radiation 
L Cingulum (hippocampus)  
Splenium of corpus callosum  
Forceps major 

 

 

 
1951 

 
-43   29   9 (L Inferior fronto-
occipital fasciculus) 

 
 

L Superior longitudinal fasciculus 
L Superior longitudinal fasciculus (temporal 
part) 
L Anterior thalamic radiation 
L Superior corona radiata 

Mean 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

 
 
 
 
 

0.07±0.01 
 
 
 
 
 
 

39256 
 

9   30   6 (Forceps minor) 
 
 
 

 
Bilateral Anterior thalamic radiation 
Bilateral Anterior corona radiata 
Bilateral Cingulum (cingulate gyrus) 
Bilateral Inferior fronto-occipital fasciculus 
Bilateral Uncinate fasciculus 
Bilateral External capsule 
Bilateral Retrolenticular part of internal 
capsule 
Bilateral Superior longitudinal fasciculus 
Bilateral Posterior thalamic radiation 
R Anterior limb of internal capsule 
R Posterior limb of internal capsule 
Forceps major  
Genu of corpus callosum 
 

 
Appendix Table A.44. Effect of Leptin on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given 
for regions showing maximal effects at TBSS values (signal peaks) The third column lists the 
WM tracts significantly affected by leptin in the clusters.  

 
 
 
 



 

 
210 

Radial 
Diffusivity 

N. Voxels & Signal Peak 
(x, y, z) White Matter Tracts 

0.05±0.01 
 

 
5171 
    
26   16   17 (R Anterior corona 
radiata) 
 

 
R Superior longitudinal fasciculus    
R Superior corona radiata 
R Anterior limb of internal capsule 
R Anterior thalamic radiation 
R Uncinate fasciculus 
R External capsule  
R Inferior fronto-occipital fasciculus 
R Corticospinal tract 
R Inferior longitudinal fasciculus 
R Sagittal stratum 
R Retrolenticular part of internal capsule  
Body of corpus callosum 
 

Mean 
Diffusivity 

N. Voxels & Signal Peak 
 (x, y, z) White Matter Tracts 

 
0.07±0.01 
 

 
186 
 
 26   -3  20 (R Superior corona 
radiata) 
 

 
R Anterior limb of internal  capsule 
R Anterior thalamic radiation 
R Superior fronto-occipital fasciculus 
 

 
Appendix Table A.45. Effect of GLP-1 on DTI measures of WM microstructure. First 
column shows mean and standard deviation of the clusters. In the second column, dimensions 
of clusters (number of voxels, mm3) and localization of signal peaks (MNI coordinates) are given 
for regions showing maximal effects at TBSS values (signal peaks) The third column lists the 
WM tracts significantly affected by GLP-1 in the clusters.  

 
 
 


