Increased adhesion molecule levels in systemic lupus erythematosus: relationships with severity of illness, autoimmunity, metabolic syndrome and cortisol levels

Abstract
Background: This study was performed to assess adhesion molecules in systemic lupus erythematosus (SLE). 
Methods: This case-control study examined 126 SLE patients and 48 healthy individuals. Blood levels of six adhesion molecules, cortisol, nuclear autoantibody (ANA) and anti-double stranded DNA (anti-dsDNA) titers were measured, while disease activity was assessed using the SLE Disease Activity Index (SLEDAI) score. 
Results: Platelet endothelial cell adhesion molecule 1 (PECAM-1), vascular cell adhesion molecule 1 (VCAM-1), E-selectin, P-selectin, and plasminogen activator inhibitor type-1 (PAI-1) were significantly higher in SLE patients than in controls. Binary logistic regression analysis showed that PECAM-1 and PAI-1 predicted SLE with a sensitivity of 86.5% and a specificity of 81.3%. ANA titers were significantly and positively associated with PECAM-1, VCAM-1, E-selectin, and PAI-1, whereas there were no associations between anti-dsDNA titers and adhesion molecules. Cortisol was negatively associated with PCAM-1 and ICAM-1. There were significant associations between metabolic syndrome (MetS) and E-selectin and PAI-1. 14.8% of the variance in the SLEDAI score was explained by the regression on PECAM-1 and MetS. 
Conclusions: Our data show that adhesion molecules, especially PECAM-1, are significantly associated with SLE and disease activity, suggesting that they play a role in SLE pathophysiology. While MetS, ANA titers and cortisol levels modulate adhesion molecule levels, these associations do not explain the increased levels of adhesion molecules in SLE. Increased levels of adhesion molecules are new drug targets in SLE.
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Introduction
Cell adhesion molecules enable leukocyte adhesion and rolling along endothelial cells surfaces and control migration of leukocytes into inflamed tissues. With the aid of chemokines and chemoattractants, these molecules facilitate leukocyte–endothelial cell interactions and the transmigration of inflammatory cells to sites of inflammation thereby acting as markers of endothelial activation and dysfunction.1 Previous studies showed increased levels of adhesion molecules in systemic lupus erythematosus (SLE) patients.2 Elevated adhesion molecule levels have also been associated with disease activity3 and its characteristic phenotypes,4 including cutaneous manifestations,5 neurological disorders6 and lupus nephritis.7 Adhesion molecules have been studied as potential biomarkers for SLE with respect to its activity and clinical manifestations.8 Changes in cell adhesive interactions in SLE are frequently accompanied by vascular changes and cellular infiltration of tissues.9 Multifactorial components are involved in the elevation of local expression as well as in levels of serum soluble adhesion molecules, however, chronic inflammation and endothelial dysfunction are key components.10,11
Additionally, cortisol levels, nuclear autoantibody (ANA) and metabolic syndrome (MetS) could further influence adhesion molecule levels. SLE patients have diminished hypothalamic-pituitary-adrenal (HPA) axis responsiveness with a tendency towards lower cortisol levels. This relative HPA axis hypoactivity may result from chronic inflammation, or it may be a premorbid dysfunction that is important in the etiology of rheumatic diseases.12 Cortisol is associated with anti-inflammatory and immunosuppressive effects and it possibly inhibits interleukin (IL)-1, tumor necrosis factor (TNF)-α, Thelper (Th)1-type responses [interferon (IFN)-γ, IL-2] and induces a Th2-type immune response (cytokines IL-4, IL-10, and IL-13).13 In addition, cortisol could also be involved in the inhibition of the expression of adhesion molecules.14
MetS is generally defined as a complex disorder represented by a combination of risk factors that lead to an increased coronary heart disease risk, other types of atherosclerotic cardiovascular diseases (CVDs), and type two diabetes (T2D).15 Several components of MetS have been associated with endothelial dysfunction and increased adhesion molecules levels.16 We previously reported that SLE patients have a high prevalence of MetS, which directly contributes to increased inflammatory potential. In addition, a correlation of SLE Disease Activity Index (SLEDAI) score with body mass index (BMI) and waist circumference was found.17 Patients with SLE have a significantly increased risk of cardiovascular events due to atherosclerosis, and it has been observed that women with SLE in the 35–44 years age range are 50 times more likely to suffer an acute myocardial infarction than women of the same range without the disease.18,19 The increased risk of atherosclerosis in SLE has been attributed to a combination of predisposing factors, including antiphospholipid antibodies, chronic glucocorticoid therapy, nonsteroidal anti-inflammatory drug treatment, vitamin D deficiency and chronically elevated inflammatory markers.20 Furthermore, hypertension, a major risk factor for the progression of CVD, is more prevalent among young women with SLE (74%) as compared with women without SLE (below 20%).21 SLE may be an independent risk factor for endothelial dysfunction, suggesting it is probably not associated with the occurrence of classic Framingham risk factors.22 Endothelial activation precedes atherosclerosis, while several studies emphasize the importance of adhesion molecules in cardiovascular events frequently observed in patients with SLE.20,23,24
Given the important role of the adhesion molecules in the pathophysiology of SLE, disease activity and cardiovascular events, it is important to elucidate the possible factors modulating their levels and profiles. Moreover, it is important to define biomarkers, which may confirm the clinical diagnosis of SLE and monitor disease activity. Thus, the aim of the present study was to evaluate adhesion molecules in SLE in relation to disease activity, MetS, cortisol levels and ANA titers.
Patients and methods
Patients
Patients with SLE (n = 126) of both sexes, aged from 18–69 years, were recruited at the Rheumatology Ambulatory of the University Hospital of Londrina, Paraná, Brazil to participate in this cross-sectional study. SLE was diagnosed using the American College of Rheumatology criteria (1997)25 and disease activity was determined using SLEDAI score. Controls were 48 healthy individuals selected among healthy blood donors. MetS was defined following the American Heart Association criteria.26 Medical history was obtained at clinical evaluation. None of the participants in the study suffered from renal, heart, thyroid, hepatic, gastrointestinal, oncological or other autoimmune diseases, and none had a clinically evident infection or was receiving estrogen-replacement therapy. This clinical investigation was fully anonymized and all participants gave written informed consent that was conducted according to the principles expressed in the Declaration of Helsinki. The study protocol was fully approved by the Ethical Committee of the University of Londrina, Paraná, Brazil (CAAE 01865212.0.0000.5231, CEP/UEL 205.328). All mandatory laboratory health and safety procedures were complied with.

Anthropometric measurements
Body weight was assessed to the nearest 0.1 kg using electronic scales with individuals wearing light clothing and no shoes. Body height was assessed to the nearest 0.1 cm by using a stadiometer. BMI was calculated as weight (kg) divided by height (m) squared. Hypertension was defined as a blood pressure ≥140/90 mmHg or the use of antihypertensive medications.27
Biochemical and immunological biomarkers
Fasting (12 h) blood was drawn between 8.00–9.00 a.m. at the Rheumatology Ambulatory, Londrina, Brazil for assay of adhesion molecules, cortisol and autoimmune biomarkers in patients and controls. Levels of platelet endothelial cell adhesion molecule 1 (PECAM-1), vascular cell adhesion molecule 1 (VCAM-1), intercellular adhesion molecule 1 (ICAM-1), E-selectin, P-selectin, and PAI-1 were determined using Human Magnetic Adhesion 6-Plex Panel (Novex Life Technologies, Frederick, USA) for Luminex® platform. Cortisol levels were evaluated by chemiluminescence microparticle immunoassay (Architect, Abbott Laboratory, Abbott Park, IL, USA). ANA and anti-double stranded DNA (anti-dsDNA) antibodies were quantified using indirect immunofluorescence with HEp2 cells as a substrate [IFI-ANA-HEp 2-IgG, (Viro-Immun-Labor-Diagnostika, GmbH, Oberursel, Germany) and Nova Lite® ds DNA Crithidia luciliae, (Inova Diagnostics, GmbH, Saint Ingbert, Germany), respectively] and were considered significant when titers ≥1:160 and e ≥ 20 IU/ml, respectively.
Statistical analysis
Analysis of variance (ANOVA) was used to check between-group differences in continuous variables. Analyses of contingency tables (Chi-square test) were used to examine the associations between two sets of categorical variables. Binary logistic regression analyses (automatic stepwise) were employed to determine the significant explanatory variables including diagnosis, the MetS, age, explaining SLE as dependent variable and controls as the reference group. We used multivariate general linear model (GLM) analysis to delineate the multivariate effects of explanatory variables (e.g. diagnosis, BMI, the MetS, age, sex) on dependent variables, including the six adhesion molecules. Tests for between-subject effects were subsequently used to check the univariate effects of the statistically significant explanatory variables. We used (automatic stepwise) regression analyses to determine the significant explanatory variables, including adhesion molecules, ANA and anti-dsDNA antibody titers and the MetS predicting the SLEDAI. Log transformations were used to normalize the data distribution of the adhesion molecules. All statistical analyses were performed using IBM SPSS windows version 22 [AQ: PLEASE PROVIDE MANUFACTURER DETAILS]. Tests were two-tailed and an alpha level of 0.05 indicated statistical significance.
Results
Descriptive statistics
Table 1 shows the demographic, clinical and biological data in SLE patients versus controls. There were no significant differences in age and sex between the two study groups. BMI and waist circumference were significantly higher in SLE patients than in controls, while there were significantly more SLE patients with MetS than controls. There were significantly more non-Whites than Whites in the SLE study group. Therefore, we have adjusted our results for age, sex, BMI (or the MetS) and ethnicity. The SLEDAI score was significantly higher in SLE patients than controls. ANA and the DNA titers were significantly higher in patients than controls. Cortisol was significantly lower in SLE patients.
[TABLE 1 ABOUT HERE]
Differences between SLE and controls.
Table 2 shows the results of multivariate GLM analysis with the six adhesion molecules as dependent variables (all in Log transformation) and diagnosis (SLE versus controls) as a primary explanatory variable while adjusting for other possible explanatory variables such as age, sex, ethnicity and BMI. We found that diagnosis, BMI, and age had significant effects on the adhesion molecules, while sex and ethnicity were not significant. Tests of between-subject effects showed that diagnosis was associated with all adhesion molecules, except ICAM-1. Table 3 shows the model-predicted marginal mean values, with standard error (SE) of the adhesion molecules obtained after this GLM analysis. PECAM-1, VCAM-1, E-selectin, P-selectin, and PAI-1 were significantly higher in SLE patients than in controls.
[TABLE 2 AND 3 ABOUT HERE]

Putative effects of confounding variables
Table 2 shows that age was significantly and positively related to VCAM-1 and P-selectin, while BMI was significantly and positively associated with E-selectin. We have also adjusted our results for possible effects of drug treatments and hypertension by entering these variables as additional explanatory variables in the above multivariate GLM analysis. A total of 95 of the SLE patients were treated with antimalarial medications, 55 with immunosuppressive drugs, 20 with statins, 32 with mycophenolate, and 97 with prednisolone (5–60 mg). Table 2 shows that there were no significant effects of treatment with antimalarial medications, immunosuppressive, statins and prednisolone on the adhesion molecules, while the effects of SLE remained highly significant. We found a significant effect of mycophenolate on the adhesion molecules. Tests of between-subject effects showed a significant effect of mycophenolate treatment on ICAM-1 (decreased) and E-selectin (increased). Entering hypertension as an additional variable showed that there was no significant effect of hypertension on the adhesion molecules and that the effects of diagnosis remained significant. We have also examined the effects of diagnosis and MetS (entered instead of BMI) on the adhesion molecules, while adjusting for age, sex and ethnicity. Table 2 shows that also MetS had a significant effect on the six adhesion molecules while the effects of SLE remained significant. Test of between-subject effects showed that MetS had significant effects on E-selectin and PAI-1 (both higher in patients with MetS).
Best prediction of SLE
Table 4 shows the results of logistic regression analyses with SLE as dependent variable and controls as the reference group using the five significantly different adhesion molecules as explanatory variables. All five adhesion molecules were positively associated with SLE with Nagelkerke values between 0.251–0.572. An automatic stepwise binary logistic regression analysis showed that two variables were positively and significantly associated with SLE (i.e. PECAM-1 and PAI-1). Using these two variables, 85.1% of all cases were correctly classified with a sensitivity of 86.5% and a specificity of 81.3% (Nagelkerke = 0.642). Entry of MetS in the same analysis showed that the latter was significantly and positively associated with SLE while the effects of PECAM-1 and PAI-1 remained significant (X2 = 113.80, df = 3, p < 0.001; 88.9% of all cases were correctly classified with a sensitivity of 88.6% and a specificity of 89.6%; Nagelkerke = 0.699).
[TABLE 4 ABOUT HERE]

Prediction of the SLEDAI score
Table 5 shows the outcome of five different (automatic stepwise) regression analyses with the SLEDAI score as dependent variable and the six adhesion molecules (regression #1) with ANA (regression #2), DNA titers (regression #3) or with MetS (regression #4) as explanatory variables. Regression #1 (automatic stepwise) showed that 10.7% of the variance in the SLEDAI was explained by the regression on PECAM-1 (positively associated). Regressions #2 and #3 were performed to examine whether adhesion molecules could be independent or even better predictors of the SLEDAI score than autoimmune markers, even when the latter contribute to SLEDAI values. Forced entry of ANA (regression #2) showed that PECAM-1 is more important in predicting the SLEDAI and that ANA is not significant in predicting SLE after considering the effects of PECAM-1. Introducing the anti-dsDNA titers in the analysis (regression #3) showed that PECAM-1 together with anti-dsDNA titers explained 14.1% of the variance in the SLEDAI scores, indicating that PECAM-1 is more significant in predicting the score than the anti-dsDNA titers. Regression #4 shows that PECAM-1 and MetS have significant effects on the SLEDAI. Regression #5 shows that 18.2% of the variance in the SLEDAI is explained by the regression on PECAM-1, DNA titers, and MetS.
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Table 1. Socio-demographic variables and biomarker data in patients with SLE and healthy controls.
	Variables
	Controls
	SLE
	F/Χ2/KW
	df
	p

	Age (years)
	39.1 (6.9)
	39.9 (13.5)
	0.16
	1/171
	0.687

	Sex (female/male)
	48/0
	120/6
	2.37
	1
	0.124

	White/non-White
	44/4
	77/49
	15.32
	1
	<0.001

	BMI (kg/m2)
	24.1 (3.2)
	27.6 (6.3)
	13.23
	1/167
	<0.001

	Waist circumference
	86.8 (8.8)
	92.7 (14.3)
	6.82
	1/161
	0.010

	MetS (yes/no)
	3/45
	63/60
	29.46
	1
	<0.001

	Hypertension (yes/no)
	2/37
	52/71
	18.39
	1
	<0.001

	SLEDAI
	0.0 (0.0)
	4.5 (4.4)
	KW
	-
	<0.001

	ANA
	0.0 (0.0)
	1258 (2217)
	KW
	-
	<0.001

	DNA titer
	0.0 (0.0)
	31.1 (130.9)
	KW
	-
	<0.001

	Cortisol (µg/dl)
	14.6 (6.1)
	7.5 (4.9)
	19.13
	1/132
	<0.001


Data are shown as mean (±SD). F/Χ2/KW: results of ANOVA (F), analysis of contingency tables (Χ2), or KW tests. 
ANA: antinuclear antibodies; BMI: body mass index; df: degrees of freedom; DNA: anti-double stranded DNA titers; KW: Kruskal–Wallis; MetS: metabolic syndrome; SLE: systemic lupus erythematosus; SLEDAI: Systemic Lupus Erythematosus Disease Activity Index.
