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Abstract

:

Low-grade inflammation is a major player in obesity and the metabolic syndrome predicting development of type 2 diabetes (T2DM). The interleukin-1 receptor antagonist (IL-1Ra) is a vital and natural anti-inflammatory factor and mediator in glucose homeostasis disturbances. The predictive role is independent of multiple confounders, and elevated levels appear few years before T2DM. The role of IL-1Ra is important for accumulated risk factors, dysregulated metabolism and glucose homeostasis, and dietary interventions. Longitudinal and cross-sectional population study cohorts have enabled the approximation of IL-1Ra limit values for metabolic dysregulation and guide further analysis as a potential biomarker. The limit value of IL-1Ra is reaching 400 pg/mL with prediabetes and before T2DM. However, subjects with metabolic syndrome are suggested to have lower limit values, especially among men. Future research may evaluate the role of IL-1Ra in actual glucose homeostasis together with routine fasted laboratory tests, such as glucose and C-reactive protein (CRP) instead of the oral glucose tolerance test. The significance of intermediate low IL-1Ra levels in metabolic abnormalities should be further analyzed. It is possible to specify the impact of multiple lifestyle and metabolic parameters together with age and sex. IL-1Ra could be studied in multiple approaches including interventional studies of metabolic diseases.
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1. Introduction


Inflammation and metabolism are highly integrated where insulin resistance and beta-cell functional capacity contain common mechanisms where immune mediators have central features in altered conditions [1,2,3]. A key feature of metabolic alteration includes the integrated role of nutrients and immune responses. Quality of nutrient load and excess calories especially are involved with effects on organelle homeostasis, such as diets with increased fat or sugar [4,5,6,7]. Obesity is known as the key source of immune activation where many cytokines and other mediators increase as a hallmark for metabolic dysregulation. Inflammation is a major player in obesity, diabetes, and metabolic dysregulation, increased serum levels of low-grade inflammatory indicators exist years before the diagnosis of type 2 diabetes (T2DM), and indicators of inflammation are known to be increased [2,3]. Moreover, the level of activation is far below in situations such as acute infections. Low-grade inflammatory activity is most precisely and extensively explored in adipose tissue. The well-known indicators for subclinical inflammation include cytokine interleukin-6 (IL-6), acute phase reactant C-reactive protein (CRP), and chemokine monocyte chemoattractant protein-1.



The prevention and management of T2DM and its complications are far-reaching, even decades before clinical diagnosis. Common clinical work frequently contains situations where lifestyle or medical interventions are timely after the identification of individuals at high risk [8,9]. The presence of impaired fasting glucose or impaired glucose tolerance is an important indicator of an increased risk of T2DM. Some components of metabolic syndrome are regarded as potential guides for the assessment of intervention, but challenges remain for the applicable diagnostic tests [10,11,12]. This report evaluates the role of the specific inflammatory marker interleukin-1 receptor antagonist (IL-1Ra) as a potential clinical indicator for glucose homeostasis and its possible role in interventions for the treatment of metabolic dysregulation. Measuring IL-1Ra could direct further research and improve the specification of lifestyle, metabolic parameters, age, and sex. Improvements in the management of metabolic disorders are expected.




2. IL-1Ra Predicts T2DM at Population Level


The interleukin-1 (IL-1) family is an integral part of the immune system and its research has uncovered significant roles in the pathogenesis of multiple disease conditions [13]. The original IL-1 ligands are agonists IL-1 alpha (IL-1α), IL-1 beta (IL-1β), and the natural antagonist IL-1Ra; the number of IL-1 genes and family members has expanded to include agonist or antagonist ligands, receptors, and coreceptors. IL-1β plays an important role in metabolic disease and the development of diabetes that were supported in studies with a deficiency of mature cytokine or signaling leading to insulin resistance and the inhibition of IL-1β-mediated action that was shown to improve pancreatic beta-cell function [1]. Although the mechanisms leading to increased proinflammatory activation are incompletely understood, hyperglycemia has been shown to increase IL-1β expression in different cell types, including adipocytes and adipose tissue [14]. These studies direct hypotheses of hyperglycemia inducing insulin resistance through IL-1β secretion. IL-1Ra is a natural anti-inflammatory agent and inflammatory marker binding to IL-1 receptors where structural properties inhibit proinflammatory signaling and concurrently abundantly increased levels of this inflammatory marker are required to block the effects of IL-1 [15]. Furthermore, the imbalance between proinflammatory IL-1 and IL-1Ra has been suggested to predispose the development of type 1 diabetes (T1DM) and IL-1Ra was shown to block an IL-1-mediated decrease in insulin secretion in pancreatic-derived beta-cells. Altogether, the supposed counterregulatory anti-inflammatory role of IL-1Ra, protection of pancreatic beta-cell function, and altered metabolism-related proinflammatory activity are the distinct features in the development of T2DM. This makes IL-1Ra an important agent to consider as a potential marker for metabolic disorders.



Elevated blood levels of IL-1Ra can predict T2DM more than a decade before diagnosis [16]. The nested case-control analysis of the Whitehall II population-based cohort shows an independent role for IL-1Ra after adjusting for multiple confounders including waist circumference, fasting glucose, fasting insulin, CRP, and IL-6 but becomes nonsignificant with 2-hour glucose. Body mass index (BMI), waist circumference, and multiple adjustments slightly attenuated the associations. Whitehall II is a prospective cohort of civil servants and a random sample was drawn from 6058 men and 2758 women attending the phase 3 examination. Participants were followed through with postal questionnaires (2.5-year intervals) three times and clinical examinations were performed twice during the follow-up. The diagnosis of T2DM was based on (1) an oral glucose tolerance test with fasting glucose of 7.0 mmol/L or more, or a 2-hour glucose of 11.1 mmol/L or more, (2) self-reported diabetes, or (3) the use of glucose-lowering medication. The longitudinal analyses in middle-aged individuals in the Whitehall II cohort show that IL-1Ra levels increase rapidly starting at 6 years before T2DM diagnosis, independently of obesity [17]. IL-1Ra trajectories showed increased levels at baseline or at the end of the follow-up 13 years before the diagnosis (mean follow-up time was 8.8 years) with the models adjusted for age, sex, and ethnicity. The BMI- and waist circumference-adjusted models did not change the steep rise of IL-1Ra levels 6 years before a T2DM diagnosis. Subjects developing diabetes had increased age, BMI, waist circumference, blood pressure values, fasting glucose, 2-hour glucose, fasting insulin, and nonwhite ethnicity as compared with control cases.



Another study with a panel of biomarkers in middle-aged population cohorts of FINRISK97 and Health2000 shows evidence for the long-term prediction of T2DM independently of BMI, blood glucose, and other classical risk factors [18]. The FINRISK97 cohort involved subjects 25 to 75 years old in five geographical areas in Finland and was based on a representative sample from the population register with a total of 8,444 participants. The Health2000 cohort was based on a stratified two-stage cluster sampling from the population register to represent the total Finnish population aged 30 years and over with a total of 6,200 participants. Clinically incident cases during the follow-ups of 11 and 7 years were identified by a linkage with national drug registers, hospital discharge registers, and national causes for death registers. Persons with known diabetes at baseline were excluded from the analyses. IL-1Ra levels are included in these analyses with suggestive and significantly improved predictive roles for diabetes, especially among men. CRP, Apolipoprotein B100 (ApoB), adiponectin, ferritin, and IL-1Ra were the strongest predictors of T2DM among the biomarkers analyzed. IL-1Ra levels were associated with decreasing HDL-C together with increased triglycerides, ApoB, and ApoB/ApoA ratio in Health2000 and FINRISK97 cohorts.




3. Immune Regulation, Metabolism, and Glucose Homeostasis with IL-1Ra


The vital role of IL-1Ra as a natural anti-inflammatory factor has been demonstrated by inherited homozygous mutations of the IL-1Ra gene or large deletions at the IL-1 locus [19,20]. Increased inflammation is dependent on depleted IL-1Ra expression, and its administration rapidly resolves the symptoms. Adipose tissue is known as a major source of systemic IL-1Ra levels and is increased in conditions such as sepsis, cancer, metabolic alterations, and auto-immune diseases [21,22]. There is broad evidence for immune mediators—especially IL-1 ligands—acting in the background of major pathogenic and biological pathways for diabetes and glucose homeostasis including insulin resistance and β-cell functional capacity. The role of IL-1β versus IL-1Ra levels affecting glucose homeostasis was also evaluated. IL-1 ligands, especially IL-1β, have shown with deleterious effects on pancreatic beta-cells and IL-1Ra is protective of the insulin secretory capacity, and this anti-inflammatory action is thought to predominantly originate from adipose tissue and obesity-induced inflammation in T2DM [23]. Increased adiposity and low-grade inflammation in adipose tissue are major features of insulin resistance where IL-1 ligands are central players in proinflammation altering insulin sensitivity [24]. Obesity markedly increases IL-1Ra levels, and the levels decrease after surgery for morbid obesity [25].



Genetic studies can produce plausible evidence for the key immune factors in the background of metabolic disorders. Common genetic variation of the IL-1 family and especially single nucleotide variation of the IL-1Ra gene can explain circulating IL-1Ra levels, and the proportion of variation is modest compared to nongenetic factors [26]. The study of common gene variation in the IL-1 locus has shown a novel association of impaired glucose homeostasis with synonymous IL-1β coding single nucleotide polymorphism (SNP) and haplotype [27]. The longitudinal analyses suggested a role for IL-1 variation in the development of T2DM and the association may be gender-specific [28]. Furthermore, a large genetic analysis of seven discovery cohorts together with four replication cohorts of European ancestry revealed evidence of IL-1Ra raising by its SNP variation associated with lower fasting insulin and an improved homeostasis model assessment of insulin resistance [29].




4. IL-1Ra Measurements in Individuals with Metabolic Disorders


The role of IL-1Ra as a potentially useful clinical indicator is emphasized especially in situations with the presence of metabolic abnormalities such as prediabetes, impaired fasting glucose, and impaired glucose tolerance preceding T2DM [17]. Altered adiposity measurements and lipid profiles also stress disturbed metabolism, and other risk factors for T2DM and components of metabolic syndrome need to be considered. Increasing IL-1Ra is in major part explained by adiposity indicators, BMI, and waist circumference as shown in representative FINRISK97 and Health2000 cohorts [26]. Blood levels of triglycerides and total cholesterol to high-density lipoprotein cholesterol (HDL-C) ratio are among the most significant laboratory parameters associated with increasing IL-1Ra after adjusting for age and sex. A well-characterized study of 81 overweight or obese yet normoglycemic individuals reports an association of increasing ApoB and low-density lipoprotein cholesterol (LDL-C) levels with systemic IL-1Ra levels [30]. The detailed analyses including an intravenous glucose tolerance test and hyperinsulinemic euglycemic clamp showed that ApoB was associated with hyperinsulinemia, insulin resistance (IR), and IL-1Ra independently of obesity, body composition, and sex whilst the association with hyperinsulinemia and IR was dependent on IL-1Ra.



Longitudinal analysis of the FINRISK97 and Health2000 cohorts of 11 and 7 years shows that IL-1Ra levels increase at baseline with metabolic syndrome (MetS), as compared to metabolically healthy individuals and increasing IL-1Ra levels which independently predict incident T2DM after adjusting for multiple confounders such as BMI, CRP level, and even fasting glucose [28]. Among men the evidence is consistent, and women show less statistical evidence although a similar direction of association is noticed. A study of women with polycystic ovary syndrome reports increased IL-1Ra levels together with altered insulin sensitivity and increased 2-hour glucose with obesity that showed decreasing insulinogenic and glucose disposal indices associated with increasing IL-1Ra, independently of age and BMI [31]. IL-1Ra was found as a predictor for increasing 2-hour glucose independently of the BMI. Furthermore, IL-1Ra predicted an increasing 1-hour glucose at a 6-month follow-up, independently of waist circumference and CRP levels [32].



IL-1Ra measurements may be applicable for evaluating immunometabolism outcomes of nutritional interventions. A dietary intervention in a study of the healthy Nordic diet (HND) among adults with impaired glucose metabolism was followed by comparable IL-1Ra levels at baseline and after 18 to 24 weeks [33]. The randomized and controlled study was performed at six centers in Scandinavia. Inclusion criteria were age range from 30 to 65 years, BMI from 27 to 35, two criteria for metabolic syndrome (defined by International Diabetes Federation criteria), fasting glucose equal/less than 7.0 mmol/L, and a 2-hour postload glucose less than 11.0 mmol/L. The number of randomized subjects was 213. IL-1Ra levels increased within the control diet group up to a mean level of 441 pg/mL and the difference was increased (85 pg/mL; 95% confidence interval: 37–130 pg/mL) compared to the intervention group. IL-1Ra levels associated with a plasma pipecolic acid betaine (PAB) which was one of the betainized compounds analyzed and known as an indicator of fiber intake [34]. PAB levels increased together with the intervention compared to the control diet. Among other betainized compounds, only Trimethylamine N-oxide (TMAO) was slightly increased compared to the control diet. The main differences were the amounts of dietary fiber and salt, and the quality of dietary fat. Whole grain products were emphasized in the intervention group and recommended berries, fruits, vegetables, plant-based oils, margarines, low-fat dairy products, and fish whereas sugar-sweetened and dairy-fat products were limited. In the control group an intake of fish, vegetables, and bilberries was limited and the use of low-fiber cereals and dairy-fat products was emphasized. PAB and trigonelline levels were both emphasizing whole grain intake and being associated with decreased IL-1Ra, LDL-C to HDL-C ratio, and fasting insulin levels within the HND group. Increasing plasma levels of plasma pipecolic acid betaine (PAB) associated with increasing alkylresorcinols (ARs) at the end of the intervention. ARs are known as established markers of whole grain consumption. The increase in PAB with HND intervention was associated with an increased nutrient intake of fiber, magnesium, folate, and PUFA (polyunsaturated fatty acid) whereas decreased SFA (saturated fatty acid) intake was associated with a decreasing PAB. Tryptophan betaine levels showed a trend for increasing IL-1Ra at baseline and the changes of IL-1Ra and tryptophan betaine were inversely associated. Trigonelline levels were inversely associated with tryptophan betaine levels at the end of the follow-up with HND intervention.



A low-carbohydrate diet (LCD) was compared to a low-fat diet (LFD) in a study of 61 subjects with T2DM reporting a significant decrease in IL-1Ra levels in the LCD group which were also lower compared to LFD after 6 months [35]. Weight reduction and energy intake were comparable in both intervention groups and glycated hemoglobin (HbA1c) decreased significantly in the LCD group. Among other studied inflammation markers, only IL-6 levels were lower in the LCD group compared to LFD after 6 months. These results refer to an increased carbohydrate intake and altered glycemia balance on the background of high IL-1Ra levels in subjects with T2DM. This counterbalance feature is further supporting the role of endogenous or exogenous IL-1Ra as a potential therapeutic agent in diabetes.



Measuring immune activation with IL-1Ra in metabolic dysregulation among the older population is also noteworthy due to increased morbidities. A population-based cohort study of elderly individuals in a follow-up examination of the population-based Cooperative Health Research in the Region of Augsburg (KORA) shows an independent association and increased blood levels of IL-1Ra with distal sensorimotor polyneuropathy [36]. KORA was initiated to study various chronic diseases in the general population. Men and women aged 55 to 74 years were randomly selected to participate in the KORA survey and 1,209 subjects participated in the follow-up examinations. Increasing age, height, waist circumference, known diabetes, and HbA1c were associated with sensorimotor polyneuropathy in a cross-sectional setting, but total cholesterol and LDL-C levels were lower compared to the controls. Consistently, another cohort of middle-aged and elderly subjects showed increasing IL-1Ra and CRP levels associated with a presence of neuropathy among individuals with T2DM in the age- and sex-adjusted models in a large population-based Gutenberg Health Study [37].




5. IL-1Ra Limit Values


There are longitudinal and cross-sectional population study cohorts available for the approximation of IL-1Ra cut-off values for metabolic dysregulation and are shown in Table 1. Blood levels of IL-1Ra between 250 and 300 pg/mL could be proposed as cut-off values for increased risk of T2DM over a decade before the diagnosis and was studied in a nested case-control study within the Whitehall II cohort. However, 6 years before T2DM, the levels started to rise reaching the mean level of 399 pg/mL in the models of repeated measurements [17]. The IL-1Ra level over 408 pg/mL is proposed as a cut-off for prediabetes (defined by HbA1c between 6.0% and 6.4%) shown in Table 1 based on interquartile range (IQR) data in a large Gutenberg Health Study (GHS) [37]. GHS is a population representative single-center cohort study in western mid-Germany with a total sample of 15,010 participants. It was drawn randomly from governmental registries and stratified equally for sex, residence, and in equal strata for decades of age ranging from 35 to 74 years. The healthy Nordic diet study reported subjects with impaired glucose metabolism mean levels of IL-1Ra 366 pg/mL and 345 pg/mL at baseline [33]. Of note, females predominated with proportions of 70% and 63%. The proposed cut-off for IL-1Ra in women with MetS is between 310 and 423 pg/mL and for men between 267 and 364 pg/mL based on IQR data derived from FINRISK97 and Health2000 population cohorts [28]. MetS was defined by International Diabetes Federation (IDF) criteria.



In conclusion, the approximation of IL-1Ra limit values in metabolic dysregulation produces hints for further analysis of a potential metabolic and inflammatory marker. Several research questions remain such as what the possible role would be in evaluating actual glucose homeostasis together with routine laboratory tests. For example, fasting blood samples might produce substantial information on glucose homeostasis with IL-1Ra, glucose, and CRP when an oral glucose tolerance test would be feasible. The role of intermediate low levels of IL-1Ra in individuals with a dysregulated metabolism needs to be further evaluated. It also will be possible to specify the impact of multiple lifestyle and metabolic parameters together with age and sex with roles of increasing risk for metabolic abnormalities, T2DM, and complications. It is possible to consider IL-1Ra as an interesting marker for interventional studies of metabolic disorders.
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Table 1. Interleukin-1 receptor antagonist (IL-1Ra) levels in studies of population-derived cohorts.
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	Population Cohort Study (Ref.)
	
	N—Case/

Non-Case
	Female %
	IL-1Ra Concentration

(pg/mL)
	IL-1Ra Concentration, Non-Case/Healthy





	Whitehall II [17]
	baseline T2DM cases/

non-cases
	335/2475
	30/27
	308

(CI95%: 293–323)
	248

(CI95%: 244–252)



	Health2000 [28]
	men with MetS/

metabolically healthy
	1034/1403
	0
	343

(247–456)
	268

(191–364)



	Health2000 [28]
	women with MetS/

metabolically healthy
	964/1859
	100
	402

(272–570)
	306

(213–423)



	FINRISK97 [28]
	men with MetS/

metabolically healthy
	972/2499
	0
	284

(211–371)
	208

(159–267)



	FINRISK97 [28]
	women with MetS/

metabolically healthy
	666/2892
	100
	360

(255–458)
	240

(176–310)



	Gutenberg Health Study [37]
	prediabetes/

normoglycemia
	1425/12,152
	52/50
	351

(271–485)
	311

(233–408)



	KORA F4 [36]
	elderly

polyneuropathy/

no polyneuropthy
	146/901
	39/51
	335

(248–472)
	304

(233–400)







T2DM—type 2 diabetes; MetS—metabolic syndrome; IL-1Ra levels are shown as medians (interquartile range) unless indicated and means with 95% confidence intervals (CI 95%).
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