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			Abstract

			Background: To examine the acute interference of β-blockers with plasma chemokine stromal cell-derived factor-1 (SDF-1), epinephrine and norepinephrine levels, as well as cardiovascular autonomic parameters.

			Methods: We investigated a cross-sectional sample comprising individuals with hypertension (HTN, n=18) and ischemic heart disease (IHD, n=18) under regimens of either atenolol, carvedilol, metoprolol or propranolol, and healthy adults (CG, n=16). We measured plasma levels of SDF-1 and recorded R-R intervals (heart rate [HR] variability) and systolic blood pressure [SBP] in the IHD and HTN groups prior to drug administration and 3 hours post-administration; the CG group was assessed at a single time point.

			Results: Following drug administration SBP (mean ± SD) decreased in both groups, ICD (from 138.80 to 131.65mmHg) and HTN (147.06 to 141.19mmHg), p<0.05, and HR variability increased in the IHD (from 846.12 to 1426.56ms2) and in the HTN (1,085.89 to 1,919.93ms2), p<0.05. Baseline SDF-1 levels were significantly different in the IHD and the HTN (2,410.6 and 4,904.4pg/mL, respectively, p=0.0011). Post drug administration SDF-1 levels were lower in ICD participants under atenolol regimen compared to those on other β-blockers (1,496.2; 4,239.4pg/mL, p=0.039).

			Conclusion: β-blockers may interfere with the systemic availability of SDF-1 and thus may interfere with stem cell homing and the relationship of SDF-1/catecholamines, promoting hemodynamic and autonomic responses.

			Keywords: Systemic hypertension; Coronary artery disease; β-blockers; Stem cell homing; SDF-1

			Abbreviations: IHD: Ischemic Heart Disease; HR: Heart Rate; SBP: Systolic Blood Pressure; HT: Hypertension; CAD: Coronary Artery Disease; ACE: Angiotensin Converting-Enzyme; ARB: Angiotensin Receptor Blockers; SBP: Systolic Blood Pressure; BP: Blood Pressure

		

		
			Introduction

			Hypertension (HT) is the most prevalent asymptomatic condition affecting nearly 1 billion people worldwide [1,2]. It is one of the main risk factors of Ischemic Heart Disease (IHD) [3] and also commonly diagnosed in primary care; yet, full treatment effectiveness still needs improvement [4]. Drug treatments for Coronary Artery Disease (CAD) and HTN comprise several classes of drugs such as β-blockers, statins, calcium channel blocker, Angiotensin Converting-Enzyme (ACE) inhibitors, Angiotensin 

Receptor Blockers (ARB), antiplatelet agents and antianginal agents [5-7].

			Pharmacologic agents used to treat hypertension and CAD may act in cell signaling pathways involved in major cellular responses such as cell proliferation and differentiation as well as in cell homing [8]. Cell homing is a mechanism that promotes the detection of damaged cells and tissues by undifferentiated stem cells and then cell migration, proliferation and differentiation and replacement of apoptotic or necrotic dead cells [7]. This process is activated the chemokine stromal cell-derived factor-1 (SDF-1) that is released and binds to its specific receptors CXCR-4 and CXCR-7 located on the surface of stem cells, lymphocytes and neurons [9]. CXCR-4, as well as β-adrenergic receptors, binds to G-protein subunits and their interaction leads to the activation of signaling pathways resulting in chemotaxis [7] and other cellular processes.

			β-blockers are known to be beneficial in treating HTN. They act by antagonizing the actions of β-adrenergic receptors, which are functionally coupled to G-proteins and activated by the catecholamines (epinephrine and norepinephrine) adrenaline and noradrenaline [5,10,11] that are produced in the adrenal medulla to exert cardiovascular autonomic control. Experimental observations have shown that these agents have the capacity of interfering with cell homing by reducing SDF-1 levels and the expression of its receptor CXCR-4 [8]. Individuals with ischemic heart disease and HTN usually take multiple drugs and this may significantly impact therapies involving cardiac repair and regeneration [12]. Therefore, the present study aimed to examine the interference of β-blockers on SDF-1 serum marker as well as their correlation with catecholamine levels, autonomic control, and Systolic Blood Pressure (SBP) in the IHD, HTN and control groups.

			Methods

			Study design and sample

			We conducted a cross-sectional study approved by the Research Ethics Review Committee (ERC) of Instituto de Cardiologia do Rio Grande do Sul/Fundação Universitária de Cardiologia (IC/FUC), Porto Alegre, Brazil. All participants signed a free informed consent form in compliance with resolution 466/12.

			The study sample was divided into three groups: 

			(i)	a hypertensive group (HTN; n = 18); 

			(ii)	an Ischemic Heart Disease group (IHD) with systolic dysfunction (ejection fraction <55%) (n = 18); 

			(iii)	a control group (CG, n = 16) of healthy adults with no cardiovascular drug prescription. 

			The inclusion criteria comprised IHD or HTN patients aged 45 to 75 years on a therapeutic regimen with a β-blocker (either atenolol, carvedilol, metoprolol succinate/tartrate or propranolol) for at least 30 days. Venous blood samples were collected and stored in EDTA tubes prior to drug administration and 3 hours post-administration (e.g., time to peak plasma concentration [Tmax] for atenolol equals 2.2±0.27 hours). Concurrently, we also recorded R-R intervals, Heart Rate (HR) variability, and SBP. β-blockers and other drugs, with cardiovascular effects, were administered as prescribed for each participant at IC/FUC Clinical Research Laboratory under the supervision of the principal investigator.

			Enzyme-linked Immunosorbent Assay (ELISA)

			Venous blood samples were centrifuged at 2000 rpm for 10 minutes at 4°C for plasma separation and stored at –20°C until use. Plasma levels of SDF-1 (isoforms α) and catecholamines (adrenaline and noradrenaline) were measured by Enzyme-Linked Immunosorbent Assay (ELISA) using commercial kits (Quantikine, R&D Systems; DIAsource Immunoassays) in accordance with the manufacturer’s instructions. Optical densities were measured in a spectrophotometer (Spectramax M2e, Molecular Devices) and quantified using a 4-parameter linear regression model (Excel, Microsoft). Data were expressed in picogram of protein per milliliter (pg/mL).

			Assessment of cardiovascular autonomic control

			All participants were initially informed about the study protocol and asked to rest for 15 minutes. The recordings were made in supine position. Arterial Blood Pressure (BP) and Heart Rate (HR) were continuously monitored using a sensor placed on the middle finger connected to a non-invasive BP monitor (Ohmeda 2300, Monitoring Systems, Englewood, CO, USA). Measurements were obtained using a PowerLab® device (ADInstruments Pty Ltd, Australia). Autonomic control of cardiac chronotropic function was measured using power spectral analysis (PSA) of heart rate variations. Calculations were made with an autoregressive model applied to stationary time series of 300 beats [13]. The power spectrum was split into low-frequency (LF, 0.03-0.15 Hz) and high-frequency (HF, 0.15-0.40 Hz) bands in normalized units to minimize the effects of the Very Low-Frequency (VLF) band, and LF/HF ratio to reflect a sympatho vagal balance [14].

			Statistical analysis

			Preliminary analyses were conducted using the Statistical Package for Social Sciences (SPSS, version 23.0) and further analyses were performed using statistical software BioEstat (version 5.0). Parametric data were described as means and standard deviations, and non-parametric continuous data were described as medians and interquartile ranges. The Student’s t-test was performed for comparison of means of two groups and ANOVA test for inter-group comparisons of the variables, followed by Tukey’s multiple comparison analysis. For quantitative comparison of protein expression between the study groups at each time point, we conducted the Kruskal-Wallis test followed by the Student-Newman Keuls multiple comparison test. We assessed protein expression at different time points in each group with the non-parametric Wilcoxon-Mann-Whitney test and the association between qualitative variables in each group using the chi-square test. We assessed the non-parametric measure of correlation between protein expression and the drugs administered using Spearman’s correlation coefficient. The statistical significance level was set at p<0.05.

			Results

			Table 1 shows demographic information of participants. The participants’ age (p = 0.02) and the prevalence of sedentary lifestyle (p = 0.023) were higher in the IHD and HTN groups compared to CG. Diabetes mellitus was more prevalent among the HG compared to the other two groups (p = 0.044). As for vascular disease the baseline characteristics differ in previous underlying conditions (p ≤ 0.001). Table 1 also details all drugs taken by participants, including β-blockers (p ≤ 0.001).

			Table 1: Demographic characteristics of the participants.

			
				
					
					
					
					
					
				
				
					
							
							Characteristics

						
							
							IG (n = 18)

						
							
							HG (n = 18)

						
							
							CG (n = 16)

						
							
							p-Value

						
					

					
							
							Age (years) §

						
							
							60.6±9.5a

						
							
							59.3±5.8a

						
							
							53.7±5.6b

						
							
							0.020*

						
					

					
							
							Male †

						
							
							12/18

						
							
							8/18

						
							
							6/16

						
							
							0.200

						
					

					
							
							Comorbidities

						
							
							
							
							
					

					
							
							DM †

						
							
							1/18b

						
							
							4/18a

						
							
							0/16b

						
							
							0.044*

						
					

					
							
							Obesity †

						
							
							1/18

						
							
							1/18

						
							
							0/16

						
							
							0.527

						
					

					
							
							Smoking †

						
							
							5/18

						
							
							1/18

						
							
							2/16

						
							
							0.168

						
					

					
							
							Sedentary lifestyle †

						
							
							15/18a

						
							
							11/18a

						
							
							6/16b

						
							
							0.023*

						
					

					
							
							Cardiovascular Disease

						
							
							
							
							
					

					
							
							MI †

						
							
							18/18a

						
							
							0/18b

						
							
							0/16b

						
							
							<0.001*

						
					

					
							
							HT †

						
							
							1/18a

						
							
							18/18b

						
							
							0/16a

						
							
							<0.001*

						
					

					
							
							Hemorrhagic stroke †

						
							
							1/18

						
							
							0/18

						
							
							0/16

						
							
							0.360

						
					

					
							
							Drugs

						
							
							
							
							
					

					
							
							β-blockers †

						
							
							18/18a

						
							
							18/18a

						
							
							0/16b

						
							
							<0.001*

						
					

					
							
							Statins †

						
							
							18/18a

						
							
							7/18b

						
							
							0/16c

						
							
							<0.001*

						
					

					
							
							ACE inhibitors †

						
							
							13/18a

						
							
							8/18b

						
							
							0/16c

						
							
							<0.001*

						
					

					
							
							Antiplatelet agents †

						
							
							18/18a

						
							
							5/18b

						
							
							0/16c

						
							
							<0.001*

						
					

					
							
							Antianginal agentes †

						
							
							10/18a

						
							
							9/18a

						
							
							0/16b

						
							
							0.001*

						
					

					
							
							Diuretics †

						
							
							12/18a

						
							
							13/18a

						
							
							0/16b

						
							
							<0.001*

						
					

					
							
							Antidiabetics †

						
							
							1/18a

						
							
							6/18b

						
							
							0/16a

						
							
							0.008*

						
					

					
							
							ARBs †

						
							
							4/18

						
							
							5/18

						
							
							0/16

						
							
							0.081

						
					

					
							
							Anticoagulants †

						
							
							1/18

						
							
							1/18

						
							
							0/16

						
							
							0.630

						
					

				
			

			Drug administration reduced noradrenaline levels in individuals with IHD

			Figure 1 shows the plasma catecholamine levels in all three groups at baseline, prior to drug administration and 3 hours post-administration. The levels of adrenaline were lower in those taking β-blockers compared to the CG, but this difference was not significant (p = 0.143, Figure 1A). The levels of noradrenaline varied over time in the IG compared to the other groups (Figure 1B). Forthe IG, the level of noradrenaline dropped following drug administration, from 429.8 to 389.5pg/mL (p = 0.006). This same group showed higher catecholamine levels prior to drug administration compared to the other groups (429.8pg/mL [IG];395.8pg/mL [HG], p = 0.0034; and 429.8pg/mL [IG] and 367.7pg/mL [CG], p <0.0001). After drug administration, noradrenaline levels did not differ among the groups.

			[image: ]

			Individuals with IHD showed lower SDF-1 levels compared to those with HT prior to drug administration

			Figure 2 shows the plasma SDF-1 levels in the CG and prior to drug administration and 3 hours post-administration in the IG and the HG. The time elapsed post-administration was not able to elicit differences in the chemokine levels (p = 0.266), although there was a slight increase in the IG. The IG also shower lower SDF-1 levels at baseline compared to the HG (2,410.6pg/mL [IG] and 4,904.4pg/mL [HG], p = 0.0011), but this difference was no longer seen following drug administration.

			[image: ]

			SDF-1 and catecholamine levels are correlated in individuals with HT and drugs modulate these levels

			We conducted a correlation analysis to assess the relationship between SDF-1 and catecholamine levels prior to and post drug administration in the IG and the HG (Figure 3). There was found no relationship in the IG. However, a correlation of SDF-1 with noradrenaline levels at baseline was seen in the HG (r = 0.512, p = 0.030, Figure 3A) and with both adrenaline and noradrenaline 3 hours post-administration showing a direct correlation with adrenaline (r = 0.504; p = 0.033, Figure 3B) and an inverse correlation with noradrenaline (r = –0.449, p = 0.050, Figure 3C).

			[image: ]

			Atenolol and metoprolol interfere with SDF-1 levels

			Figure 4 presents the results of SDF-1 modulation prior to and post administration of atenolol and metoprolol. These two drugs were assessed separately from the other β-blockers in the IG and the HG. Three hours post-administration SDF-1 levels were lower in the IG taking atenolol compared to those taking other β-blockers (1,496.2pg/mL; 4,239.4pg/mL, p = 0.039, Figure 4A). In contrast, when we assessed the HG participants taking metoprolol compared those taking other β-blockers, they showed higher SDF-1 levels prior to drug administration (9,891.8 – 4,738.1pg/mL, p = 0.050, Figure 4B) with a decrease after drug use.

			[image: ]

			β-blockers promote hemodynamic and autonomic responses in individuals with IHD and HT 3 hours post-administration

			Table 2 shows hemodynamic and autonomic parameters in the participants prior to and post drug administration. Intra-group analyses that were statistically significant showed a reduction in SBP in the IG (from 138.80 to 131.65mmHg, p <0.05) and the HG (from 147.06 to 141.19mmHg, p <0.05) and an increase in the HR variability in the IG (846.12 to 1,426.56ms2; p <0.05) and the HG (1,085.89 to 1,919.93ms2, p <0.05). Prior to drug administration, compared to controls, there were significant differences in SBP (134.78mmHg [CG], 147.06mmHg [HG], p <0.05), systolic blood pressure variability (SBPV) (36.05mmHg2 [CG], 19.35mmHg2 [IG], p <0.05), Heart Rate Variability (HRV) (2,069.41ms2 [CG], 846.12ms2 [IG], 1,085.89ms2 [HG], p <0.05) and LF (44.88 [CG], 34.30 [IG],34.42 [HG]; all unitless, p <0.05

			Table 2: All values are expressed as mean ± SD. 

			
				
					
					
					
					
					
					
					
				
				
					
							
							
							Prior to β-blocker Administration

						
							
							Post β-blocker Administration

						
					

					
							
							
							IG

						
							
							HG

						
							
							CG

						
							
							IG

						
							
							HG

						
							
							CG

						
					

					
							
							SBP (mmHg)

						
							
							138.80±33.21

						
							
							147.06±20.13‡

						
							
							134.78±19.73‡

						
							
							131.65±31.87*

						
							
							141.19±30.31*

						
							
							NA

						
					

					
							
							SBPV (mmHg2)

						
							
							19.35±9.89‡

						
							
							31.31±17.24‡

						
							
							36.05±21.66‡

						
							
							21.42±9.48

						
							
							57.22±65.64

						
							
							NA

						
					

					
							
							HR (bpm)

						
							
							65.87±11.51

						
							
							65.55±9.62

						
							
							67.45±7.95

						
							
							60.43±8.40*

						
							
							62.11±10.90

						
							
							NA

						
					

					
							
							HRV components

						
							
							
							
							
							
							
					

					
							
							HRV (ms2)

						
							
							846.12±645.90‡

						
							
							1085.89±940.95

						
							
							2069.41±1174.74‡

						
							
							1426.56±1360.84*

						
							
							1919.93±1897.55*

						
							
							NA

						
					

					
							
							LF (nu)

						
							
							34.30±11.44‡

						
							
							34.42±21.87‡

						
							
							44.88±18.89‡

						
							
							32.66±15.95

						
							
							32.20±20.28

						
							
							NA

						
					

					
							
							HF (nu)

						
							
							65.70±11.44

						
							
							65.58±21.87

						
							
							55.12±18.89

						
							
							67.34±15.95

						
							
							67.80±20.28

						
							
							NA

						
					

					
							
							LF-HF ratio

						
							
							0.57±0.26

						
							
							0.73±0.71

						
							
							1.13±1.03

						
							
							0.60±0.52

						
							
							0.63±0.58

						
							
							NA

						
					

				
			

			SBP: systolic blood pressure; SBPV: systolic blood pressure variability; HR: heart rate; HRV: heart rate variability; LF: low-frequency component of HRV; HF: high-frequency component of HRV. *p < 0.05 for intragroup effects. ‡p < 0.05 for intergroup effects.

			Discussion

			The purpose of our study was to examine the interference of β-blockers and other drugs used in combination with plasma SDF-1 and catecholamine levels and cardiovascular autonomic control in individuals with HT comparing with IHD and control groups. Signaling pathways of β-blockers are known to share common cell homing molecules such as G-proteins, G-protein coupled receptor kinases and β-arrestins [15-17]. This study was designed to assess acute effects of cardiovascular drugs especially β-blockers on signaling of cells involved in homing and plasma catecholamines as well as sympathetic and parasympathetic cardiac modulation. Our protocol was designed considering that peak levels of β-blockers are reached at 2-3 hours [18] (instead of peak levels of SDF-1that are reached within 24 hours to 7 days) [17].

			We chose to examine individuals with HT because the use of β-blockers is part of treatment strategies for this condition. Purposing the comparison with ischemic and healthy controls, our goal was identified different responses about the SDF-1 behavior in these clinical conditions. Corroborating the literature, both groups showed a higher prevalence of sedentary lifestyle compared to controls. Sedentary lifestyle is an established risk factor for heart conditions [3]. The use of an ischemic and a control groups allowed to determine high and baseline values of the molecules analyzed in a population with severe or no heart disease.

			Previous findings have pointed to a direct effect of β-blockers on circulating catecholamines especially adrenaline [19]. The combined assessment of adrenaline with SDF-1 levels showed a correlation with this major cell homing factor 3 hours post-administration in the HG. It has been previously described that signaling pathways of catecholamines can promote CD34+ cell adhesion and migration by acting directly on hematopoietic stem and progenitor cells, probably through the canonical Want signaling pathway [20].

			The IG showed a significant reduction in noradrenaline levels from baseline to 3 hours post-administration. This finding demonstrates that the intervention (drug administration) induced the sensitization of noradrenaline receptors to systemically released noradrenaline, which has an average life of 2 to 2.5 minutes (but it may vary individually) [21]. Moreover, β-blockers have been reported to promote baroreceptor readaptation and catecholamine reduction in nerve synapses [22], thus supporting our results. We also found that noradrenaline levels in the IG at baseline were different from those in the other groups. It suggests that individuals with IHD, even when they are on antihypertensive drugs, have increased levels of this potent vasopressor [23], which may be explained by an intensified action of vasoconstrictors in heart ischemia [5]. The relationship of noradrenaline with SDF-1 was seen in the HG at baseline and 3 hours post-administration: plasma SDF-1 levels increased as noradrenaline decreased. It suggests an influence of the circadian cycle and autonomic nervous system on SDF-1, which is corroborated by Spiegel et al. [20] finding that the levels of this chemokine are deeply influenced by nocturnal decline-wake states [20].

			The assessment of hemodynamic and autonomic parameters revealed a clinically significant reduction in SBP in the treated groups. It demonstrates the acute effects of cardiovascular drugs, which were associated with increased the HR variability in these groups - a phenomenon that occurs to maintain BP stable [13]. Compared to the other two groups prior to drug administration, the CG showed well-controlled BP, greater HR variability and greater intensification of the LF component that reflects cardiac sympathetic activation indicating normal physiological responses in healthy individuals [14].

			Stem cell homing is a physiological process that occurs in almost all tissues and in certain pathological states, either acute or chronic [24], for cell replacement, with the release of high amounts of SDF-1. In our study, the IG showed increased levels of SDF-1 prior to and post drug administration. Given that cardiac function is impaired due to ischemia in this group, our results show that β-blockers desensitized cell homing receptors, possibly impairing SDF-1 binding to its CXCR-4 receptor and leading to high plasma levels of this protein. This finding supports those reported by Chang et al. [25] suggesting that high and low levels of SDF-1 following primary coronary angioplasty are predictive of mobilization of endothelial progenitor cells [25]. A comparison of the IG and HG revealed different baseline SDF-1 levels, which may be explained by pathophysiological characteristics specific to each condition.

			Chemokines produce a chemoattractant gradient for other immune cells (macrophages and leukocytes) and progenitor cells (endothelial and mesenchymal cells) that can promote tissue regeneration. Factors such as hypoxia, endothelial dysfunction and oxidative stress trigger immune and progenitor cell homing to establish the reparative processes [26]. Additionally, it has been suggested that SDF-1 not only acts as a chemotactic factor, but also acts on the retention of proangiogenic cells in the perivascular region [27]. However, in the absence of this initial step during cell homing, therapies with the use of growth factor would not be effective because cells would not function in a paracrine manner and thus act in regenerative processes. These data are corroborated by a recent review study conducted by our group showing that β-blockers adversely interfere with the SDF-1/CXCR-4/CXCR-7 axis [27] with consequent reduced rates of stem and progenitor cell proliferation and adhesion (cell homing).

			We obtained important results to support the interference of β-blockers when we assessed the drugs separately. The participants taking atenolol had lower SDF-1 levels 3 hours post-administration. The finding that atenolol interfere in the main axis of cell homing is also supported by Sharifpanah et al. [28] study that showed β-blockers can interfere with stem cell differentiation into endothelial cells. In conclusion, our examination of the interference of cardiovascular drugs especially β-blockers in proliferative and neurotransmitter pathways showed that drug therapy can affect plasma levels of chemokines involved in cell homing and catecholamines from the sympathetic nervous system by desensitizing specific receptors and interfering with cell signaling pathways and thus affecting the endpoints of these pathways, i.e., cellular motility and vascular function control (vasoconstriction/vasodilation). The study findings can significantly contribute to the knowledge of interaction effects between conventional and modern therapies when they are administered in combination without a specific handling to ensure optimal outcomes.
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Figure 2: The participants with ischemic heart disease showed reduced SDF-1 levels compared to those with hypertensive heart disease
prior to drug administration. Plasma SDF-1 levels in the control group (CG), ischemic heart disease group (IG) and hypertensive heart
disease group (HG) at baseline, prior to drug administration and 3 hours post-administration. P-statistic = 0.05, picogram of protein per
milliliter (pg/mL). $p = 0.0011
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Figure 4: Atenolol and metoprolol interfere with SDF-1 levels.
Modulation of SDF-1 levels following the administration of
atenolol compared to carvedilol, metoprolol and proprariolol

(A) and the administration of metoprolol compared to atenolol
carvedilol and propranolol

(B) in the ischemic heart disease group (IG) and hypertensive
heart disease group (HG) at baseline, prior to drug administration
and 3 hours post-administration. P-statistic = 0.05, picogram of
protein per milliiter (pg/mL). *p = 0.039; £p = 0.050.
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Figure1: Drug administration reduced noradrenaline levels in the participants with ischemic heart disease. Plasma levels of adrenaline (A) and
noradrenaline (B) in the control group (CG), ischemic heart disease group (IG) and hypertensive heart disease group (HG) at baseline, prior to drug
administration and 3 hours post-administration. P-statistic = 0.05, picogram of protein per milliiter (pg/mL). *p = 0.006; $p = 0.0034; §p < 0.0001
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Figure 3: SDF-1 and catecholamine levels were correlated in the
participants with hypertensive heart disease and modulated by
drug use. The relationships between SDF-1 and noradrenaline
levels at baseline (A), SDF-1 and adrenaline levels 3 hours post-
administration.

(B)and aninverse relationship between SDF-1 and noradrenaline
levels 3 hours post-administration

(C) in the hypertensive heart disease group (HG). Data in
picogram of protein per millliter (pg/mL). r=0.40-0.60 (moderate
correlation), *p = 0.05.






