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Background: Excess adiposity leads to a dysfunctional adipose tissue that contributes to the development of obesity-associated
comorbidities such as type 2 diabetes (T2D). Interleukin-1 receptor antagonist (IL-1RA) is a naturally occurring antagonist of the IL-1
receptor with anti-inflammatory properties. The aim of the present study was to compare the circulating concentrations of IL-1RA and
its mRNA expression in visceral adipose tissue (VAT) in subjects with normal weight (NW), obesity with normoglycemia (OB-NG), or
obesity with impaired glucose tolerance or T2D (OB-IGT&T2D) and to analyze the effect of changes in body fat percentage (BF%) on
IL-1RA levels.

Methods: Serum concentrations of IL-1RA were measured in 156 volunteers. Expression of /L/RN mRNA in VAT obtained from 36
individuals was determined. In addition, the concentrations of IL-1RA were measured before and after weight gain as well as weight
loss following a dietetic program or Roux-en-Y gastric bypass (RYGB).

Results: Serum levels of IL-1RA were significantly increased in individuals with obesity, being further increased in the OB-
IGT&T2D group (NW 440 + 316, OB-NG 899 + 562, OB-IGT&T2D 1265 + 739 pg/mL; P<0.001) and associated with markers of
inflammation and fatty liver. /L/RN mRNA expression in VAT was significantly increased in the OB-IGT&T2D group and correlated
in the global cohort with the mRNA expression of SPP1, CCL2, CD68, and MMP9. Levels of IL-1RA were not modified after modest
changes in BF%, but RYGB-induced weight loss significantly decreased IL-1RA concentrations from 1233 + 1009 to 660 + 538 pg/
mL (P<0.001).

Conclusion: Serum IL-1RA concentrations are increased in patients with obesity being further elevated in obesity-associated IGT and
T2D in association with markers of adipose tissue dysfunction. The mRNA expression of /L/RN is markedly increased in VAT of
subjects with obesity and T2D in relation with genes involved in macrophage recruitment, inflammation and matrix remodeling. Serum
IL-1RA concentrations are reduced when a notable amount of BF% is loss. Measurement of IL-1RA is an excellent biomarker of
adipose tissue dysfunction in obesity-associated metabolic alterations.
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Introduction
The prevalence of obesity has increased alarmingly in the entire World threatening the increase in life expectancy achieved in
the last decades.' Obesity favors the development of cardiometabolic alterations such as type 2 diabetes (T2D), dyslipidemia
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and non-alcoholic fatty liver disease (NAFLD), among other metabolic derangements, leading to an increase in morbidity and
mortality in relation to excess adiposity.*~

The adipose tissue represents a highly dynamic and active endocrine organ as opposed to a passive depot for the
accumulation of energy in the form of fat.** This multifunctional nature is based on the ability of adipocytes and other
resident cells to secrete a wide variety of bioactive molecules, collectively termed as adipokines, which are involved in
the regulation of many physiological processes such as appetite, inflammation, cardiovascular homeostasis as well as
glucose and lipid metabolism.*® Most adipocyte-derived factors have been proven to be dysregulated in pathophysio-
logical alterations accompanied by changes in the amount of adipose tissue, thus providing evidence for their involve-
ment in the development of obesity and associated metabolic derangements.*’-

Interleukin-1 receptor antagonist (IL-1RA) is a naturally occurring antagonist of the IL-1 receptor (IL-1R) which
competitively blocks the signaling of IL-1o and IL-1B.° IL-1RA is expressed in different tissues including brain, heart,
skin, colon, kidney, liver, lung, thyroid, adrenal gland, ovary, and testis, among others, as well as in immune cells.'®!"
IL-1RA behaves as an acute-phase protein with its serum concentrations increasing dramatically in conditions such as
sepsis, rheumatic diseases and tissue injury.'? Moreover, mice deficient in ///rn show increased susceptibility to septic
shock and higher predisposition to develop inflammatory disorders.'*'* Accordingly, recombinant IL-1RA has been used
for the treatment of several autoimmune and systemic inflammatory diseases.'>'® Levels of IL-1RA are also increased in
murine models and patients with obesity.'”'® Mice lacking I//rn exhibit a lean phenotype and fatty liver, accompanied by
marked lipid alterations and increased atherosclerosis.'® ' Expression and secretion of IL-1RA has also been described
in adipose tissue from mice and humans,”*?* being its expression strongly induced by LPS, IL-la and IL-1pB, and
interferon (IFN)-B.?* However, whether the circulating concentrations of IL-1RA or its mRNA expression levels in
adipose tissue are influenced by the glycemic status in patients with obesity have not been fully elucidated.

The present study explores whether serum levels of IL-1RA are different in patients with obesity depending if they
also exhibit T2D, as well as the mRNA expression levels of /LIRN in visceral adipose tissue (VAT) are affected by
obesity, T2D or both. We hypothesized that serum IL-1RA concentrations will be increased in accordance to the degree
of adiposity and the degree of glucose intolerance. To further validate this assumption, we assessed the effect of changes

in body adiposity and glycemic status on serum IL-1RA levels.

Materials and Methods
Patient Selection and Study Design

In order to analyze the effect of obesity and T2D on IL-1RA concentrations 156 Caucasian subjects [37 normal weight
(NW) and 119 with obesity (OB), 56% female] aged 48 + 7 y (22-60 y) were recruited from healthy volunteers and
patients attending the Endocrinology & Nutrition and Surgery Departments at the Clinica Universidad de Navarra,
Pamplona. The inclusion criteria were: 20—-60 year-old males and females, body mass index (BMI) between 18.5-24.9
kg/m® for NW subjects and BMI >30.0 kg/m® for patients with OB, absence of psychiatric pathology and written
informed consent for participation in the study. The exclusion criteria were severe systemic disease not related to obesity,
infectious/inflammatory diseases, liver disease other than NAFLD, cancer, or severe nephropathy, pregnancy or lactation,
and people whose freedom is under legal or administrative requirement. Subjects were classified according to BMI (NW
<25 kg/m?; and OB >30 kg/m?). From the 119 patients with obesity, 28 (24%), 41 (34%) and 50 (42%) had obesity class
I, IT and III, respectively. All participants were weight-stable (+ 2 kg) for the previous 3 months. Patients with signs of
acute inflammation or taking any drug potentially influencing insulin secretion were excluded. Glucose intolerance or
T2D of subjects with obesity was of recent-onset being diagnosed at the baseline visit. Normoglycemia (OB-NG, n=75),
impaired glucose tolerance (OB-IGT n=28) and T2D (OB-T2D, n=16) in patients with obesity were defined following the
criteria of the American Diabetes Association®® based on both fasting plasma glucose concentrations and plasma glucose
2 h after an oral glucose tolerance test (OGTT). Due to the reduced number of patients with T2D, individuals with IGT
and T2D were grouped together. In addition, a group of 20 Caucasian subjects (5 males and 15 females) aged 45 + 16 y
(range 21-75 y) was selected to investigate the effect of weight gain (WG) on circulating concentrations of IL-1RA.
Participants were recruited from those who exhibited WG of at least 2.5 kg in two separate medical visits. Finally,
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another group of 79 Caucasian subjects (31 males and 48 females) aged 46 + 12 y (range 18-74 y) was selected to
investigate the effect of weight loss (WL). WL was achieved either by Roux-en-Y gastric bypass (RYGB, n=63) or by
prescription of a hypocaloric diet (ConWL, n=16). Psychological, nutritional, and endocrine assessment was carried out
as part of the preoperative protocol in order to identify potential risk factors before the surgical intervention. A thorough
dietetic history and biochemical work-up was performed preoperatively in order to identify potential nutritional
deficiencies, and to optimize the vitamin and mineral status before surgery. Anaesthetic and operative techniques were
applied by the same bariatric team. Postoperative interventions followed the hospital bariatric unit protocol. Follow-up
revisions were made at 1, 3, 6, 9 and 12 months post-surgery. Patients were prescribed oral vitamin and micronutrient
supplements to compensate for their possible reduced intake and absorption. Conventional dietary treatments consisted of
an individualized dietary regime prescribed by a physician in collaboration with a dietitian with planned regular follow-
up visits to ensure a daily caloric deficit of 500-1000 kcal/d as estimated from the measurement of the resting energy
expenditure by indirect calorimetry (Vmax29, SensorMedics Corporation, Yorba Linda, CA, USA) and multiplication by
the physical activity level to find out the total energy expenditure.?® The calorimeter was calibrated on a daily basis. This
dietary treatment enables a safe and steady WL supplying 54, 30 and 16% of energy requirements in the form of
carbohydrates, fat, and protein, respectively. The study was conducted in accordance with the Declaration of Helsinki.
The study was approved by the Clinica Universidad de Navarra’s Ethical Committee (2017.121). All participants signed
the informed consent to participate in the study.

Anthropometry

The anthropometric and body composition determinations as well as the blood extraction were performed on a single day.
Body weight was measured wearing a swimming suit and cap to the nearest 0.1 kg with a digital scale. Height was
determined with a Holtain stadiometer (Holtain Ltd., Crymych, UK) to the nearest 0.1 cm. BMI was calculated as weight
in kg divided by the square of height in meters. Blood pressure was measured at least 3 times at the right upper arm after
a 5-min rest with the patient in the semi-sitting position with a sphygmomanometer. The mean of the three measurements
was used in the study. All measurements were made by the same trained nurse.

Body Composition

Body density was calculated by air-displacement-plethysmography (Bod-Pod®, COSMED, Rome, Italy). Body fat
percentage (BF%) was calculated from body density by means of the Siri equation.?’” Visceral adiposity index (VAI)
was used as surrogate marker of visceral fat function associated with cardiometabolic risk.?®

Serum Biochemistry

Serum samples were collected after more than 8-h of fasting in the morning in order to reduce the potential confounding
influence of hormonal rhythmicity. Serum biochemistry was analyzed as previously reported.’*?” Indirect measures of
insulin resistance and insulin sensitivity were calculated by means of the homeostatic model assessment (HOMA), the
quantitative insulin sensitivity check index (QUICKI), and the triglycerides and glucose (TyG) index.”**° The AST/ALT
ratio®® and the fatty liver index (FLI)*! were used as indirect indicators of hepatic steatosis and fatty liver disease. Serum
lipopolysaccharide (LPS) concentrations were measured using the chromogenic assay QCL-1000 Limulus Amebocyte
Lysate (50-648U Lonza, Walkersville, MD, USA) in 1:10 diluted samples by duplicate according to the manufacturer’s
protocol. SAA were quantified by immunoassay (KHA0011 BioSource, Camarillo, CA, USA); intra- and inter-assay
coefficients of variation were 6.1% and 7.4%, respectively. OPN was determined by ELISA (DOST00, R&D Systems,
Minneapolis, MN, USA) with intra- and inter-assay coefficients of variation being 3.2% and 5.9%, respectively. Leptin
and adiponectin measurement was performed by ELISA (RD191001100 and RD191023100, respectively, BioVendor,
Brno, Czech Republic); intra- and inter-assay coefficients of variation were 5.9% and 5.6%, respectively, for the former,
and 3.9% and 6.0%, respectively, for the latter. IL-1RA concentrations were determined by ELISA (RAF052R,
BioVendor); intra- and inter-assay coefficients of variation were 7.2% and 7.4%, respectively. IL-1a (ELH-Il1a,
RayBiotech, Norcross, GA, USA) and IL-1p levels (RD194559200R, BioVendor) were analyzed by ELISA.
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RNA Extraction and Real-Time PCR

Samples of VAT were obtained from 36 patients undergoing either laparoscopic RYGB (n=29) or Nissen fundoplication
(n=7) during the surgical procedure. The samples were immediately frozen in liquid nitrogen and stored at —80 °C. RNA
isolation was performed as previously described.>? Primers and probes (Sigma-Aldrich, Madrid, Spain) were designed
using the software Primer Express 2.0 (Applied Biosystems) and are described in Supplementary Table 1. The cDNA was

amplified at the following conditions: 95 °C for 10 min, followed by 45 cycles of 15s at 95 °C and 1 min at 59 °C, using
the TagMan® Universal PCR Master Mix (Applied Biosystems). The primer and probe concentrations for gene
amplification were 300 nmol/L and 200 nmol/L, respectively. All results were normalized to the levels of /8S rRNA
(Applied Biosystems) and relative quantification was calculated using the AACt formula.*® Relative mRNA expression
was expressed as fold expression over the calibrator sample (average of gene expression corresponding to the NW
group). All samples were run in triplicate and the average values were calculated.

Statistical Analysis

Data are presented as mean = SD. The program G*Power (edition 3.1.9.4) was used to determine sample size calculation.
Based on previous similar studies, with a 0.9 power, a type I error probability associated of 0.05, and expecting a size
effect of 0.40 in an ANOVA fixed effects analysis, we need to study at least 27 individuals per group to be able to reject
the null hypothesis. Anticipating a potential loss of samples due to availability or methodological issues we decided to
include at least 30 subjects per group. Normal distribution was assessed by Kolmogorov—Smirnov’s tests and homo-
geneity of variance was assessed using Levene’s tests. Differences in gender distribution were analyzed by x> analysis.
Differences between groups were analyzed by ANOVA followed by Fisher’s Least Significant Difference (LSD) tests.
Differences between values before and after body weight changes were analyzed by paired two-tailed Student’s ¢ tests.
Correlations between two variables were computed by Pearson’s correlation coefficients (). The calculations were
performed using the SPSS version 23 (SPSS, Chicago, IL, USA) and GraphPad 8.0 (San Diego, CA, USA). A P value
lower than 0.05 was considered statistically significant.

Results
Serum IL-IRA Concentrations are Elevated in Patients with Obesity and Further
Increased in Those with T2D and Correlate with Markers of Inflammation and Fatty

Liver

Anthropometric and biochemical characteristics of the individuals included in the study are shown in Table 1. Patients
with obesity showed insulin resistance evidenced by significantly increased insulinemia, HOMA, and TyG index, as well
as reduced QUICKI, which were further altered in OB-IGT&T2D. Subjects with obesity also exhibited altered markers
of inflammation such as CRP, LPS, SAA and WBC, and fatty liver such as y-GT and FLI, which were further altered in
patients with IGT or T2D (Table 1 and Figure 1). Serum concentrations of IL-1RA were significantly increased in
individuals with obesity (Figure 2A), while no effect of gender were observed (males 903 + 652, females 885 + 640 pg/
mL; P=0.861; Figure 2B). After selected only those subjects classified as with NW, we found a 19% but not statistically
significant increase in serum IL-1RA in females (males 386 + 195, females 460 + 352 pg/mL; P=0.533). Levels of IL-
IRA were further increased in the OB-IGT&T2D group (NW 440 = 316, OB-NG 899 + 562, OB-IGT&T2D 1265 + 739
pg/mL; P<0.001) as depicted in Figure 2C. In a subanalysis, IL-1RA concentrations showed no differences between OB-
IGT and OB-T2D groups (OB-IGT 1329 + 814, OB-T2D 1152 + 594 pg/mL; P=0.326). IL-1a and IL-1f levels were
below the detection threshold in most of the samples (data not shown).

A highly significant correlation (P<0.001 for all) was found between serum IL-1RA and BMI (r=0.51), BF%
(r=0.42), waist circumference (r=0.50), insulin levels (r=0.31), HOMA (1=0.30), QUICKI (r=—0.37), HDL-cholesterol
levels (r=—0.27) and uric acid (r=0.33). Furthermore, after adjusting for BF% circulating IL-1RA levels were associated
with markers of inflammation such as fibrinogen (r=0.28, P<0.001), CRP (r=0.33, P<0.001), SAA (r=0.18, P=0.048),
OPN (r=0.26, P=0.004), and WBC (r=0.47, P<0.001), as well as with markers of fatty liver such as ALT (r=0.16,
P=0.049), y-GT (r=0.23, P=0.004) and FLI (r=0.24, P=0.002) (Supplementary Table 2).
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Table 1 Demographic and Biochemical Characteristics of the Study Population

NwW OB-NG OB-IGT&T2D P

n 37 75 44

Sex, M/F 10/27 38/37 21/23 0.052
Age, y 482 + 10.7 473 £ 45 487 + 47 0.474
Weight, kg 65+9 I+ 19* 16 + 23* <0.001
BMI, kg/m? 235+ 12 394 £ 6.7* 42.1 + 6.9%F <0.001
Body fat, % 277 £ 7. 46.6 + 9.4* 49.2+ 7.5% <0.001
Waist circumference, cm 8l 6 118 + 14* 125 + 14%¢ <0.001
SBP, mm Hg 107 £ 10 119 + [2* 125 + 9%t <0.001
DBP, mm Hg 67+ 6 77 £ 9% 79 £ 7%t <0.001
Glucose, mg/dL 837 93 + 9* 103 + |5* <0.001
Glucose 2-h OGTT, mg/dL 92 + 33 113 +18 186 + 40*t <0.001
Insulin, pU/mL 42+20 12.9 + 13.0% 20.8 £ 19.5% <0.001
Insulin 2-h OGTT, pU/mL 50.3 + 444 90.6 + 55.2 153.3 + 75.6%f <0.001
HOMA 0905 3.0 £ 3.2% 5.3 + 5.0%f <0.001
QUICKI 0.40 £ 0.03 0.35 + 0.05* 0.31 £0.03*+ <0.001
TyG index 8.00 * 0.40 8.43 + 0.44* 8.76 + 0.53*t <0.001
Triglycerides, mg/dL 73 £27 107 + 49 152 + |78*%t 0.002
Cholesterol, mg/dL 176 + 34 195 + 38* 195 + 43* 0.031
LDL-cholesterol, mg/dL 94 + 29 119 £ 37% 113 £ 30% <0.001
HDL-cholesterol, mg/dL 67 £ 15 54 + 12* 51 + 9* <0.001
Uric acid, mg/dL 39+ 1.0 55+ |.3* 6.1 + 1.3%f <0.001
Fibrinogen, mg/dL 324 + 64 351 +73 371 103 0.070
VWE, % 108 + 26 128 + 68 139 + 46* 0.129
Homocysteine, pmol/L 74 +33 88 +27 9.5 + 2.6* 0.029
WBC, 10° cells/mL 48+ 09 6.7 + |.7* 7.5 + 2.3% <0.001
ALT, IU/L 19+ 11 23+ 15 24+ 12 0.344
AST, IU/L 17+7 I5+6 I5+5 0.465
AST/ALT ratio 0.97 £ 0.28 0.80 + 0.30%* 0.72 +0.20* <0.001
y-GT, IU/L I1+5 23 £ 18* 33 £ 31%F <0.001
Creatinine, mg/dL 0.77 £ 0.16 0.80 £ 0.16 0.8l +0.17 0.474
IL-IRA, pg/mL 440 = 316 899 * 562* 1265 + 739%t <0.001

Notes: Data presented as mean + SD. Differences between groups were analyzed by ANOVA followed by LSD tests. * P < 0.05 vs NG. 1P < 0.05 vs OB-NG. Differences in
gender distribution were analyzed by XZ analysis.

Abbreviations: NW, normal weight; OB, obesity; NG, normoglycemia; IGT; impaired glucose tolerance, T2D, type 2 diabetes; BMI, body mass index; SBP, systolic blood
pressure; DBP, diastolic blood pressure; OGTT, oral glucose tolerance test; HOMA, homeostatic model assessment; QUICKI, quantitative insulin sensitivity check index;
TyG index, triglycerides and glucose index; VWF, von Willebrand factor; WBC, white blood cells; ALT, alanine aminotransferase; AST, aspartate aminotransferase; y-GT, v-
glutamyltransferase; IL-IRA, interleukin-1 receptor antagonist.

Association of IL-1RA Levels with Adiponectin/Leptin Ratio Suggests That It is

Increased Due to the Presence of a Dysfunctional Adipose Tissue

Circulating concentrations of leptin were significantly increased in both groups with obesity without statistically
significant differences between them (Figure 3A). Serum adiponectin levels were significantly decreased in the OB-
NG group as compared to the NW one (P<0.001) and further decreased in the OB-IGT&T2D group (P<0.001)
(Figure 3B). Accordingly, both groups with obesity exhibited lower Adpn/Lep ratio than the NW group (P<0.001),
showing the OB-IGT&T2D group lower values than the OB-NG group, although no significant differences between them
were found (Figure 3C). A positive correlation was found between IL-1RA and leptin (r=0.31, P<0.001; Figure 3D),
while it was negatively correlated with adiponectin (r=—0.46, P<0.001; Figure 3E) and the Adpn/Lep ratio (r=—0.33,
P<0.001; Figure 3F). The negative correlation of serum IL-1Ra with adiponectin was maintained after adjusting for BF%
(r=—0.46, P<0.001; Supplementary Table 2). Considering only the patients with obesity, the correlations of IL-1RA were
attenuated: leptin (r=0.17, P=0.064), adiponectin (r=—0.38, P<0.001) and the Adpn/Lep ratio (r=—0.23, P=0.016).
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Comparison of fasting serum concentrations of (A) serum amyloid A (SAA), (B) endotoxin, (C) osteopontin, (D) C-reactive protein (CRP), (E) visceral adiposity index
(VAI), (F) triglycerides and glucose (TyG) index and (G) fatty liver index (FLI) in subjects with normal weight (NW), obesity and normoglycemia (OB-NG), and obesity and
impaired glucose tolerance or T2D (OB-IGT&T2D). Bars represent the mean + SD. Statistical differences between groups were analyzed by ANOVA followed by LSD tests.

*P<0.05, **P<0.01 and ***P<0.001.
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Figure 2 Serum concentrations of IL-IRA increases with obesity and glucose intolerance and are not altered by gender. (A) Fasting serum levels of IL-IRA in normal weight
(NW) subjects and patients with obesity. (B) Effect of gender on serum IL-IRA levels. (C) Serum levels of IL-IRA in individuals with NW, obesity and normoglycemia (OB-
NG), and obesity and impaired glucose tolerance or T2D (OB-IGT&T2D). Boxes represent first and third quartiles and median, with whiskers showing 10-90 percentile.
Statistical differences between groups were analyzed by unpaired Student’s t test or ANOVA followed by LSD tests. ***P<0.001.

IL-1RA mRNA Expression is Increased in VAT of Patients with Obesity and T2D in

Relation with Proinflammatory Markers of Macrophage Recruitment

Next, we aimed to assess the mRNA expression levels of I/L/RN (the gene that codifies for IL-1RA) in the VAT of
patients with obesity and normoglycemia or IGT/T2D. Both groups with obesity exhibited decreased levels of HDL,
higher concentrations of CRP and leptin, and a reduced AST/ALT ratio, suggestive of fatty liver. Individuals with obesity
and T2D showed higher glucose concentrations in the fasting state (P<0.05) and 2 h after an OGTT (P=0.002) than
patients with obesity and normoglycemia (Supplementary Table 3). The mRNA expression of /L/RN was increased in the
VAT of individuals with obesity, although the differences felt out of significance as compared to NW individuals (2.86 +
3.84 vs 1.00 £ 1.48 a. u.; P=0.559) and further increased in patients with obesity and IGT or T2D (10.09 + 8.17; P<0.01
vs both NW and OB-NG, Figure 4A). SPPI (OPN), CD68 and MMP9 mRNA expression in adipose tissue showed a
similar tendency to that exhibited by IL/RN expression (Supplementary Table 3). The mRNA expression of TNF and
CCL2 showed around a three-fold increase in both groups of patients with obesity, but they did not reach statistical
significance likely due to data variability. Expression of the angiogenesis-related VEGFA was unchanged. /L/RN mRNA
expression in VAT was significantly correlated with the mRNA expression of SPPI (r=0.67, P<0.001; Figure 4B), CCL2
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(r=0.65, P<0.001; Figure 4D), CD68 (r=0.54, P=0.005; Figure 4E), and MMP9 (r=0.57, P=0.003; Figure 4F), while no
correlation was observed with TNF' (Figure 4C) and VEGFA (Figure 4G) mRNA expression.

IL-1RA Concentrations Decrease Following RYGB but Not After Diet-Induced WL or
Slight WG

In order to study the potential alterations in IL-1RA levels following changes in body adiposity, we measured its serum
concentrations after WG and WL due to either a conventional dietary treatment or bariatric surgery. After an average period
of 20 months in which patients gained an average of 5.3 kg, and their BF% increased 4.2% (Supplementary Table 4), no
significant changes were observed in IL-1RA levels which changed 20% from 417 + 345 to 500 + 691 pg/mL (P=0.647;
Figure 5A). No remarkable changes in cardiometabolic variables were observed with the exception of HDL levels, that

were paradoxically increased, and leptin concentrations that were significantly increased as expected (P=0.003). A
marginal negative correlation between final IL-1RA and adiponectin levels was observed (r=—0.41, P=0.074).

After an average period of 10 months on dietary treatment patients lost an average of 13.7 kg (P<0.001) and their BF
% decreased a mean of 8.1% (P<0.001) (Supplementary Table 5). No changes in glucose or insulin concentrations were
observed, while triglyceride and leptin levels were significantly reduced (P=0.023 and P=0.003, respectively). Diet-

induced WL produced a non-significant reduction in circulating IL-1RA concentrations of 14% decreasing from 798 +
537 to 697 + 395 pg/mL (P=0.368; Figure 5B). A marginal negative correlation between final IL-1RA and adiponectin
levels was again observed (r=—0.48, P=0.059).

After an average of 8 months following the surgical intervention, patients who had undergone RYGB experimented a
significant (P<0.001) decrease in body weight (37 kg), and BF% (16.7%), as well as a significant improvement in
glycemia (P<0.001), insulinemia (P<0.001), and HOMA, QUICKI and TyG indexes (P<0.001 for all) (Supplementary
Table 5). Lipid markers (P<0.05 for all), uric acid (P<0.001) and markers of inflammation (P<0.001) were significantly
improved. Leptin (P=0.011), adiponectin (P<0.001) and the Adpn/Lep ratio (P<0.001) were also significantly improved,
as well as the AST/ALT ratio (P=0.019) and the FLI (P<0.001). RYGB-induced WL was associated with a statistically
significant reduction in circulating IL-1RA concentrations (Figure 5C), which decreased from 1233 + 1009 to 660 + 538
pg/mL (a reduction of 46%, P<0.001). After WL, IL-1RA levels were significantly correlated with BF% (r=0.41,
P=0.001), and marginal correlations were observed with leptin and (r=0.23, P=0.066) and the Adpn/Lep ratio (=
—0.23, P=0.082).

Discussion
The main findings of the present study are that 1) serum IL-1RA concentrations are increased in patients with obesity and
further elevated in those with IGT or T2D; 2) circulating concentrations of IL-1RA correlate with BF%; 3) ILIRN mRNA

A B C
Weight gain Weight loss - diet Weight loss - RYGB
5000+ 5000+ 5000+ —_—
~ 40004 < 40004 =
E E E
2 3000+ 3000~ 2
é 2000+ é 2000+ \ ?_
3 2 3
1000+ 1000~
0- 0 T
Before After Before After Before After

Figure 5 Serum IL-RA levels are changed after bariatric surgery-induced weight loss (WL), but not after diet-induced WL or slight weight gain (WG). (A) Effect of WG on
serum IL-1RA concentrations. (B) Effect of WL on serum IL-1RA levels in patients with obesity following a conventional dietary intervention. (C) Effect of WL on serum IL-
IRA concentrations in patients with obesity undergoing Roux-en-Y gastric bypass (RYGB). Bars representing the mean and the pre- and post-intervention dots are shown.
Differences between pre and post weight change were analyzed by paired two-tailed Student’s t tests. ***P<0.001.
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expression in VAT is greatly increased in obesity-associated T2D correlating with the expression of genes involved in
macrophage recruitment; and 4) marked BF% loss is associated with a significant decline in serum IL-1RA levels.
It has been proposed that circulating concentrations of IL-1RA are increased in patients with obesity to counteract the

obesity-associated activation of the IL-1 axis,'”'83%33

in agreement with the findings of the present study. Patients with
obesity exhibited a 2.4-fold increase in serum IL-1RA concentrations as compared to NW individuals. Moreover, levels
of IL-1RA were correlated with BMI, waist circumference, VAL, and BF% indicating that IL-1RA levels are related to the
adipose tissue amount. On the other hand, many studies have shown that IL-1RA levels are increased in patients with
T2D,**® being able of prospectively predicting changes in insulin sensitivity.’* However, studies where IL-IRA
concentrations are explored in subjects with obesity across the glucose tolerance categories are scarce. Levels of IL-
IRA increase gradually with increasing number of cardiometabolic abnormalities in patients with the metabolic
syndrome.>**° However, a study performed in subjects with severe obesity showed that IL-1RA concentrations did
not differ across glucose intolerance categories.®” Data from the present study evidence that serum IL-IRA concentra-
tions are increased in individuals with obesity and are further elevated in those with T2D. Moreover, IL-1RA is
correlated with insulin levels and several surrogate markers of insulin resistance or sensitivity such as HOMA,
QUICKI and the TyG index, even after adjustment by BF%. Several studies in rodents suggest that IL-1RA paradoxically
induces insulin resistance since rats treated with recombinant IL-1RA exhibit a decrease in insulin sensitivity in
euglycemic-hyperinsulinemic clamps22 and knock-down of I//rn in obese mice improves insulin sensitivity.41 In
addition, a rise in IL-IRA precedes the onset of T2D** and discriminates which individuals will develop T2D.*
However, daily subcutaneous administration of anakinra, a recombinant human IL-1RA, improved glycemia and B-cell
secretory function at 13 weeks,** effects that are maintained 39 weeks after treatment withdrawal.*> It seems more
plausible that the increased levels found in obesity and obesity-associated T2D reflect a response to counterbalance
increased IL-1 activity.

Blocking of IL-1R by IL-1RA attenuates inflammation. In this sense, mice lacking ///rn exhibit chronic
inflammation.'* The present study shows that increased BF% is accompanied by high concentrations of IL-1RA in
association with high levels of SAA, CRP, OPN, WBC, and fibrinogen, markers of the obesity-associated low-grade
chronic inflammation. However, no relation with endotoxin was observed. A close association between IL-1RA and
SAA, CRP, OPN, WBC, and fibrinogen after adjusting for adiposity was still found. The association between IL-1RA
and CRP is in agreement with previous findings.*® Moreover, serum levels of IL-1RA associate with liver inflammation
and serum ALT independently of obesity having been proposed as a non-invasive inflammatory marker of non-alcoholic
steatohepatitis.*” Data from our study show that IL-1RA levels were positively correlated with y-GT and FLI, even after
adjustment for BF%. Interestingly, anakinra administration markedly reduced obesity-induced steatosis and liver
lipogenic gene expression in mice with obesity,*® while decreased CRP and IL-6 in humans.** Moreover, ///rn KO
mice present severe fatty liver with altered cholesterol homeostasis on an atherogenic diet.?! On the contrary, ///rn
knock-down reduced liver triglyceride and improved liver inflammation.*' Taken together, although the exact function of
IL-1RA still needs to be determined, data support the notion that IL-1RA is involved in the regulation of obesity-
associated inflammation and fatty liver, likely protecting from the development of cardiometabolic derangements related
with obesity.

Adipose tissue is a major site of IL-1IRA production,®® being one of the top differentially regulated genes in human
VAT from patients with obesity and T2D as compared to those without T2D.*’ The expression of ILIRN is increased in
VAT from mice and humans with obesity and regulated by IL-1a, IL-1p, LPS, and IFN-B.**** Circulating levels of IL-
1RA showed highly significant correlations with leptin, adiponectin and the Adpn/Lep ratio, a marker of dysfunctional
adipose tissue.’" These findings, together with the high correlations of IL-1RA with BMI, BF% and WC, suggest that
adipose tissue and, in particular, a dysfunctional adipose tissue is importantly responsible of the increased levels of IL-
IRA. Interestingly, a stronger correlation of IL-1RA levels with VAT than with subcutaneous adipose tissue by using the
“Imiomics” technique has been recently reported,’” in agreement with a higher mRNA expression.’®> An increased
production in VAT (a depot more abundant in men than in women) could explain the lack of differences regarding gender
in IL-1RA in the present study, since raised levels of IL-1RA with higher BF% could be expected in women. Although
adiponectin is able to induce the expression of IL-1RA in monocytes, dendritic cells and monocyte-derived
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macrophages,”® we found a negative correlation between IL-1RA and adiponectin in agreement with previous studies.*®
The negative correlation between IL-1RA and the Adpn/Lep ratio suggests that an excess of proinflammatory dysfunc-
tional adipose tissue triggers the production of IL-1RA. In this sense, the mRNA expression of /L/RN is greatly
upregulated in the VAT of patients with obesity and T2D. To our knowledge, this is the first evidence of increased
expression of /L/RN in human VAT from patients with obesity and T2D as compared to patients with obesity with NG
and NW individuals. This increase is associated in the global cohort with an increased expression of key proinflammatory
genes involved in the recruitment of macrophages and inducers of the M1 phenotype such as CCL2, SPP1, and CD68,” as
well as MMP9, a marker of adipose tissue remodeling and fibrosis.>> Therefore, it seems that as metabolic alterations
develop in obesity, the dysfunctional adipose tissue increases the expression and secretion of IL-1RA.

To confirm that BF% is a major determinant of IL-1RA levels, we studied the potential changes of IL-1RA after
different situations involving BF% changes of different magnitudes. We found no changes in IL-1RA levels after modest
WG (average of 4.2% of BF% increase). This finding is in contrast with previous more prolonged studies (more than 4
years of follow-up) where an increase in IL-1RA levels with increasing body weight was observed for both genders*® or
only in women,>® although BF% was associated with IL-1RA at baseline but only marginally in the longitudinal analysis
in the former study. We observed a tendency to decreased IL-1RA levels after modest WL following conventional dietary
treatment (average of 8.1% of BF% loss) which was reduced by 14%, but fell out of significance. Data from the literature
are heterogeneous regarding the effect of diet-induced WL, with studies finding a decrease in IL-1RA concentrations
after a low-carbohydrate diet, but not after a low-fat diet in patients with T2D,” no changes,5 8 or an increase.”” However,
levels of IL-1RA were dramatically decreased after bariatric surgery-induced WL (average of 16.7% of BF% loss) that
were reduced by 46% in agreement with previous studies.'”*”°° Taken together, plasma IL-1RA appears to be reactive to
marked changes in BF% and, to a lesser extent, to modest changes in adiposity. The changes in serum IL-1RA levels
observed in patients with obesity following RYGB may reflect the changes in adipose tissue homeostasis. In this sense,
levels of IL-1RA were related to adiponectin levels in the WG and diet-induced WL studies, and to BF%, leptin, and the
Adpn/Lep ratio in patients undergoing bariatric surgery. In the same line, it has been proposed that leptin levels are a
determinant of serum IL-1RA and that IL-1RA may induce leptin resistance.'”®' In summary, IL-IRA might be
considered a dynamic marker of adipose tissue functionality.

Obesity and the metabolic syndrome are associated with increased oxidative stress.®> Given that IL-1RA has been
shown to reduce oxidative stress in different animal models® and that oxidative stress is reduced in patients with obesity
undergoing sleeve gastrectomy,®® the relation of IL-1RA with oxidative stress in subjects with obesity and T2D and its
changes after bariatric surgery deserves further research.

Some potential limitations of our study should be pointed out. First, this study was performed in Caucasian subjects
and would need to be extended to other populations to determine race-specific differences in the levels of IL-1RA.
Second, our study is limited by the relatively small sample size. However, the patients included in our work are very
well-characterized individuals showing a high homogeneity within groups. Third, it would be of interest to consider the
influence of other sources of IL-1RA such as the liver. However, no liver biopsies to evaluate the mRNA expression of
ILIRN were available. Nonetheless, adipose tissue, in particular VAT, has been reported to express higher levels of
ILIRN than the liver.”® Although IL-1RA has been studied as a T2D treatment and it is used for some inflammatory
diseases, caution has to be taken since some possible adverse side effects may be produced such as cardiovascular
problems due to proatherogenic lipid alterations.®

Serum IL-1RA concentrations are increased in patients with obesity and further increased in those with T2D. In
addition, /LIRN mRNA expression in VAT is upregulated in volunteers with obesity and T2D in association with
proinflammatory genes. Moreover, WL with marked reductions in BF% is accompanied by a decrease in IL-1RA
concentrations, which may contribute to the beneficial effects accompanying weight reduction or, on the contrary, be
only a mere marker of the improvement in the amount and functionality of adipose tissue. Further studies should allow to
clarify the exact role of IL-1RA in obesity-associated cardiometabolic derangements and whether it can be proposed as

an effective therapeutic weapon against T2D or fatty liver.
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