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this composite VEI in persons with schizophrenia than HCs. 
Group differences in the VEI persisted after adjustment for 
BMI and cigarette smoking. Neither age nor gender was sig-
nificantly related to the VEI. Schizophrenia patients with 
higher VEI had earlier age of disease onset, higher systolic 
and diastolic blood pressure, lower high-density lipoprotein 
cholesterol, higher insulin resistance, lower levels of mental 
well-being, and higher Framingham Coronary Heart Disease 
Risk scores. Schizophrenia is characterized by an elevation 
of vascular endothelial biomarkers, specifically cell adhesion 
molecules poised at the intersection between inflammatory 
response and vascular risk. Interventions aimed at reducing 
vascular risk may help reduce vascular endothelial abnor-
malities and prevent cardiovascular morbidity and mortality 
in schizophrenia.

Keywords Intercellular adhesion molecule-1 (ICAM-1) · 
Vascular cell adhesion molecule-1 (VCAM-1) · Vascular 
endothelial growth factor (VEGF) · Schizophrenia · 
Inflammation · Aging

Abstract Schizophrenia is associated with chronic low-
grade inflammation, which has been linked to increased 
vascular risk and rates of cardiovascular disease. Levels of 
vascular endothelial growth factor (VEGF), intercellular 
adhesion molecule-1 (ICAM-1), and vascular cell adhesion 
molecule-1 (VCAM-1) have been related to aging and neuro-
degeneration, but their role in schizophrenia remains uncer-
tain. Using a cross-sectional, case–control design, this study 
included 99 outpatients with schizophrenia and 99 healthy 
comparison subjects (HCs). Sociodemographic and clinical 
data were collected, and plasma levels of VEGF, ICAM-1, 
and VCAM-1 were assayed. A “vascular endothelial index” 
(VEI) was computed using logistic regression to create a 
composite measure that maximally differed between groups. 
General linear models were conducted to examine the pos-
sible role of demographic, physical, and lifestyle factors. 
A linear combination of ICAM-1 and VCAM-1 levels best 
distinguished the groups, with significantly higher levels of 
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Introduction

Schizophrenia is a complex neuropsychiatric disorder 
that affects approximately 1% of the world’s population. 
While the disease has traditionally been considered a brain 
disorder, schizophrenia involves not only psychiatric and 
cognitive pathology but also physiological abnormalities. 
Notably, cardiovascular disease (CVD) is more than twice 
as common in schizophrenia as in the general population 
and is likely a major source of medical morbidity [1, 2]. 
It has been suggested that an overactive inflammatory 
system may contribute to the gradual physiological “wear 
and tear” of several systemic processes in serious mental 
illnesses [3]. Specifically, a maladaptive and prolonged 
inflammatory response may play a key role in the develop-
ment and maintenance of CVD in schizophrenia.

Schizophrenia is associated with a chronic low-grade 
inflammation, characterized by higher levels of pro-inflam-
matory interleukin (IL)-6, IL-1β, and tumor necrosis fac-
tor alpha (TNFα) [4] and lower levels of IL-2 [5] than in 
healthy comparison subjects (HCs). We have previously 
reported on elevated levels of IL-6, TNFα, and high-
sensitivity C-reactive protein (hsCRP) in patients with 
schizophrenia compared to HCs in our study sample [6, 
7]. Theoretical models have described inflammation both 
as an early risk factor for developing symptoms as well as 
a marker of worsening disease state [8, 9]. Inflammation 
is also linked to increased vascular risk and contributes 
to subsequent development of hypertension, atheroscle-
rosis, and ischemic stroke [10–13]. Intracellular adhesion 
molecule-1 (ICAM-1), human vascular cellular adhesion 
molecule-1 (VCAM-1), and vascular endothelial growth 
factor (VEGF) are three vascular endothelial biomarkers 
poised at the intersection between inflammatory response 
and vascular risk [14]. An increase in circulating levels 
of pro-inflammatory cytokines triggers the production 
of ICAM-1 and VCAM-1 near the endothelial layer (EL) 
of the vessel wall; these markers are responsible for aid-
ing leukocyte adhesion to the EL during normal immune 
response, but prolonged exposure can lead to pathologi-
cal changes in the EL [15]. Specifically, increased adhe-
sion of leukocytes can result in EL breakdown, ultimately 
promoting an atherosclerotic process characterized by the 
build-up of plaques and weakening of the vessel wall [16]. 
VEGF is a signal protein involved in angiogenesis [17]. 
Elevations in peripheral levels of VEGF are typically pre-
sent when blood flow is inadequate, functioning to stimu-
late greater permeability in the EL and in the formation 
of new capillaries to restore oxygen supply. Chronic over-
expression of VEGF is also associated with diabetes [18], 
CVD and stroke risk [19], and cancer [20]. Thus, chronic 
elevations in ICAM-1, VCAM-1 and VEGF may reflect 

poor endothelial health and have been linked to greater 
CVD risk.

Vascular endothelial health deteriorates with age, and 
advanced age is a major risk factor for the development of 
CVD [21, 22]. Studies have reported age-related changes 
in circulating levels of these biomarkers. Serum levels 
of ICAM-1 and VCAM-1 increase with age in healthy 
older adults without vascular risk factors [23, 24], older 
adults with hypercholesterolemia or heart disease [25], 
and those diagnosed with age-related neurodegenerative 
disorders (e.g., Alzheimer’s disease [26]). The increased 
physical comorbidity, mortality, and physiological changes 
in schizophrenia are suggestive of accelerated biological 
aging [27]. Elucidation of the role of vascular endothelial 
biomarkers in schizophrenia is important to understanding 
the aging process. Gender is another potentially important 
covariate. Studies have been largely mixed [28, 29], but 
one has suggested that estrogen might be a protective fac-
tor for mitigating vascular endothelial risk. Thus, more 
studies are needed to fully elucidate the nature of the rela-
tionships of vascular inflammation to age and gender.

In persons with schizophrenia, there have been reports 
of higher, lower, and no differences in ICAM-1, VCAM-1 
or VEGF levels compared to HCs [30–32]. These incon-
sistent findings may reflect varying clinical characteris-
tics of the samples studied [31, 33, 34]. A more thorough 
investigation of vascular endothelial biomarkers of inflam-
mation in well-characterized patients with schizophrenia 
is warranted to disentangle potential contributions of 
clinical and medical co-morbid features of this disorder. 
Furthermore, it would be useful to understand the inter-
play between these biomarkers and how this may differ in 
people with and without schizophrenia. For this reason, 
an approach that creates a composite measure that sum-
marizes the relative contribution of individual biomarkers 
to group differences can be informative and reduce the risk 
of false positives due to multiple group comparisons of 
individual biomarkers.

This study aimed to characterize group differences 
between people with schizophrenia and HCs on levels of 
VEGF, ICAM-1, and VCAM-1. We created a “vascular 
endothelial index” (VEI) based on the linear combination 
of markers that differed most between the two groups. We 
hypothesized that vascular endothelial levels would be 
elevated in schizophrenia relative to demographically com-
parable HCs. Additionally, we examined the relationship 
of age and gender to the VEI and the interactions between 
these demographic factors and diagnosis. We also explored 
whether adjusting for BMI and cigarette smoking, factors 
that correlate with vascular endothelial dysfunction [35–37] 
and are reported to be elevated in schizophrenia [38, 39], 
would reduce diagnostic group differences. Finally, we 
examined associations of the VEI with physical health and 
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cognitive variables as well as disease-specific clinical factors 
in the schizophrenia group (e.g., symptom severity).

Methods

Participants

Outpatients with schizophrenia (n = 79) or schizoaffective 
disorder (n = 55) and HCs (n = 113), all between the ages 
of 26 and 65 years, were included. The diagnoses of schizo-
phrenia and schizoaffective disorder were made based on the 
Structured Clinical Interview for the DSM-IV-TR (SCID) 
[40]. Several papers have demonstrated similarities between 
schizoaffective disorder and schizophrenia [41, 42]. Addi-
tionally, the two patient subgroups did not differ signifi-
cantly on mean age, duration or severity of mental illness, 
physical health (BMI, medical comorbidity) or cognition. 
Therefore, we combined them for subsequent analyses and 
refer to the group as “schizophrenia”. HCs completed the 
Mini-International Neuropsychiatric Interview (MINI) to 
rule out any history of major neuropsychiatric illnesses [43]. 
Methods have been previously reported in [6, 7, 44, 45]. 
Exclusion criteria were: (1) other current major DSM-IV-
TR Axis I diagnoses; (2) alcohol or other substance (other 
than tobacco) abuse or dependence within 3 months prior to 
enrollment; (3) diagnosis of dementia, intellectual disability 
disorder, or a major neurological disorder; (4) any medical 
disability that interfered with a subject’s ability to complete 
the study procedures. All procedures were approved by the 
University of California, San Diego Human Research Pro-
tections Program. All participants provided written informed 
consent. For additional details regarding recruitment and 
subject selection criteria please see Joseph et al. [7].

Sociodemographic and clinical characteristics

Sociodemographic characteristics (i.e., age, education, 
gender, race/ethnicity, current smoking status) and illness-
related factors (i.e., age of onset and duration of illness, daily 
antipsychotic medication dosages) were ascertained through 
participant interview and review of available research and 
medical records. Daily dosages of antipsychotic medication 
were converted to total World Health Organization-defined 
daily dose [46]. Body mass index (BMI) was based on 
assessment of height and weight (kg/m2).

Psychosocial and cognitive assessments

Positive and negative psychiatric symptoms were evalu-
ated using interviewer-administered Scales for Assessment 
of Positive Symptoms and Negative Symptoms [SAPS 
and SANS, respectively; 47, 48]. Depression was assessed 

using the Patient Health Questionnaire [PHQ-9; 49]. Health-
related quality of life and functioning was evaluated using 
the physical and mental health component scores from the 
Medical Outcomes Study 36-item Short Form [SF-36; 50]. 
Medical comorbidity was measured with the total score and 
severity index from the Cumulative Illness Rating Scale 
[CIRS; 51] and, specifically, vascular comorbidity was 
measured by the CIRS vascular score. Framingham coronary 
heart disease (CHD) and CVD risk scores were calculated 
using data collected in the CIRS. The Framingham 10-year 
CHD relative risk score was calculated using age, low den-
sity and high-density lipoprotein cholesterol (LDL, HDL), 
systolic and diastolic blood pressure, presence of diabetes, 
and current smoking according to Wilson et al. [52]. The 
Framingham 10-year CVD Risk was calculated using age, 
BMI, systolic blood pressure, current smoking, and diabetes 
according to D’Agostino et al. [53].

Cognition, specifically in the domain of executive func-
tion which has been shown to be impacted by inflamma-
tion in schizophrenia [54, 55], was assessed using the 
Delis–Kaplan Executive Function System [D-KEFS; 56]; 
specifically, the scores for Trail Making Test Letter-Number 
Switching, Color-Word Interference Inhibition Switching, 
and Letter Fluency were of interest. D-KEFS raw scores 
were converted into z scores relative to each measure’s 
mean, coded such that higher scores represented better per-
formance, and averaged to create an Executive Functioning 
Composite score [57].

All assessments were performed by study staff members 
who underwent rigorous training and inter-rater reliability 
certification. Staff were trained in the administration of 
standardized assessments by shadowing senior raters and 
were observed while performing assessments.

Biomarker assays

Fasting blood was collected in ethylenediaminetetraacetic 
acid (EDTA)-treated vacutainers. Samples underwent refrig-
erated centrifugation at 3000 rpm, and plasma was stored 
at −80 °C until assay. Plasma levels of ICAM-1, VCAM-
1, and VEGF were quantified using Meso Scale Discov-
ery MULTI-SPOT® Assay System (MSD, Rockville, MD, 
USA) and analyzed on a SECTOR Imager 2400 instrument 
(MSD). Using MSD Discovery  Workbench® analysis soft-
ware (MSD), standard curves were formed by fitting ECL 
signal from calibrators to a four-parameter logistic model 
with a 1/y2 weighting. Samples were run in duplicates, using 
V-PLEX Human Biomarker panels (Catalog # K151A0H-2). 
V-PLEX kits are fully validated according to fit-for-purpose 
principles and the FDA’s analytical validation guidelines 
according to the manufacturer (MSD). The laboratory tech-
nician who performed the assays was blind to the diagnos-
tic group from which each sample was drawn. Intra-assay 
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variability was less than 5% and inter-assay variability was 
less than 10% for all three assays. The lowest detected levels 
for each biomarker were: 1.19 ng/mL (ICAM-1), 2.88 ng/
mL (VCAM-1), and 0.29 pg/mL (VEGF) [58]. No sample 
showed biomarker levels below the detection limits.

Statistical analysis

Statistical analyses were conducted using SPSS Statistics 
version 20.0 [59] and R [60]. Variables were inspected 
for violations of assumptions of normality, homogene-
ity of variance, and linearity for all variables required 
for parametric analyses. Values of all biomarkers were 
 log10-transformed to approximate a normal distribution. 
An alpha level of p < 0.05 was used to determine statisti-
cal significance. Measures of sociodemographic, clinical, 
and physical health characteristics were analyzed using 
independent samples t tests and Chi-square statistics for 
continuous and discrete variables, respectively. Groups 
were comparable in mean age, but differed significantly 
on race/ethnicity distribution (p = 0.004) and nearly sig-
nificantly on gender (p = 0.063). Therefore, we created 
a 1:1 gender- and race-matched sample (n = 99 in each 
group) using the case–control matching procedure in 
SPSS. The final schizophrenia sample included 55 patients 
diagnosed with schizophrenia and 44 with schizoaffective 
disorder. Analyses presented below are based on these two 
subgroups. Independent samples t tests were also used to 
compare levels of each vascular biomarker between diag-
nostic groups. Cohen’s d effect sizes were calculated for 
group differences, and effect sizes greater than 0.30 were 
interpreted as greater than a small effect. To understand 
how vascular biomarker levels in schizophrenia might 
relate to one another and jointly distinguish between those 
with and without the disorder, a VEI was created using 
backward stepwise logistic regression with group as the 
dependent variable. The index was calculated by creating 
a linear composite of the intercept and value of each sig-
nificant predictor, weighted by parameter estimates from 
the logistic regression model. On average, the VEI will 
necessarily significantly differ between groups because it 
was designed to do so. The direction, composition, and 
weighting of biomarkers contributing to the VEI are of 
interest, however. Importantly, it reduces each individual’s 
set of biomarker levels to a single value that indicates the 
degree of abnormality of each participant’s weighted pro-
file of vascular endothelial markers. Note that, since the 
VEI composite score was constructed from estimates of 
the logistic regression, the VEI outcomes are not stochasti-
cally independent. Variances of parameter estimates from 
the linear regression were adjusted to account for such 
dependency by taking into consideration the sampling 

variability of the estimated VEI composite score. Details 
about the methods used are available from the authors.

Subsequently, we examined the differential relation-
ships of age and gender, which have been established in 
the literature as potentially impacting vascular endothe-
lial levels, on the VEI between the schizophrenia and HC 
groups. General linear models were conducted with age 
and gender (and their respective interactions) as covari-
ates. Additionally, to consider the potential confounding 
role of physical and lifestyle factors, BMI and cigarette 
smoking (and their respective interactions) were also 
included as covariates in the same model, given that they 
were significantly different between schizophrenia and HC 
groups and are highly relevant to vascular inflammation.

Clinical, physical health, and cognitive correlates of 
VEI were examined in each group, including illness-spe-
cific variables in the schizophrenia group, using Pearson’s 
r correlations. Additionally, we examined the relationship 
of the VEI with other physiological biomarkers of inflam-
mation (e.g., chemokines, cytokines) and oxidative stress 
(e.g., F2 isoprostanes) found to be abnormal in patients 
with schizophrenia on which our group has previously 
reported. These include pro-inflammatory cytokines IL-6 
and TNFα [6], chemokines Eotaxin-1 (CCL11) and mac-
rophage-derived chemokine (MDC/CCL22), combined 
into a single “chemokine index” [44], hsCRP [7], and F2 
isoprostanes [45].

Results

Sample characteristics

Sociodemographic, psychiatric, and physical health char-
acteristics for the schizophrenia and HC groups are pre-
sented in Table 1. Our gender- and race-matched schizo-
phrenia and HC groups did not differ on age. As expected, 
persons with schizophrenia had lower levels of educational 
attainment, worse psychiatric symptoms, higher depres-
sion levels, lower levels of physical and mental well-being, 
poorer executive functioning, higher rates of smoking, 
greater medical co-morbidity, higher BMI, and greater risk 
for developing coronary heart disease and cardiovascular 
disease. Additionally, gender differences were observed in 
both groups on measures of cardiovascular health, includ-
ing HDL, LDL, triglycerides, and HDL-triglycerides ratio 
(Supplemental Table 1). Plasma ICAM-1 levels were sig-
nificantly higher in the schizophrenia group compared to 
the HCs, with a borderline-medium effect size. No group 
differences were observed for VEGF or VCAM-1.
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Table 1  Demographic, psychiatric, and physical health characteristics in healthy comparison and schizophrenia groups (N = 99 each)

Healthy comparison Schizophrenia Difference

N Mean SD N Mean SD t or χ2 p Cohen’s d

Sociodemographic factors
 Age (years) 99 47.7 12.0 99 48.7 10.1 −0.59 0.56 −0.09
 Gender [n (% female)] 99 50 (51%) – 99 50 (51%) – N/Aa – –
 Education (years) 99 14.6 2.1 99 12.6 2.0 7.00 <0.001 0.98
 Race [n (% Caucasian) 99 55 (56%) – 99 55 (56%) – N/Aa – –
 Body mass index 96 27.3 7.2 97 31.7 7.7 −4.13 <0.001 −0.59
 Current smoking status [n (% smokers)] 99 4 (4%) – 99 36 (36%) – 32.1b <0.001 −0.88

Psychiatric factors
 Age of onset (years) – – – 98 23.1 7.9 – – –
 Illness duration (years) – – – 98 25.6 11.1 – – –
 Antipsychotic daily  dosagec – – – 99 1.74 1.47 – – –
 SAPS total score 99 0.23 0.64 99 6.51 4.09 −15.1 <0.001 −2.15
 SANS total score 98 1.22 2.21 99 7.25 4.40 −12.2 <0.001 −1.73
 PHQ-9 severity score 96 1.74 2.69 97 7.25 6.12 −8.11 <0.001 −1.17
 SF-36 mental component 96 54.7 5.39 99 43.7 11.1 8.87 <0.001 1.26
 Executive Functioning Composite 99 0.47 0.61 99 −0.51 0.75 10.1 <0.001 1.43
 D-KEFS Trail Making Letter–Number Switching 99 71.9 32.1 96 147.3 68.1 −9.84 <0.001 −1.42
 D-KEFS Color–Word Interference Inhibition  

Switching
99 57.2 15.9 95 86.5 33.5 −7.73 <0001 −1.12

 D-KEFS Letter Fluency 99 42.4 11.3 99 31.4 14.1 6.05 <0.001 0.86
Physical health factors
 Systolic blood pressure 95 123.2 15.6 91 121.2 12.0 0.98 0.33 0.14
 Diastolic blood pressure 95 73.2 10.4 91 72.1 10.2 0.72 0.47 0.11
 HDL cholesterol 94 57.4 15.1 95 49.7 15.3 3.52 0.001 0.51
 LDL cholesterol 94 104.4 29.2 92 101.0 31.5 0.77 0.44 0.11
 Triglycerides (TG) 94 102.1 95.9 95 156.7 105.5 −3.72 <0.001 −0.54
 TG:HDL ratio 94 2.05 2.22 95 3.93 3.94 −4.10 <0.001 −0.59
 TG:LDL ratio 94 0.99 0.73 92 1.54 1.03 −4.21 <0.001 −0.62
 Hemoglobin A1c 87 5.66 0.50 83 5.92 1.00 −2.12 0.04 −0.33
 Glucose 98 88.3 16.8 98 101.5 47.3 −2.57d 0.01d −0.37
 Insulin 94 7.03 4.92 94 11.6 11.4 −2.94d 0.004d −0.52
 HOMA-IR 93 1.58 1.30 93 3.24 5.13 −3.44d 0.001d −0.56
 CIRS vascular score 99 0.41 0.80 99 0.91 0.99 −3.88 <0.001 −0.56
 CIRS total score 99 2.5 3.2 99 6.8 4.6 −7.59 <0.001 −1.09
 CIRS severity index 99 0.87 0.74 99 1.46 0.60 −6.17 <0.001 −0.88
 SF‐36 physical component 96 52.6 7.8 99 44.0 10.0 6.75 <0.001 0.96
 Framingham CHD Risk Score 90 1.03 0.58 84 1.23 0.74 −2.03 0.04 −0.30
 Framingham CVD Risk Score 91 7.15 8.39 97 9.95 9.40 −2.10 0.04 −0.31
 Leukocytes (K/μL) 95 5.51 1.67 89 6.74 2.17 −4.36 <0.001 −0.64
 IL-6 (pg/mL) 99 0.90 1.56 99 1.03 0.75 −3.45d <0.001d −0.49d

 TNFα (pg/mL) 99 2.49 0.81 99 3.03 0.97 −4.46d <0.001d −0.63d

 hsCRP (mg/L) 99 2.04 3.59 99 4.28 5.22 −5.07d <0.001d −0.73d

 Chemokine  indexe 99 −6.02 0.21 99 −5.83 0.28 −5.24 <0.001 −0.74
 F2 isoprostanes (ng/mL) 99 0.03 0.02 99 0.041 0.02 −3.76d <0.001d −0.54d

 ICAM-1 (ng/mL) 99 403.2 173.4 99 489.8 308.8 −1.99d 0.048d 0.28d

 VCAM-1 (ng/mL) 99 450.1 208.9 99 470.8 283.6 −0.30d 0.77d 0.04d

 VEGF (pg/mL) 99 55.3 134.8 99 41.9 25.5 −1.10d 0.27d 0.17d

 VEI 99 −0.16 0.59 99 0.17 0.56 −3.98 <0.001 0.57
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Vascular endothelial index

VEGF, ICAM-1, and VCAM-1 were entered in backward 
model selection into a logistic regression with group mem-
bership as the dependent variable. The final model was 
significant, χ2(2) = 15.4, p < 0.001, Nagelkerke R2 = 0.10, 
with ICAM-1 entered on the first step and VCAM-1 entered 
on the second step. Levels of ICAM-1 (Wald test = 13.6, 
p < 0.001) and VCAM-1 (Wald test = 10.4, p = 0.001) were 
both significantly related to group membership. The VEI 
was calculated from model parameter estimates using the 
following equation: − 2.047 + [5.183 × log10(ICAM-1)] 
+ [− 4.370 × log10(VCAM-1)]. Note that, ICAM-1 has a 
slightly stronger weight than VCAM-1, and the VEI reflects 
the balance of these two biomarkers with a positive sign for 
ICAM-1 and negative weighting for VCAM-1. As expected, 
VEI was significantly different in the schizophrenia group 
than HCs with a medium effect size (p < 0.001, Cohen’s 
d = 0.57). The direction of this difference is that the com-
posite VEI is higher in schizophrenia participants than HCs.

Relationship to age and gender and role of other 
potential confounds

A general linear model of the VEI testing the differential 
effects of age and group and accounting for BMI and ciga-
rette smoking revealed an expected main effect of group, 
z = 2.06, p = 0.038, and a main effect of BMI, z = 2.62, 
p  =  0.01. Even after adjusting for BMI and smoking, 
the VEI remained higher in patients with schizophrenia 
(0.078 ± 0.08) compared to HCs (−0.107 ± 0.06). Moreover, 
regardless of group, individuals with higher BMI had higher 
values on the VEI (β = 0.33, p < 0.001). The main effects 
of age, z = 0.61, p = 0.540, gender, z = −0.47, p = 0.640, 
and smoking, z = 1.76, p = 0.078, were not significant; none 
of the interactions with group were significant (ps > 0.10).

Psychiatric, physical health, and cognitive correlates

Table 2 displays correlations of the VEI with psychiatric, 
physical health, and cognitive measures as well as other 
biomarker variables for each group. Schizophrenia patients 
with higher (more abnormal) VEI were younger and had 
higher systolic and diastolic blood pressure, lower HDL 
cholesterol, higher insulin and insulin resistance, higher 
levels of leukocytes, greater depression, lower levels of 
self-reported mental well-being, and higher Framingham 
CHD and CVD risk scores. Among the HCs, VEI was 
higher in non-Caucasians and those with higher BMI, 
worse medical comorbidity, higher systolic/diastolic blood 
pressure, greater triglycerides to HDL cholesterol ratio, 
higher levels of glycated hemoglobin, higher insulin and 
insulin resistance, higher Framingham CHD risk scores, 
higher leukocyte levels, and poorer executive functioning. 
Earlier age of onset was related to higher VEI in schizo-
phrenia, but duration of illness, antipsychotic exposure, 
and severity of psychotic symptoms were not.

Relationship with other biomarkers

We also examined the relationship between the VEI and 
other physiological biomarkers of inflammation [6, 7, 
44] and oxidative stress [45]. Higher VEI was associ-
ated with elevated IL-6 and hsCRP levels in schizophre-
nia and only hsCRP in HCs (Table 2). Correlations were 
followed up with general linear models to assess group 
differences in VEI, independent of additional biomark-
ers. The main effect of group remained significant after 
adjusting for IL-6, z = 2.48, p = 0.013 (overall model fit: 
R2 = 0.12). The main effect of IL-6, z = 1.30, p = 0.19, 
and group × IL-6 interaction were not significant, z = 1.01, 
p = 0.31.

In the general linear model including hsCRP, the main 
effect of group remained significant, z = 2.12, p = 0.034 
(overall model fit: R2 = 0.21). The main effect of hsCRP 
was also significant F(1,190) = 2.92, p = 0.004, with 
higher levels of hsCRP associated with higher VEI. The 

Table 1  (continued)
CHD coronary heart disease, CIRS Cumulative Illness Rating Scale, CVD cardiovascular disease, D-KEFS Delis–Kaplan Executive Function 
System, HDL high-density lipoprotein, HOMA-IR homeostatic model assessment of insulin resistance, ICAM-1 intracellular adhesion mole-
cule-1, LDL low-density lipoprotein, PHQ-9 Patient Health Questionnaire, SANS Scale for the Assessment of Negative Symptoms, SAPS Scale 
for the Assessment of Positive Symptoms, SF-36 Medical Outcome Survey 36-item Short Form, VCAM-1 vascular cellular adhesion molecule-1, 
VEGF vascular endothelial growth factor (VEGF), VEI vascular endothelial index
a Not applicable, groups were matched on gender and race
b χ2 value
c World Health Organization-defined daily dose
d Based on log-transformed values
e Chemokine index calculated based on [44]
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Table 2  Correlations of the 
vascular endothelial index with 
demographic, psychiatric, and 
physical health characteristics

CHD coronary heart disease, CIRS Cumulative Illness Rating Scale, CVD cardiovascular disease, D-KEFS 
Delis–Kaplan Executive Function System, HDL high-density lipoprotein, IL interleukin, HOMA-IR homeo-
static model assessment of insulin resistance, hsCRP high-sensitivity C-reactive protein, LDL low-density 
lipoprotein, PHQ-9 Patient Health Questionnaire, SANS Scale for the Assessment of Negative Symptoms, 
SAPS Scale for the Assessment of Positive Symptoms, SF-36 Medical Outcome Survey 36-item Short 
Form, TG triglycerides, TNFα tumor necrosis factor alpha

Healthy comparison 
(N = 99)

Schizophrenia (N = 99)

N r p N r p

Sociodemographic factors
 Age (years) 99 0.07 0.47 99 −0.20 0.05*
 Gender 99 0.03 0.74 99 −0.07 0.52
 Education (years) 99 0.04 0.70 99 −0.15 0.13
 Race 99 0.25 0.01* 99 0.05 0.63
 Body mass index 96 0.41 <0.001* 97 0.14 0.16
 Current smoking status 99 0.19 0.07 99 0.07 0.51

Psychiatric factors
 Age of onset (years) – – – 98 −0.34 0.001
 Illness duration (years) – – – 98 0.06 0.58
 Antipsychotic daily  dosagea – – – 99 0.07 0.48
 SAPS total score 99 0.05 0.73 99 −0.03 0.80
 SANS total score 98 0.07 0.51 99 0.11 0.30
 PHQ-9 severity score 96 0.13 0.19 97 0.21 0.04* 
 SF‐36 mental component 96 −0.09 0.39 99 −0.27 0.008*
 Executive Functioning Composite 99 −0.32 0.001* 99 −0.14 0.18
 D-KEFS Trail Making Letter-Number Switching 99 0.30 0.003* 96 0.11 0.27
 D-KEFS Color-Word Interference Inhibition  

Switching
99 0.25 0.01* 95 0.04 0.73

 D-KEFS Letter Fluency 99 −0.21 0.04* 99 −0.14 0.17
Physical health factors
 Systolic blood pressure 95 0.27 0.008* 91 0.34 0.001*
 Diastolic blood pressure 95 0.22 0.03* 91 0.30 0.004*
 HDL cholesterol 94 −0.20 0.06 95 −0.38 <0.001*
 LDL cholesterol 94 0.10 0.34 92 0.15 0.14
 Triglycerides (TG) 94 0.19 0.07 95 0.19 0.07
 TG:HDL ratio 94 0.29 0.005* 95 0.20 0.06
 TG:LDL ratio 94 0.16 0.11 92 0.12 0.26
 Hemoglobin A1c 87 0.30 0.004* 83 0.20 0.08
 Glucose 98 0.16 0.11 98 0.15 0.14
 Insulin 94 0.32 0.002* 94 0.25 0.02*
 HOMA-IR 93 0.34 0.001* 93 0.28 0.007*
 CIRS vascular score 99 0.14 0.16 99 0.16 0.11
 CIRS total score 99 0.22 0.03* 99 0.13 0.21
 CIRS severity index 99 0.15 0.14 99 0.05 0.62
 SF‐36 physical component 96 −0.17 0.10 99 −0.09 0.36
 Framingham CHD risk score 90 0.44 <0.001* 84 0.42 <0.001*
 Framingham CVD risk score 91 0.18 0.08 87 0.19 0.07
 Leukocytes 95 0.35 <0.001* 89 0.28 0.008*
 IL-6 (pg/mL) 99 0.12 0.23 99 0.29 0.003*
 TNFα (pg/mL) 99 0.08 0.42 99 −0.05 0.60
 hsCRP (mg/L) 96 0.47 <0.001* 98 0.27 0.008*
 Chemokine  indexb 99 0.11 0.30 99 0.09 0.39
 F2 isoprostanes (ng/mL) 98 0.11 0.28 99 0.17 0.09
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group × hsCRP interaction was not significant, z = −1.83, 
p = 0.067.

Discussion

Partially consistent with our hypothesis, when considered 
individually, plasma levels of ICAM-1 were higher in schiz-
ophrenia compared to HCs, but VEGF and VCAM-1 levels 
were not. When considered together in a logistic regression 
analysis to distinguish between those with and without schiz-
ophrenia, however, levels of both ICAM-1 and VCAM-1 
were related to group membership with slightly stronger 
weighting for ICAM-1 and negative weighting of VCAM-
1. The weighted linear combination of these two biomark-
ers, which we call the VEI, was elevated in schizophrenia. 
We sought to explore the relationship of age and gender 
with vascular endothelial levels, and neither age nor gender 
was significantly related to the VEI, nor were their interac-
tions with group. In terms of the role of potential confounds, 
group differences did not appear to be explained by group 
differences in BMI or smoking.

The existing literature presents inconsistent findings for 
ICAM-1 and VCAM-1 [31, 34, 61, 62], with some reporting 
higher levels of ICAM-1 compared to HCs [33, 34], and oth-
ers showing lower levels or no group differences. Discrepan-
cies amongst investigations may reflect the heterogeneous 
nature of schizophrenia, particularly at different stages of the 
disorder. Recently, Stefanović [34] observed that ICAM-1 
levels in schizophrenia were comparable to those of HCs 
in early stages of the disorder but elevated in late stages. 
Decreased ICAM-1 expression may reflect reduced activa-
tion of the immune system during acute phases of schizo-
phrenia [63–65], while increased expression during late 
stages may indicate immune over-activation [32, 34]. The 
latter interpretation is consistent with the body of literature 
suggesting that schizophrenia is associated with a chronic 
pro-inflammatory state [66, 67]. Although VCAM-1 levels 
were not significantly higher in the schizophrenia group 
compared with HCs, it, together with ICAM-1, was a sig-
nificant predictor of group membership, suggesting that the 
interrelation between adhesion molecules is important. Con-
sequently, examining these markers together may be more 
informative than individually. Finally, in contrast with previ-
ous studies [30, 68], we did not observe group differences in 
VEGF between schizophrenia and HC.

In general, we did not find an effect of age or gender on 
the VEI, which was surprising given that previous studies 
reported that vascular endothelial function seemed to deteri-
orate with age [21] and women had lower levels of ICAM-1 
and VCAM-1 [28, 29, 33, 69]. Interpretation of our negative 
finding regarding age is limited by several factors including 
the cross-sectional study design, non-linear aging trajecto-
ries, and cohort and sampling effects. In fact, when simple 
correlations were explored, individuals with schizophrenia 
who had higher VEI tended to be younger with earlier age 
of onset, indicating that vascular inflammation may have a 
greater presence earlier in life in those with the disorder. 
In line with previous models, vascular inflammation may 
be both an early risk factor for developing symptoms [9] as 
well as a marker of worsening disease state [8]. BMI and 
cigarette smoking are strongly related to vascular risk in 
the extant literature [35, 70]. In our study, even after adjust-
ing for BMI, the schizophrenia group exhibited higher VEI, 
suggesting that group differences were not solely due to the 
schizophrenia group having higher BMI than HCs, although 
it may be impacted by BMI in both groups. Similarly, adjust-
ing for smoking did not mitigate the group effect, suggesting 
that group differences were not solely due to schizophrenia 
group having a larger proportion of smokers than HCs.

As expected, the VEI was positively associated with 
markers of vascular health in both patients with schizophre-
nia and HCs, including systolic and diastolic blood pressure, 
insulin resistance, and an increased Framingham CHD risk 
score indicating elevated risk for developing coronary heart 
disease. Although some of these vascular health measures 
(e.g., systolic and diastolic blood pressure) were within nor-
mal limits, the observed positive associations with the VEI 
suggest that this index may be a more sensitive marker (than 
the clinical measures), which may help identify individuals 
who could develop CVD, such as hypertension, at a later 
point in time and be a longitudinal marker of vascular health. 
The association between higher VEI and greater physical/
medical comorbidity is not surprising, given the role of vas-
cular endothelial proteins in regulating vasculature as well 
as in the development of atherosclerosis [71–73]. Vascu-
lar endothelial dysfunction has been described in the lit-
erature, often in the context of aging, as a major risk factor 
for the development of CVD [21, 22]. Furthermore, there 
is evidence that prolonged stressful life experiences inter-
fere with appropriate regulation of immune response [74], 
which may lead to chronic stress-induced endothelial dys-
function. ICAM-1 and VCAM-1 are important cell adhesion 
molecules positioned at the nexus between inflammatory 

*p < 0.05
a World Health Organization-defined daily dose
b Chemokine index calculated based on [44]

Table 2  (continued)
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response and vascular risk. Several prior studies by our 
group, using the same cohort of participants, have revealed 
elevations in inflammatory biomarkers upstream of ICAM-1 
and VCAM-1 [6, 7, 44], and not surprisingly, VEI was asso-
ciated with leukocytes and hsCRP in both groups and IL-6 
in schizophrenia. That the main group effect remained sig-
nificant with the addition of hsCRP and IL-6 to the model 
may indicate that inflammation does not completely account 
for VEI’s ability to differentiate the groups. Additionally, 
elevated F2-isoprostanes, indicating higher levels of oxida-
tive stress, have been reported in this sample [45], although 
its relationship with the VEI was not significant. Overall, 
our results suggest that schizophrenia is characterized by 
dysfunction of important vascular endothelial biomarkers, 
which may be related to immune dysfunction and oxida-
tive stress in this population. A large body of the literature 
suggests that schizophrenia is associated with a chronic 
pro-inflammatory state [66, 67] and increased oxidative 
stress-induced cellular damage [45, 75], which may lead 
to downstream endothelial dysfunction and cardiovascular 
disease [76, 77]. Results suggest that interventions aimed at 
reducing inflammation and vascular risk may help reduce 
vascular endothelial abnormalities and prevent cardiovascu-
lar morbidity and mortality as well as, potentially, cognitive 
dysfunction in schizophrenia.

A novel aspect and particular strength of this study is the 
investigation of the relationship between vascular endothe-
lial markers and cognition. Previous studies have demon-
strated alterations in serum levels of ICAM-1 and VCAM-1 
in clinical populations in which cognitive impairment is 
a key feature [e.g., Alzheimer’s disease; 26], yet very few 
have investigated direct associations between these biomark-
ers and cognitive performance. Some have reported worse 
general cognition with higher ICAM-1 and VCAM-1 [78, 
79], while others have found no association [80]. Our find-
ing that greater VEI was associated with poorer executive 
functioning in the HCs suggests that vascular inflammation 
may influence cognition, particularly on tasks of executive 
function, among individuals who are psychiatrically healthy. 
The lack of relationship between VEI and executive function 
in schizophrenia may indicate that cognitive impairment and 
elevated markers of vascular inflammation are present simul-
taneously, yet somewhat independently, in individuals with 
schizophrenia. Our findings suggest a need for more targeted 
investigations to better determine how vascular inflammation 
may contribute to cognitive impairment.

Finally, higher VEI was associated with increased 
depression and decreased self-report ratings of mental 
well-being in the schizophrenia group, which is consist-
ent with existing research indicating elevated levels of 
ICAM-1, VCAM-1, and VEGF in major depression [81], 
including late-life depression [82]. This finding further 
supports the “vascular depression” hypothesis [83], which 

postulates that cerebrovascular disease may predispose, 
precipitate, or exacerbate depressive syndromes. It also 
suggests that vascular inflammation may be an important 
predictor of depression in individuals with schizophrenia, 
especially as they age, and has important implications for 
the management of late-life depression in this population 
[84].

Several limitations to our study must be acknowledged. 
First, the cross-sectional design limits our ability to make 
causal inferences about the role of vascular inflammation 
in schizophrenia. Prospective longitudinal studies are 
required to determine whether vascular inflammation is 
a key pathophysiological feature of the disease. Multiple 
comparisons conducted in this study inflate the risk of 
Type I errors. Finally, the patient sample in this analysis 
primarily consisted of chronic stable outpatients present-
ing with mild to moderate symptoms, which limits the 
generalizability of these findings to patients with a more 
severe disease course or who are acutely ill. Future studies 
should aim to replicate these findings in an inpatient or 
antipsychotic-free sample. Finally, amino acids leucine, 
isoleucine, valine, tyrosine, and phenylalanine have been 
shown to be predictors of future development of diabe-
tes [85]. These data were not available in this sample of 
participants, and should be included in future studies of 
vascular dysfunction in schizophrenia.

In summary, schizophrenia is characterized by an 
abnormal profile of vascular endothelial biomarkers, and 
the degree of abnormality is related to increased inflam-
matory response and poorer vascular health. These fac-
tors are important mediators between inflammation and 
vascular dysfunction and may be one of the mechanisms 
underlying increased CVD in this population. Future stud-
ies should explore the longitudinal trajectory of cell adhe-
sion molecules to determine their contribution to the aging 
process in schizophrenia. Treatments aimed at normaliz-
ing endothelial dysfunction may reduce vascular risk and 
cardiovascular morbidity and mortality in schizophrenia.
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