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Abstract: Reduced brain derived neurotrophic factor (BDNF) concentration is reported to be associated with a cognitive decline in schizophrenia, depending on the stage of the disease. Aim of the study was to examine the possible association between plasma BDNF and cognitive decline in chronic stable schizophrenia and mild cognitive impairment (MCI). The study included 123 inpatients of both sexes with schizophrenia, 123 patients with MCI and 208 healthy control subjects. Cognitive abilities were assessed using mini mental state examination (MMSE), Clock Drawing test (CDT) and cognitive subscale of the Positive and Negative Syndrome Scale (PANSS). BDNF concentration was determined in plasma samples using ELISA. BDNF concentration was lower in patients with schizophrenia and MCI compared to age-matched healthy controls and was similar in carriers of different BDNF Val/66Met genotypes. MMSE and CDT scores were lower in patients with schizophrenia compared to healthy controls and subjects with MCI. Reduced plasma BDNF was significantly associated with lower MMSE scores in all subjects. BDNF concentration in patients with schizophrenia was not affected by clinical and demographic factors. BDNF Val66Met polymorphism was not associated with MMSE scores in all participants. Further studies should include longitudinal follow-up and other cognitive scales to confirm these results and offer cognition-improving strategies to prevent cognitive decline in chronic schizophrenia.
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Highlights:
· Patients with schizophrenia and MCI had lower plasma BDNF compared to controls
· [bookmark: _Hlk165721742]BDNF concentration was not affected by clinical and demographic factors 
· Reduced BDNF was related to lower MMSE scores and cognitive decline in all subjects
· Similar MMSE scores were found in carriers of different BDNF Val66Met genotypes  
· BDNF concentration did not differ between carriers of Val/Val, Val/Met or Met/Met genotype 







1. Introduction
Schizophrenia is a severe, heterogeneous chronic mental disorder, with diverse clinical manifestations, such as psychotic, negative and cognitive symptoms. Distorted cognition is characterized by disturbances in thinking. Pronounced cognitive decline can be detected in reduced processing speed, problems in attention, vigilance and working memory, slower verbal and visual learning, difficulties in problem solving, and in poor social cognition (emotion processing, social perception and theory of mind) [1–3]. Grater cognitive fall is correlated with the reduced level of the real-word functioning [3], and cognitive deterioration is mostly resistant to pharmacological treatment. Beside in schizophrenia, various cognitive disturbances are characteristic features of other psychiatric diseases such as bipolar disorder [4], PTSD [5], depression [6], as well as of neurodegenerative disorders, such as various dementias [7]; Alzheimer’s disease [8] and mild cognitive impairment (MCI) [2]. Although these symptoms are very heterogeneous, it has been suggested to evaluate differences of cognitive profiles between patents with schizophrenia and MCI [2], and hence, we have included in this study patients with schizophrenia and healthy control subjects, but also a group of individuals with MCI.
Since traditional cognitive or neuropsychological testing is time consuming, or sometimes not available in the clinic, it is recommended that shorter cognitive tests should be incorporated into clinical routines [3]. The Positive and Negative Syndrome Scale (PANSS) [9] is a gold standard for describing various and distinct symptoms (positive, negative and general psychopathology clusters) of schizophrenia, however it is recognized that the whole spectrum of schizophrenia symptoms is better captured if PANSS is subdivided into positive, negative, disorganized (or cognitive), excited, and depressed factors or subscales [3]. Therefore, cognitive symptoms might be evaluated with the PANSS disorganized factor [3] that consists of particular symptoms described in all three clusters, i.e. in positive, negative and general psychopathology clusters, and these symptoms are: N5=Difficulty in abstract thinking, G11=Poor attention, G10=Disorientation, N7=Stereotyped thinking and P2=Conceptual disorganization. Beside these symptoms, other study [10] included also other items in the PANSS disorganized factor (G5=Mannerisms and posturing; G12=Lack of judgement and insight; G13=Disturbance of volition; G15=Preoccupation). Although the higher scores in some of PANSS disorganized/cognitive symptoms (P2, N5 and G11) were reported to be significantly associated with poorer executive function as assessed by the Wisconsin Card Sorting Test [11], an association between the PANSS disorganization/cognitive subscale and the Wisconsin Card Sorting Test scores was found [11], suggesting a partial utility of cognitive symptoms evaluated by the PANSS with only a small variance [3,10]. The most frequently used instrument for assessing the cognitive impairment and a gold standard for detection of early signs of cognitive deterioration is the Mini-Mental State Examination (MMSE) [12,13]. This is a quick and accurate scale. Other rapid and simple scale is a Clock Drawing test (CDT) [14]. Both of these scales were used in the present study. 
Brain derived neurotrophic factor (BDNF) is a member of neurotrophin family with major roles in brain development, neurogenesis, neuronal growth, differentiation, maturation, survival, synaptic plasticity, neuro-regeneration, cognitive processes such as learning, memory, attention, and excitatory and inhibitory synaptic transmission and activity-dependent plasticity [4]. The pro-isoform (pro-BDNF) is a first step in the synthesis of mature BDNF [4]. Pro-BDNF is stored in dendrites or axons, and binds to p75 neurotrophin receptor (p75NTR) whose activation induces long term depression and activation of apoptotic pathways. A mature form of BDNF (m-BDNF) arises by proteolytical cleavage of pro-BDNF, and it binds to tyrosine kinase receptors (TrkB), whose activation is associated with completely opposite effects of the ones caused by the pro-BDNF. The actions of the mature protein of BDNF, via its activation of the TrkB receptors, stimulate cell proliferation, growth, and neuroplasticity and induce long term potentiation [4]. In general, actions of m-BDNF or pro-BDNF and activation of their TrkB or p75NTR receptors induce a cascade of neuropathophysiological events, which is assumed to be associated with alterations of synaptic plasticity, that might affect cognitive abilities. Therefore, BDNF is frequently studied candidate for the impairments found in various psychiatric disorders [15].
Various studies evaluated the association of mature form of BDNF (referred from here on as BDNF) and schizophrenia [16] or with cognitive function in schizophrenia [17–19]. These studies detected different relationships between peripheral BDNF concentration and cognition [17], however, most of the studies that evaluated chronic schizophrenia have found a slight or moderate association between the peripheral BDNF levels and scores related to verbal, immediate and working memory, processing speed, verbal fluency, attention, motor and executive function [17]. These results reveled that this association depends on different stages and origins of schizophrenia, such as high risk of developing psychosis, first episode psychosis, or chronic schizophrenia, different neurocognitive testing used [17], but also on sex of patients [20]. Therefore, in the present study we included only patients with a stable phase of chronic schizophrenia, determined cognition with MMSE, CDT and PANSS disorganized subscale and evaluated the possible influence of sex on the relationship between BDNF and cognition.
Some studies evaluated the possible association between the most frequently studied functional polymorphism of the BDNF gene, BDNF Val66Met, that is assumed to alter BDNF expression level [21] and is associated with cognition in schizophrenia [19]. BDNF Val66Met is a single nucleotide polymorphism (SNP), a 196G>A (rs6265) substitution, which results in a guanine to adenine substitution in nucleotide 196, i.e. a shift from Valine to Methionine in position 66 of the pro-BDNF isoform in the 5ʹproregion of the protein. In neurons, BDNF release could be triggered by a regulated or a constitutive pathway [4]. It was found that the Met allele of the BDNF Val66Met is responsible for the abnormal trafficking and secretion of BDNF and therefore decreased activity-dependent secretion of the endogenous BDNF [22,23]. These results are explained with the Met-induced diminished regulated secretion and reduction in available BDNF [24]. However, these alterations in the BDNF protein level were detected mostly in animal models or in various cell cultures [21]. Recent data suggest that the Met allele might not alter BDNF concentration per se [25], but the Met allele might cause lower levels of BDNF expression vs. the Val allele [21]. Namely, BDNF Val66Met polymorphism affects BDNF function, via a modest change in the processing, distribution, and regulation of the BDNF release [25].
BDNF Val66Met polymorphism was assessed in relation to cognitive function in schizophrenia [17,26]. Review of human data revealed that BDNF Val66Met is associated with cognitive endophenotypes of schizophrenia, such as impaired prefrontal cognition and hippocampal-dependent memory deficits [27]. A significant effect of the Met allele with poor visuospatial/constructional performance was detected in patients with schizophrenia [26]. Sex-specific effects of the Met allele were also detected in antipsychotic-naïve patients with schizophrenia, where perseverative errors in the Wisconsin Card Sorting Test were found more frequently in male Met carriers compared to male carriers of the Val/Val homozygous genotype [28]. Beside sex, ethnic differences exist in the distribution of the BDNF Val66Met genotypes between Asian and Caucasian populations [29], and therefore association studies of the BDNF Val66Met and different cognitive phenotypes in schizophrenia should include also this confounder. In the present study we included only Caucasian subjects matched for sex.
Since there are scarce data on the relationship between BDNF concentration and cognition in schizophrenia [17-20], controlled for the possible influence of BDNF Val66Met, sex, phase of illness and ethnicity, the aim of the present study was to evaluate the association between cognitive decline and plasma BDNF concentration in Caucasian patients with chronic schizophrenia and to compare these values with those in healthy control subjects but also in individuals with MCI. These two comparative groups (healthy control subjects and individuals with MCI) were included to detect possible differences in BDNF and cognition in subjects with MCI and schizophrenia, compared to control subjects, matched for sex. We expected [5,6] that plasma BDNF concentration might be used as neurobiological biomarker of cognitive decline in schizophrenia [16,17], that is simple, noninvasive and easy available. The hypothesis of this study was that lower plasma BDNF concentration (controlled for the possible confounders, i.e. BDNF Val66Met, sex, stage of disease and ethnicity) and fall of cognitive abilities will be found in subjects with chronic schizophrenia in a stable phase, and in subjects with MCI, when compared to healthy subjects.

2. Materials and Methods
2.1. Subjects
This was a cross-sectional comparative study that included 454 participants: 123 patients with schizophrenia, 123 individuals with MCI and 204 healthy control subjects. Male and female patients with schizophrenia were in the stable state, between 26-59 years old, diagnosed by psychiatrists using the Structured Clinical Interview (SCID) for DSM-5 [30] and the PANSS [9]. They had the education level of 8-12 years (N=106), or 15-18 years (N=17). 
Two comparative groups were included in the study: 204 male and female healthy control subjects and 123 male and female individuals with MCI. Subjects with MCI (56-82 years old) were diagnosed using the DSM-5 criteria [31] and the criteria of the National Institute of Neurological and Communication Disorders and Stroke, which is part of the American National Institute of Health (NINCDS-ADRDA; National Institute of Neurological and Communicative Disorders and Stroke and Alzheimer’s Disease and Related Disorders Association), as described before [7]. Healthy control group consisted of cognitively healthy participants 24-71 years old, with at least 11-12 years of education level. 
All participants were recruited from the Clinics for Psychiatry Vrapce, Zagreb, Croatia, and were sampled during the year 2023 after the permit of the corresponding Ethics Committee. Since we included participants sampled in this particular period, we could not include previously sampled individuals with MCI [7] or male healthy control subjects [5]. The sample and the procedures were discussed in details to all participants. All subjects were Caucasians of Croatian origin, and were included in the study after they accepted to participate and provided written informed consent. They were excluded if they had diabetes, coronary heart disease [32], significant alcohol or substance use, stroke, were pregnant, or were treated with antidementia medication, had bipolar I disorder and major depressive disorders. In addition, in individuals with MCI, the exclusion criteria were vascular or mixed dementia, tumors or inflammatory diseases of the central nervous system, brain trauma, systemic metabolic diseases, Huntington’s disease, Frontotemporal dementia. Except tobacco smoking, no other comorbid substance abuse or dependence was present. All patients with schizophrenia were treated with atypical (olanzapine, clozapine, risperidone, quetiapine or clozapine) or typical (haloperidol) antipsychotics, alone or combined with benzodiazepines. 

This study was carried out in line with the Helsinki Declaration [33], and it was approved by the Ethics Committee of the University Psychiatric Hospital Vrapče, Zagreb, Croatia (approval code 23-0182/10-23; 15 March 2023).

2.1.1. Evaluation of cognition
A gold standard for detection of early signs of cognitive deterioration, Mini-Mental State Examination (MMSE) [12,13] was used for all participants. The MMSE is a quick scale consisting of 30-items, with scoring 0–30, assessing orientation to time and place, short-term memory, constructional capacities, and language use, with one point assigned to each successfully completed task. It is assumed that MMSE scores of 26-30 are found in individuals with normal cognitive functions, while individuals with mild cognitive deterioration will have score 21–25, individuals with moderate cognitive disturbances 10–20, while individuals with severe loss of cognitive function will show MMSE score less than 10. 
In addition, a Clock Drawing test (CDT) was also used [14], a simple and accurate method to screen for early-stage dementia, that evaluates cognition, including executive function, attention, language skills, frontal lobe function, and visuospatial skills. In CDT a patient is asked to draw a clock showing a precise time, usually 10 minutes after 11.  Scoring is very simple. Maximal score is 5 and CDT assesses if individual has correctly placed numbers and hands in the drawing (score 5), while score 4 means mild visuo-spatial errors, score 3 shows clear-cut errors in time given, score 2 indicates moderate visuospatial errors, score 1 means marked visuospatial errors, and score 0 reveals that neither numbers nor hands were remotely correctly placed [14].
All patients with schizophrenia were assessed for the presence and/or severity of particular clinical symptoms of schizophrenia using PANSS total (range 46-82 scores) and PANSS cognition/disorganized subscale (range 15-26 scores). The cognitive symptoms based on the PANSS were listed as proposed before [10]. Since we included in-patients with schizophrenia treated with proper antipsychotic medication, in our sample very few had scores of 4 or more (i.e. moderate or moderate/severe, or severe or extreme) in any of the PANSS subscales. Therefore, we could not subdivide patients with schizophrenia according to the severity of symptoms into those with severe and less severe cognitive symptoms using the PANSS total or PANSS subscale for cognition/disorganization, but we evaluated the correlation between BDNF and the PANSS total or PANSS cognitive/disorganized total symptom scores listed in PANSS items (P2=Conceptual disorganization; N5=Difficulty in abstract thinking; N7=Stereotyped thinking; G5=Mannerisms and posturing; G10=Disorientation; G11=Poor attention; G12=Lack of judgement and insight; G13=Disturbance of volition; G15=Preoccupation) referring to cognitive functioning [10].

2.2. Blood sample collection
For this study the sampling of the blood started at 09.00 AM after overnight fasting and during the routine laboratory testing. The samples were collected in yellow-top BD Vacutainer™ tubes (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) with 1.5 ml of acid citrate dextrose anticoagulant. The separation of plasma from the whole blood sample was achieved by centrifugation (3 min at 1100 x g, followed by 15 min at 5030 × g). Plasma samples and the rest of the blood samples were stored at -20°C until further analysis. 

2.2.1. Determination of plasma BDNF concentration
Concentration of BDNF in plasma samples was determined using a commercial enzyme-linked immunosorbent assay (ELISA) (Quantikine ELISA, R&D Systems, Minneapolis, MN, USA). The analysis was done according to the manufacturer’s instructions and all the samples were diluted 1:2 with the dilutant provided by the manufacturer. All samples were determined in duplicates. Briefly, all plasma samples, standards and blank samples were added to the pre-coated 96-well plates and incubated at room temperature for 2 hours. After the incubation, a monoclonal anti-BDNF antibody conjugated to horseradish peroxidase was added to each well. Following the incubation at room temperature for 1 hour, plates were washed 3 times with provided washing buffer and incubated at room temperature for 30 min after adding substrate solution. The reaction was terminated with 2 N sulfuric acid and the absorbance of each sample, standards and blanks was measured using a microplate reader set to 450 nm with wavelength correction set to 570 nm. The concentration of BDNF in each sample was calculated based on a standard curve.

2.2.2. BDNF Val66Met (rs6265) genotyping
Isolation of genomic DNA from blood samples was performed using the 'salting out' method [34]. The BDNF Val66Met polymorphism (dbSNP ID rs6265) genotyping was carried out using with the real time PCR method using the TaqMan® SNP Genotyping Assay (ID: C_11592758_10, Applied Biosystems, Foster City, USA), according to manufacturer's instructions and with ABI Prism 7300 real time PCR System apparatus (Applied Biosystems, Foster City, USA). The possibility of genotyping errors was excluded by randomly choosing 5% of samples for repeated genotyping with 100% concordance.

2.3. Statistical analysis
Sigma Stat 3.5 (Jandel Scientific Corp., San Jose, California, USA) was used for statistical analyses and evaluation of the results. Kolmogorov-Smirnov test was applied to evaluate normality of data distribution. Due to the escape of normal distribution of all the variables included in the study (BDNF plasma concentration, demographic and clinical variables), non-parametric tests were applied and the results were expressed as median and range. Kruskal-Wallis ANOVA by ranks, with the Dunn’s multiple comparisons test for post-hoc comparisons, was used to compare three or more groups, while Mann-Whitney U test was used when comparing two groups of subjects. Correlation between BDNF plasma concentration and different demographic and clinical variables was assessed using Spearman’s correlation coefficient. Possible difference in sex distribution between subject groups was evaluated with χ2-test. In order to evaluate the effect of diagnosis on plasma BDNF concentration, and to correct for the possible effect of age and cognitive dysfunction, a multiple linear regression analysis was performed with diagnosis, age, MMSE scores, and CDT scores as independent variables and BDNF plasma concentration as a dependent variable. Genotype distribution between patients with schizophrenia was calculated using the χ2-test. Differences in the frequency of the BDNF Val66Met genotypes between patients with different cognitive scores were evaluated using the χ2-test. BDNF Val66Met genotypes were in the Hardy-Weinberg equilibrium (χ2=0.07;df=1; p=0.785), [35]. All tests were two-tailed, and α was set at 0.05.
G*Power 3 Software [36] was used to determine the needed sample size in advance and to determine statistical power (with α=0.05; power=0.800; small to median effect size). For multiple linear regression analysis (effect size=0.05; number of predictors=4), total desired sample size was 244. For χ2-test (effect size=0.30; df=2), needed samples size=108. For Mann Whitney test (effect size=0.20), total desired sample size was 204 with 102 participants per group and for Kruskal Wallis ANOVA (effect size=0.20), needed samples size=246. Since the actual total sample size was 454, the study included appropriate sample size and statistical power to detect significant differences in the studied groups.

3. Results
[bookmark: _Hlk165545794]Clinical and demographic variables for all three groups of subjects included in the study are presented in Table 1. Subject groups differed in age (Table 1). Subjects with MCI were significantly older than schizophrenia patients (p<0.001; Dunn's post-hoc test). As expected, there was a significant difference in age between two healthy control groups (p=0.001; Dunn's post-hoc test), between schizophrenia patients and older controls (p=0.001; Dunn's post-hoc test), and between MCI group and healthy controls under the age of 56 years (p=0.001; Dunn's post-hoc test). However, no significant difference was observed in age between MCI subjects and their matched control group (p=0.258; Dunn's post-hoc test), and between schizophrenia patients and younger controls (p=0.368; Dunn's post-hoc test). The proportion of male and female participants was not the same in all four subject groups (Table 1). 
[bookmark: _Hlk165545834]When comparing cognitive abilities, assessed with the MMSE and CDT scores, between healthy controls, subjects diagnosed with schizophrenia and MCI subjects, the results pointed to the worst cognitive functioning in schizophrenia patients (Table 1). MMSE scores were found to be significantly lower in patients with schizophrenia compared to both healthy control groups (p<0.001; Dunn's post-hoc test) and to those in MCI subjects (p<0.001; Dunn's post-hoc test). The same trend was observed for the CDT scores (p<0.001; Dunn's post-hoc test). As expected, MCI group also had significantly lower MMSE scores compared to both younger (p<0.001; Dunn's post-hoc test) and older (p=0.001; Dunn's post-hoc test) control group. In case of the CDT scores, no significant difference was detected between MCI subjects and both younger (p=0.138; Dunn's post-hoc test) and older (p=0.441; Dunn's post-hoc test) controls (Table 1). Cognitive functioning, evaluated by MMSE (p=1.000; Dunn's post-hoc test) and CDT (p=1.000; Dunn's post-hoc test), was similar in both healthy control groups (Table 1). 

Table 1. Demographic and clinical characteristics of subjects included in the study. All data are presented as median (range)
	
	HC
	SCH
(N=123)
	MCI
(N=123)
	Statistics
(df=3)

	
	<56 years
(N=126)
	≥56 years
(N=82)
	
	
	

	Sex (% of males)
	32.5
	76.8
	41.5
	42.3
	χ2=42.30; p<0.001

	Age (years)
	44
(24-55)
	62
(56-71)
	48
(26-59)
	65
(56-82)
	H=327.49; p<0.001

	MMSE score
	28
(27-30)
	28
(27-30)
	24
(19-30)
	27
(25-30)
	H=212.42; p<0.001

	CDT score
	5
(4-5)
	5
(4-5)
	3
(2-5)
	4
(3-5)
	H=137.89; p<0.001

	PANSS score
	NA
	NA
	62
(46-82)
	NA
	NA

	PANSS cognition score
	NA
	NA
	21
(15-26)
	NA
	NA


CDT=Clock drawing test; HC=control subjects; MCI=mild cognitive impairment; MMSE= Mini mental state examination; N=number of subjects; PANSS=Positive and negative syndrome scale; PANSS cognition=P2+N5+N7+G5+G10+G11+G12+G13+G15; SCH=schizophrenia.

BDNF plasma concentration was found to be significantly different between healthy controls, schizophrenia patients and subjects diagnosed with MCI (Figure 1). This variation was due to significantly higher (H=100.96; df=3; p<0.001) BDNF plasma concentration in younger and older healthy subjects compared to both schizophrenia patients (p<0.001; Dunn's post-hoc test) and individuals with MCI (p<0.001; Dunn's post-hoc test). However, the analysis revealed no significant difference in BDNF plasma levels (Figure 1) between subjects with schizophrenia and MCI group (p=0.241; Dunn's post-hoc test), and between both healthy control groups (p=1.000; Dunn's post-hoc test).
[image: ]

Figure 1. Plasma BDNF concentration in healthy controls (HC), patients diagnosed with schizophrenia (SCH), and subjects with mild cognitive impairment (MCI).

Although there was a similar frequency of male and female subjects in all groups, to evaluate possible sex related differences in plasma BDNF concentration, Kruskal Wallis ANOVA was used, confirming significant difference in BDNF in all groups induced by the significant effect of the diagnosis (H=104.50; p<0.001). This analysis revealed that BDNF concentration did not differ significantly (Dunn's post-hoc test) between male and female patients with schizophrenia (p=1.000), male and female individuals with MCI (p=1.000) and male and female healthy control subjects (p=1.000). Therefore, in the further analyses, participants were merged for sex.
Since groups differed in age, Spearman correlation was used to assess the possible effect of age on BDNF plasma concentration. No significant correlation was found between age and BDNF plasma levels in healthy control subjects, or in subjects with schizophrenia, or in individuals with MCI (Table 2). When all subjects were observed together (N=454), a significant negative correlation was observed between age of the subjects and BDNF plasma levels (p=0.001).

Table 2. Correlation between BDNF plasma concentration and age, MMSE scores and CDT scores in healthy controls (HC), patients with schizophrenia, and subjects with MCI.
	
	Plasma BDNF (ng/ml)

	
	HC
(N=208)
	SCH
(N=123)
	MCI
(N=123)
	All subjects
(N=454)

	
	[bookmark: _Hlk107914351]rs
	p
	rs
	p
	rs
	p
	rs
	p

	Age 
	-0.015
	0.831
	-0.076
	0.402
	0.118
	0.194
	-0.156
	0.001

	MMSE
	-0.084
	0.227
	-0.020
	0.829
	-0.088
	0.335
	0.162
	0.001

	CDT
	-0.039
	0.578
	-0.062
	0.492
	-0.100
	0.270
	0.104
	0.027


BDNF=brain-derived neurotrophic factor; CDT=Clock drawing test; HC=control subjects; MCI=mild cognitive impairment; MMSE= Mini mental state examination; N=number of subjects; PANSS=Positive and negative syndrome scale; SCH=schizophrenia; rs=Spearman’s correlation coefficient.

In order to additionally evaluate the effect of diagnosis on plasma BDNF concentration, and to correct for the possible effect of age and cognitive dysfunction (MMSE and CDT scores), a multiple linear regression analysis was performed with diagnosis, age, MMSE, and CDT scores as independent variables and BDNF plasma concentration as a dependent variable. Multiple linear regression analysis generated a significant model (F(4,449)=25.38; p<0.001; Radj2=0.177), due to the significant effect of age (p<0.001) and diagnosis (p<0.001) on plasma BDNF concentration, with no significant effect of MMSE (p=0.268) and CDT (p=0.628) scores.
There was no significant correlation between the severity of cognitive symptoms (MMSE and CDT scores) and peripheral BDNF concentration in healthy subjects or in participants with schizophrenia or MCI (Table 2). However, in all subjects grouped together (N=454), a significant positive correlation was detected between BDNF plasma concentration and cognitive abilities (Table 2). These results suggest that, if all subjects were observed together, better cognitive abilities were associated with higher peripheral BDNF concentration (Table 2). 
As cognitive reduction was associated with lower BDNF concentration in all subjects, to additionally analyze the possible association between BDNF plasma concentration and cognitive decline, healthy control subjects, patients with schizophrenia and individuals with MCI (N=454) were divided into categories according to MMSE and CDT scores (Table 3). According to MMSE scores, subjects were subdivided into those with normal cognitive abilities (MMSE≥26), subjects with mild cognitive dysfunction (21≤MMSE≤25) and those with moderate cognitive dysfunction (10≤MMSE≤20). The results confirmed significantly higher concentrations of plasma BDNF in subjects with normal cognitive functions, compared to subjects with mild to moderate cognitive dysfunction (H=37.82; df=2; p<0.001) when MMSE was used to assess cognitive abilities (Table 3). Participants were also subdivided according to CDT scores into those with normal cognitive abilities (CDT=5) and those with cognitive dysfunction (CDT≤4). The results of the Mann-Whitney U test revealed no significant difference (U=27.054.0; p=0.217) between subjects with cognitive dysfunction and subjects with normal cognitive abilities evaluated by the CDT (Table 3). 

Table 3. Plasma BDNF concentration in healthy control subjects, patients diagnosed with schizophrenia and subjects with MCI (N=454), subdivided according to the severity of cognitive impairment into MMSE categories (MMSE≥26, normal cognitive abilities; 21≤MMSE≤25, mild cognitive dysfunction; 10≤MMSE≤20, moderate cognitive dysfunction) and CDT categories (CDT=5, normal cognitive abilities; CDT≤4, cognitive dysfunction).
	

	Plasma BDNF (ng/ml)
	Statistics

	
	median
	min-max
	

	MMSE score
	10≤MMSE≤20 
	(N=6)
	1.059a
	0.256-1.737
	H=13.98; df=2; p<0.001

	
	21≤MMSE≤25 
	(N=91)
	0.871
	0.142-4.615
	

	
	MMSE≥26 
	(N=357)
	1.184
	0.094-20.330
	

	CDT score
	CDT<5 
	(N=256)
	1.044
	0.094-20.330
	U=27,054.0; p=0.217

	
	CDT=5 
	(N=198)
	1.092
	0.149-19.162
	


BDNF=brain-derived neurotrophic factor; CDT=Clock drawing test; MMSE=Mini mental state examination; N=number of subjects; ap≤0.050 vs. MMSE≥26 (Dunn's post-hoc test).

Since MMSE scores were related to BDNF concentration, to elucidate possible sex-related differences, Kruskal Wallis ANOVA was used (H=224.50; p<0.001) revealing significant differences due to the different diagnostic groups. However, MMSE scores did not differ significantly (Dunn’s post hoc test) between male and female participants with schizophrenia (p=0.484), MCI (p=0.088) or healthy control group (p=1.000).
To assess if plasma BDNF concentration is significantly altered by the presence of the particular BDNF Val66Met genotype, Kruskal-Wallis ANOVA was used. It revealed that plasma BDNF concentration did not differ significantly (H=0.41; df=2; p=0.815) when 123 patients with schizophrenia were subdivided according to BDNF Val66Met genotypes. Similar results, i.e. no significant differences in plasma BDNF concentration were found when patients with schizophrenia were subdivided into Met carriers and carriers of the Val/Val homozygous genotype (U=1784.50; p=0.689; Mann Whitney test). The potential association between BDNF plasma concentration and BDNF Val66Met polymorphism was also evaluated in healthy controls and subjects with MCI. The results showed no significant difference in BDNF concentration between different BDNF Val66Met genotype carriers (Val/Val, Val/Met and Met/Met) in both healthy subjects (H=0.55; df=2; p=0.761) and subjects diagnosed with MCI (H=0.84; df=2; p=0.658). Plasma BDNF concentration did not differ significantly within healthy controls (U=4986.50; p=0.868) and MCI subjects (U=1624.00; p=0.361), divided into Met allele carriers and Val/Val homozygotes.
To elucidate if cognition, evaluated with the MMSE, is under the influence of BDNF Val66Met polymorphism, all subjects were subdivided into BDNF Val66Met genotype carriers (Val/Val, Val/Met and Met/Met) or in the Met carriers (combined group of Met/Met and Met/Val genotypes) and Val/Val homozygotes. Total MMSE score was not significantly affected by the BDNF Val66Met genotypes in healthy control group, patients with schizophrenia and individuals with MCI (Table 4). Namely, no significant differences in the median MMSE score were found between carriers of the Met/Met, Met/Val or Val/Val genotype (p=0.385; Kruskal Wallis ANOVA), or between Met carriers and Val/Val homozygotes (p=0.632; Mann-Whitney U test) in patients with schizophrenia (Table 4). MMSE scores were similar in healthy subjects subdivided into Met/Met, Met/Val and Val/Val genotype carriers (p=0.192; Kruskal-Wallis ANOVA) or between Met carriers and Val/Val homozygotes (p=0.088; Mann-Whitney U test). In subjects diagnosed with MCI there was also no difference in the MMSE scores between the carriers of the Met/Met, Met/Val or Met/Met genotype (p=0.218; Kruskal-Wallis ANOVA), and the same result was obtained when the subjects were divided into Met allele carriers vs. Val/Val homozygotes (p=0.269; Mann-Whitney U test), Table 4. 

Table 4. The association of the BDNF Val66Met genotypes with number of scores in the MMSE test in healthy control subjects, patients diagnosed with schizophrenia and subjects with MCI (N=454).
	BDNF Val66Met
	MMSE score
median (min-max)

	
	HC
(N=208)
	SCH
(N=123)
	MCI
(N=123)

	Met/Met
	28 (27-30)
	23 (19-25)
	29 (27-30)

	Met/Val
	29 (27-30)
	24 (19-30)
	27 (25-30)

	Val/Val
	28 (27-30)
	24 (19-30)
	27 (25-30)

	Kruskal-Wallis ANOVA (df=2)
	H=3.30; p=0.192
	H=1.91; p=0.385
	H=3.05; p=0.218

	Met carriers
	29 (27-30)
	24 (19-30)
	27 (25-30)

	Val/Val
	28 (27-30)
	24 (19-30)
	27 (25-30)

	Mann-Whitney U test
	U=8901.50; p=0.088
	U=1956.00; p=0.632
	U=1997.00; p=0.269


BDNF=brain-derived neurotrophic factor; HC=control subjects; MCI=mild cognitive impairment; Met=methionine; MMSE=Mini mental state examination; SCH=schizophrenia; Val=valine

As the main goal of this study was to assess the association between plasma BDNF concentration and cognitive decline (as revealed with the MMSE scores) in patients with schizophrenia, further analyses were focused on this diagnostic group. 
In patients with schizophrenia, the association between symptom severity (the total PANSS scores) and BDNF plasma concentration was evaluated with Spearman correlation analysis. The results showed no correlation between total PANSS scores and BDNF levels (rs=0.003; p=0.970). 
In the group with schizophrenia, the possible relationship between BDNF levels and the PANSS cognitive/disorganized symptoms described in items (P2+N5+N7+G5+G10+G11+G12+G13+G15) was not detected, since Spearman coefficient of correlation failed to detect (rs=0.000; p=0.999) any significant correlation of BDNF plasma levels and total PANSS cognitive/disorganized subscale scores. 
In assessing the possible influence of some biochemical variables on BDNF concentration in patients with schizophrenia, Spearman correlation coefficient was used. In these patients, plasma BDNF concentration was not significantly correlated with the levels of blood glucose, total cholesterol, HDL-cholesterol, LDL-cholesterol, alanine transaminase, aspartate transaminase or gamma-glutamyl transferase (Table 5).


Table 5. Clinical characteristics of subjects diagnosed with schizophrenia and their correlation (Spearman correlation coefficient) with BDNF plasma concentration. All data are presented as median (range).
	Clinical characteristics
	Median 
(min-max)
	Correlation with BDNF plasma concentration (ng/ml)

	
	
	rs
	p

	Blood glucose (mmol/l)
	5.6 (3.9-7.4)
	-0.049
	0.588

	Total cholesterol (mmol/l)
	5.2 (3.4-8.3)
	0.012
	0.894

	LDL-cholesterol (mmol/l)
	3.0 (0.9-5.8)
	-0.042
	0.645

	HDL-cholesterol (mmol/l)
	1.3 (0.7-2.2)
	0.028
	0.757

	Triglycerides (mmol/l)
	1.8 (0.7-4.0)
	0.041
	0.656

	AST (U/l)
	16.0 (11.0-36.0)
	0.012
	0.892

	ALT (U/l)
	18.0 (6.0-28.0)
	0.010
	0.913

	GGT (U/l)
	21.0 (6.0-35.0)
	0.032
	0.725


ALT=alanine transaminase; AST=aspartate Transaminase; BDNF=brain-derived neurotrophic factor; GGT=gamma-glutamyl transferase; HDL=high-density lipoproteins; LDL=low-density lipoproteins; rs=Spearman’s correlation coefficient.

To exclude the potential effect of various antipsychotics on plasma BDNF concentration in patients with schizophrenia, Kruskal-Wallis ANOVA revealed (H=5.37; df=4; p=0.252) that treatment with different antipsychotic medication (olanzapine, risperidone, haloperidol, quetiapine or clozapine) did not significantly affect plasma BDNF levels (Figure 2). 

[image: ]

Figure 2. Plasma BDNF concentration in patients diagnosed with schizophrenia treated with various antipsychotic medication. Results are expressed as median and Q1-Q3 range

Since cognition is associated with the level of education, we subdivided patients with schizophrenia according to the educational level, and plasma BDNF concentration did not differ between groups with lower and higher number of years of the educational level (U=859.0; p=0.758, Mann Whitney U test). 

4. Discussion
The present study shows that 1) plasma BDNF concentration was significantly decreased in patients with stable phase of schizophrenia compared to values in mentally healthy subjects; 2) plasma BDNF concentration was significantly lower in individuals with MCI compared to healthy controls; 3) plasma BDNF did not differ between patients with schizophrenia and individuals with MCI; 4) patients with schizophrenia had reduced MMSE and CDT scores compared to the corresponding age matched healthy control subjects and to subjects with MCI; 5) subjects with MCI had significantly lower MMSE scores than older healthy subjects. 
According to the reported recommendation [2], we have evaluated the cognitive symptoms in schizophrenia as well as in MCI, to find if there are any differences in cognitive deterioration between these two groups. Patients with schizophrenia had lower scores in MMSE (i.e. orientation to time and place, short-term memory, constructional capacities, and language use), as well as lower CDT scores (executive function, attention, language skills, frontal lobe function, and visuospatial skills) compared to corresponding scores in individuals with MCI. These two scales (MMSE and CDT) were fast and rapid tests, easy to administer and indicated cognitive deterioration in schizophrenia, as confirmed by the previous data [1–3]. These data confirm worsening in cognitive performance in patients with schizophrenia. We have also followed the approach to detect cognitive fall with combination of both CDT and MMSE tests [37], since other neuropsychological examinations or traditional cognitive testing or neurocognitive batteries are time consuming [3]. In addition, in the European Psychiatric Association guidance on assessment of cognitive impairment in schizophrenia, it was suggested that in clinical setting where comprehensive testing is not a part of routine practice, better alternative is to provide any type of cognitive assessment (i.e. use of clinical observation, interview-based instruments or simpler assessment tools with limited levels of recommendation) than none [38]. Since patients with schizophrenia have distorted insight, some self-reported questionnaires might not be completely trustworthy, and therefore psychiatrist’s administered scales are more reliable. Particular neurocognitive tests have been suggested to assess neurocognitive and social cognition performance in participants with schizophrenia, with aim to better characterize patients and to offer them a personalized treatment and rehabilitation programs [38].
In patients with schizophrenia, plasma BDNF concentration was not significantly influenced by the sex, smoking, age, BMI, lipids, blood glucose levels, different antipsychotics, different level of education, PANSS total or cognitive scores, or BDNF Val66Met genotypes. The data showing lack of effect of biochemical variables on plasma BDNF concentration are in line with previous data in subjects with MCI [7] or in healthy subjects [32] where these variables were not significantly correlated with BDNF concentration. Some of these variables (cholesterol and LDL-cholesterol) were significantly associated with BDNF levels in patients with coronary heart disease, and BDNF concentration was reduced in these patients compared to healthy controls [32], and therefore in the present study we have excluded participants with coronary heart disease. In agreement with our data on the lack of effect of PANSS scores, a recent review [39] revealed that elevated BDNF levels and clinical improvement were not significantly correlated with the PANSS scores. To exclude possible effects of the psychotic-related and different stage-related conditions [17], we included only chronic patients with a stable phase of schizophrenia. There were no significant sex-related differences in plasma BDNF levels in Caucasian individuals in the present study, which contrast the data from Chinese participants [40].
In our study reduced MMSE scores were not associated with the severity of schizophrenia symptoms, as shown by the lack of association between total PANSS scores and BDNF concentration. This might be explained by the fact that our inpatients with schizophrenia were in a stable phase, and they had moderate symptoms (score 46-82 score) assessed by the PANSS. This is in line with other finding of the reduced cognitive performance which was not associated with symptom severity in schizophrenia, revealing that cognitive deterioration is distinct from psychotic symptomology [1]. It was recommended that cognitive performance evaluations should be focused on patients as well as their family members or caregivers [38], especially in schizophrenia with severe symptoms. However, in the present study patients did not have severe symptoms, as shown by the total PANSS scores and total PANSS disorganized subscale scores, since very few had moderate or moderate/severe, or severe or extreme symptoms. Therefore, evaluation of cognition was done by psychiatrists with full collaboration of patients.
Different findings about the associations between cognition and peripheral BDNF levels in schizophrenia might be explained by the possible influence of stage of disease [17,18], effect of antipsychotic medication [38], sex of patients [20,41], plasma or serum BDNF determination [42] or the method of evaluation of BDNF [43]. Plasma BDNF was used since BDNF is stored in platelets, and plasma BDNF represents free BDNF, reflecting brain BDNF [44]. It was previously reported that BDNF crosses the blood-brain barrier by a high capacity, saturable transport system [45], and plasma BDNF was significantly correlated with cerebrospinal fluid (CSF) BDNF concentration in patients with first episode of psychosis [46]. Contrary to previous finding [44] but in line with reports showing correlation between plasma and serum BDNF in Caucasian patients with acute schizophrenia [42], as well as in healthy Japanese subjects [47], plasma BDNF concentration was chosen in the present study since it is assumed that the changes in blood BDNF concentration mirror brain BDNF alterations [17]. In addition, due to the recent suggestion, since BDNF concentration might differ according to use of different methods or assays [43], we have done all BDNF determinations with R&D System-Quantikine BDNF ELISA assays, reported to be specific for mature human BDNF [8]. 
In line with previous findings [42,48,49], in our patients plasma BDNF concentration was not significantly affected by treatment of different antipsychotics (olanzapine, risperidone, haloperidol, quetiapine or clozapine). In agreement, in the large number of patients with schizophrenia (N=1285), treatment with clozapine, risperidone or typical antipsychotics did not affect serum BDNF [20]. Treatment with clozapine combined with memantine did not change serum BDNF in schizophrenia [50], as well as olanzapine [51] or paliperidone [52] treatment. In Caucasian patients with acute schizophrenia, treatment with risperidone and olanzapine did not affect concentration of BDNF in plasma or serum [42]. In contrast to our data, a recent review presented data showing that most studies found antipsychotic-induced increases of serum or plasma BDNF levels, but without or positive correlation between change in BDNF and PANSS scores [39]. However, when looking only at the plasma BDNF data after antipsychotic treatment, this review included only 6 studies, and two of them did not find any significant effect of antipsychotics on plasma BDNF [51,52], while other studies [53–55] detected either slight or significant various antipsychotics-induced increases of plasma BDNF levels. We excluded the possible influence of different antipsychotics on plasma BDNF concentration. 
The present study revealed that higher BDNF concentration was related to better cognitive performance evaluated with MMSE scores in all subjects. The unexpected result was the lack of significant association between decreased plasma BDNF concentration and reduced MMSE scores in subjects with chronic schizophrenia, individuals diagnosed with MCI or in healthy group. This might be explained by the small sample size in each group. To further evaluate this, we have subdivided all participants according to the MMSE categories into those with MMSE≥26 scores, those with 21≤MMSE≤25 scores and those 10≤MMSE≤20 scores, revealing normal cognition, and mild or moderate cognitive dysfunction. Plasma BDNF concentration was the highest in all participants with normal cognitive function and the lowest in mild to moderate cognitive dysfunction, confirming that reduced BDNF was associated with decreased MMSE scores (i.e. poor cognition) in all participants, as shown before in participants with depression [6] and PTSD [5]. 
Review articles [17,18] found a modest but significant association between BDNF and cognitive impairment in schizophrenia. There was no significant correlation between serum BDNF level and cognitive tests in non-deficit schizophrenia [56]. However, it was concluded [18] that BDNF level was associated with cognitive decline (especially in verbal memory, working memory, processing speed and verbal fluency performances) in schizophrenia, but these correlations had small effect sizes. BDNF expression was not associated with attention scores, but was correlated with reasoning and problem solving, and a small but significant correlation was found between all neurocognitive phenotypes and BDNF expression [19], with higher BDNF expression levels associated with better reasoning and problem-solving abilities. A recent review [17] reported data confirming relationship between BDNF and cognitive improvement, and mostly lower BDNF levels associated with cognitive decline, i.e. higher BDNF levels associated with cognitive improvement. In line with that, a significant positive correlation was found between serum BDNF and cognitive performance [57]. A partial correlation between serum BDNF and motor function was reported [58].
Sex related differences in the association between BDNF levels and immediate memory and delayed memory were found only in female but not male Chinese patients with schizophrenia [40]. In contrast to these data, sex-related differences were not detected in BDNF concentration and in MMSE scores in male and female participants of our study.
[bookmark: _Hlk165642341][bookmark: _Hlk165642392]In our study MMSE scores did not differ significantly in carriers of the different BDNF Val66Met genotypes. Namely, there were no significant differences in the MMSE scores when patients were subdivided into carriers of the Met/Met, Met/Val and Val/Val genotypes. This was confirmed in all groups: patients with schizophrenia or MCI and control subjects. A meta-analysis [19] reported only a weak association for BDNF Val66Met and cognition (verbal and visual learning domains) which disappeared after correction for multiple testing. This lack of association between MMSE scores and BDNF Val66Met in the present study is presumably due to the small number of patients genotyped for BDNF Val66Met, but a meta-analysis that included 2018 individuals with schizophrenia also did not detect a significant relationship between BDNF and general intelligence, processing speed, language, and reasoning and problem solving, while small differences were detected between carriers of the Val/Val genotype and Met carriers with Met carriers performing worse in visual and verbal learning [19]. As more Caucasian patients with schizophrenia are carriers of the BDNF Met/Met genotype compared to healthy controls, as we have reported previously using large groups of Caucasian healthy controls (N=918) and patients with schizophrenia (N=996), where we have shown significant differences in the frequency of the BDNF Val66Met genotypes [59], it is to be expected that the “risk” Met allele will be associated with reduced MMSE scores in schizophrenia. 
[bookmark: _Hlk165642438]In line with some previous data [32,60], but in contrast to other data [61–63], BDNF Val66Met was also not significantly associated with plasma BDNF concentration. Namely, no significant differences were detected in plasma BDNF concentration in carriers of the Met/Met, Met/Val and Val/Val genotypes, or between Met carriers (a combined group consisting of Met/Met and Met/Val genotypes) and carriers of the Val/Val homozygous genotype in patients with schizophrenia or MCI and in control subjects.
[bookmark: _Hlk165545561]The major limitation of this study is that we did not use any detailed neurocognitive testing, and have used only three cognitive scales (MMSE, CDT and PANSS disorganized subscale), but as suggested, any type of cognitive assessment is better than no assessment [38]. Although we did not evaluate possible effect of exercise on plasma BDNF concentration [64], we have sampled inpatients with a stable stage of schizophrenia, and blood sampling was done during the usual routine morning checks in the hospital rooms before patients started walking around. In addition, physical exercise is expected to increase plasma BDNF levels, and both our groups (individuals with MCI and patients with schizophrenia) had similarly reduced plasma BDNF concentration. The other limitation is that this was a cross-sectional comparative and not longitudinal study, which was recommended to follow cognitive deterioration in patients with schizophrenia [38].
Strengths are in fairly large number of subjects sampled at the same institution that provided needed sample size and statistical power (N=454), BDNF determined with the same assay (R&D System-Quantikine BDNF ELISA assay), by researchers who were blind to diagnoses of participants, inclusion of two comparator groups (healthy controls /matched for age for participants with schizophrenia and MCI/ and individuals with MCI), and in the control of BDNF concentration in schizophrenia for all possible confounders, such as sex, smoking, age, BMI, lipids, blood glucose levels, different antipsychotics, different level of education, PANSS total or cognitive scores, or BDNF Val66Met genotypes.

5. Conclusions
[bookmark: _Hlk165642527]Plasma BDNF and MMSE scores were significantly lower in patients with schizophrenia and individuals with MCI compared to control subjects and BDNF was significantly associated with reduced MMSE scores in all subjects. Our data revealed that in all subjects, higher plasma BDNF concentration was related to better cognitive status evaluated using the MMSE scores. Further studies should include longitudinal follow-up and other cognitive scales to confirm these results and offer cognition-improving strategies to prevent cognitive decline in chronic schizophrenia.
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