
Circulating miRNAs Detect High vs Low Visceral Adipose 
Tissue Inflammation in Patients Living With Obesity
Nataly Makarenkov,1,2 Yulia Haim,1 Uri Yoel,1,3 Yair Pincu,1 Tanya Tarnovscki,1 Idit F. Liberty,4

Ivan Kukeev,5 Lior Baraf,3 Oleg Dukhno,5 Oleg Zilber,6 Matthias Blüher,7 Assaf Rudich,1

and Isana Veksler-Lublinsky2

1Department of Clinical Biochemistry and Pharmacology, Faculty of Health Sciences, Ben-Gurion University of the Negev, Beer-Sheva 84103, Israel
2Department of Software & Information Systems Engineering, Faculty of Engineering, Ben-Gurion University of the Negev, Beer-Sheva 84103, Israel
3Endocrinology Unit, Soroka University Medical Center, Beer-Sheva 84101, Israel
4Diabetes Clinic, Soroka University Medical Center, Beer-Sheva 84101, Israel
5Department of General Surgery B, Soroka University Medical Center, Beer-Sheva 84101, Israel
6Goldman Faculty of Health Sciences, Ben-Gurion University of the Negev, Beer-Sheva 84103, Israel
7Helmholtz Institute for Metabolic, Obesity and Vascular Research (HI-MAG) of the Helmholtz Zentrum München at the University of Leipzig 
and University Hospital Leipzig, Leipzig 04103, Germany
Correspondence: Assaf Rudich, MD, PhD, Department of Clinical Biochemistry and Pharmacology, Faculty of Health Sciences, Ben-Gurion University of the 
Negev, Rager Blvd., Beer-Sheva 84103, Israel. Email: rudich@bgu.ac.il; or Isana Veksler-Lublinsky, PhD, Department of Software & Information Systems 
Engineering, Faculty of Engineering, Ben-Gurion University of the Negev, Rager Blvd., Beer-Sheva 84103, Israel. Email: vaksler@post.bgu.ac.il.

Abstract
Context: The severity of visceral adipose tissue (VAT) inflammation in individuals with obesity is thought to signify obesity subphenotype(s) 
associated with higher cardiometabolic risk. Yet, this tissue is not accessible for direct sampling in the nonsurgical patient.
Objective: We hypothesized that circulating miRNAs (circ-miRs) could serve as biomarkers to distinguish human obesity subgroups with high or 
low extent of VAT inflammation.
Methods: Discovery and validation cohorts of patients living with obesity undergoing bariatric surgery (n = 35 and 51, respectively) were 
included. VAT inflammation was classified into low/high based on an expression score derived from the messenger RNA levels of TNFA, IL6, 
and CCL2 (determined by reverse transcription polymerase chain reaction). Differentially expressed circ-miRs were identified, and their 
discriminative power to detect low/high VAT inflammation was assessed by receiver operating characteristic–area under the curve (ROC- 
AUC) analysis.
Results: Fifty three out of 263 circ-miRs (20%) were associated with high-VAT inflammation according to Mann-Whitney analysis in the 
discovery cohort. Of those, 12 (12/53 = 23%) were differentially expressed according to Deseq2, and 6 significantly discriminated between 
high- and low-VAT inflammation with ROC-AUC greater than 0.8. Of the resulting 5 circ-miRs that were differentially abundant in all 3 
statistical approaches, 3 were unaffected by hemolysis and validated in an independent cohort. Circ-miRs 181b-5p, 1306-3p, and 3138 
combined with homeostatic model assessment of insulin resistance (HOMA-IR) exhibited ROC-AUC of 0.951 (95% CI, 0.865-1) and 0.808 
(95% CI, 0.654-0.963) in the discovery and validation cohorts, respectively, providing strong discriminative power between participants with 
low- vs high-VAT inflammation. Predicted target genes of these miRNAs are enriched in pathways of insulin and inflammatory signaling, 
circadian entrainment, and cellular senescence.
Conclusion: Circ-miRs that identify patients with low- vs high-VAT inflammation constitute a putative tool to improve personalized care of 
patients with obesity.
Key Words: visceral adipose tissue inflammation, circulating miRNAs, biomarkers, next-generation sequencing, obesity subphenotyping
Abbreviations: AT, adipose tissue; AUC, area under the curve; BMI, body mass index; cDNA, complementary DNA; DEM, differentially expressed miRNA; 
HOMA-IR, homeostatic model assessment of insulin resistance; IL6, interleukin 6; miRNA, microRNA; mRNA, messenger RNA; NGS, next-generation 
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tumor necrosis factor α; VAT, visceral adipose tissue; VIA-circ-miRs, VAT inflammation-associated circ-miRs.
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Obesity is defined as adipose tissue (AT) accumulation to de-
grees that negatively affect health (1, 2). Yet, as currently de-
fined anthropometrically using body mass index (BMI), 
obesity is still highly heterogeneous in its effect on health- 
related outcomes of affected patients (3). Cross-sectional stud-
ies repeatedly link visceral fat mass accumulation with worse 
cardiometabolic risk profile, and longitudinal studies suggest 

that surrogate parameters for preferential accumulation of 
visceral AT (VAT) (over subcutaneous fat) are associated 
with an increased risk of death (4). Yet, beyond fat mass per 
se, VAT inflammation is a major feature of “adiposopathy,” 
or obesity-related AT disease (5), which is associated with dys-
functional AT and with a greater effect of obesity on health. 
Indeed, immune cell infiltration predominantly into VAT 

The Journal of Clinical Endocrinology & Metabolism, 2024, 109, 858–867 
https://doi.org/10.1210/clinem/dgad550
Advance access publication 15 September 2023                                                                                                                                                     
Clinical Research Article

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/109/3/858/7274810 by Ben G
urion U

niv O
f The N

egev - M
edical Library user on 13 M

arch 2024

https://orcid.org/0000-0002-1366-1444
https://orcid.org/0000-0002-4251-6158
mailto:rudich@bgu.ac.il
mailto:vaksler@post.bgu.ac.il


may define subphenotypes of insulin-resistant cardiometa-
bolically high-risk obesity (6).

AT inflammation in obesity engages T and B lymphocytes, 
natural killer and NK T cells, macrophages, monocytes, den-
dritic cells, neutrophils, and mast cells, which change in their 
relative tissue abundance and exhibit altered polarization 
state(s) (7-10). This frequently considered chronic, low-grade 
“sterile” inflammatory change of the tissue also involves dys-
regulated expression and secretion of metabolites and proin-
flammatory cytokines and chemokines, of which tumor 
necrosis α (TNFα), interleukin 6 (IL6), and CCL2 (MCP-1) 
are considered prototypic (7, 11). The exact evolution of AT 
inflammation in obesity is not fully understood but is consist-
ent with the concept that inflammation has a wide spectrum 
that involves perturbed homeostatic regulation, tissue dys-
function, and structural tissue changes (such as fibrosis and 
accumulation of senescent cells) (12). Overall, since the degree 
of VAT inflammation seems to correlate with the risk of 
obesity-associated cardiometabolic complications (4, 13), es-
timating VAT inflammation can assist in obesity subpheno-
typing and cardiometabolic risk stratification.

A major limitation in assessing VAT inflammation is the in-
accessibility of this fat depot for sampling in nonsurgical pa-
tients. This highlights the need for clinically available 
alternatives that use biomarker surrogates to determine 
VAT inflammation. So far, there is no circulating biomarker 
that reflects the extent of VAT inflammation. In the present 
study, we therefore focused on circulating microRNAs 
(circ-miRs) in relation to the inflammation state in VAT. 
miRNAs are short (17-25 nucleotides), noncoding RNA mol-
ecules that function as negative regulators of gene expression 
by 2 main processes that rely on sequence recognition of target 
messenger RNAs (mRNAs): mRNA destabilization, and 
translational inhibition (14). Although miRNAs function 
intracellularly, they are also found in the circulation, either 
unbound, within extracellular vesicles, or bound to high- 
density lipoproteins (HDLs) (15-17). They are increasingly 
considered as reliable biomarker molecules, partially because 
of their relative stability in plasma samples and the availability 
of various procedures to detect them. Adipose tissue, particu-
larly in obesity, is a major source of circ-miRs, with an esti-
mated contribution of up to 50% of all circ-miRs (based on 
mouse models of obesity(18)).

In the present study, we hypothesized that circ-miRs reflect 
the extent of VAT inflammation defined by proinflammatory 
gene expression signatures. Using a “discovery cohort,” we 
identified putative circ-miRs with discriminative power be-
tween patients with obesity with either low or high VAT in-
flammation, and used stringent bioinformatic tools to 
predict whether they may also contribute functionally to 
obesity-related complications. Since miRNA studies typically 
suffer from poor reproducibility between different cohorts 
(19, 20), we validated our results in an independent cohort. 
Jointly, we propose a circ-miR–based approach to discrimin-
ate between patients with obesity and either low or high VAT 
inflammation phenotypes, in the quest to better personalize 
obesity management.

Materials and Methods
Study Participants
Both the discovery (n = 35) and the validation (n = 51) co-
horts were assembled from an ongoing recruitment program 

supporting an adipose tissue biobank, as previously reported 
(21). Patients undergoing elective abdominal surgery at 
Soroka University Medical Center gave written informed con-
sent for depositing blood and VAT (omental) samples into the 
biobank. For the present study, patients who met the eligibil-
ity criteria, underwent bariatric surgery, were aged 18 to 70 
years, had a body mass index (BMI) of 30 or greater, and 
had no known malignancies, were included. Soroka 
University Medical Center’s ethical review board approved 
the study in advance (approval No. 0348-15-SOR).

Clinical and Biochemical Assessment
All study participants were hospitalized one day before the 
scheduled operation. On admission, they were clinically 
evaluated according to the currently accepted guidelines 
(22), including vital signs and anthropometric indices meas-
urements. Following overnight fasting, the morning of the op-
eration, an extended biochemical workup was conducted. 
This included complete blood count, blood chemistry (glucose 
and electrolytes, kidney and liver function, full lipogram and 
glycated hemoglobin A1c), C-reactive protein, and endocrine 
evaluation including insulin. A blood sample for future ana-
lysis of circ-miRs was drawn on the same occasion. We further 
calculated the homeostatic model assessment of insulin resist-
ance (HOMA-IR), triglycerides to HDL ratio, and triglycer-
ides to glucose index (23). To diminish the degree of 
hemolysis we used a 21-gauge needle and strictly followed 
the recommendations on blood sample collection (24).

Estimation of Visceral Adipose Tissue Inflammation
RNA was extracted from VAT by RNeasy Lipid Tissue Mini 
Kit (Qiagen, catalog No. 74804). Complementary DNA 
(cDNA) was created using High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems catalog No. 
4368814). Expression of TNFA, IL6, and CCL2 was meas-
ured using TaqMan gene expression assays by quantitative 
polymerase chain reaction (qPCR) (ThermoFisher catalog 
Nos. Hs00174128, Hs00234140, and Hs00174131, respect-
ively). Endogenous control genes PPIA and PGK1 
(ThermoFisher catalog Nos. Hs99999904 and Hs99999906, 
respectively) were used to control for technical variance 
(25). VAT inflammation score was created by dividing the ex-
pression of each inflammatory gene into tertiles, and each ter-
tile was given an intermediate score of 0 to 2 from lower to 
higher. The intermediate score for each gene was summarized 
to generate a VAT inflammation score of 0 to 6. Patients with 
scores 0 to 2 were considered to have low-VAT inflammation, 
while patients with scores 4 to 6 were considered as high-VAT 
inflammation. Patients with a VAT inflammation score of 3 
were excluded from the group analyses (n = 5 and 10 in the 
discovery and validation cohorts, respectively) to reduce mis-
classification bias (Supplementary Table S1 (26)).

Clinical Assessment of Visceral Adipose Tissue 
Inflammation
We estimated the degree of VAT inflammation using demo-
graphic (eg, age, sex), clinical (eg, dysglycemia, hypertension), 
and commonly available biochemical (eg, fasting glucose, tri-
glycerides, HDL cholesterol) data, as well as insulin and 
HOMA-IR (Table 1). These data were evaluated by 2 inde-
pendent endocrinologists (L.B. and U.Y.) blinded to the 
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laboratory-derived inflammation score, with the aim of clinic-
ally classifying the degree of VAT inflammation as being high 
or low. In cases of disagreement, the decision was made by a 
third evaluation by an experienced diabetologist, who was 
blinded to the inflammation score as well (I.F.L.). As universal 
guidelines for clinical assessment of the degree of VAT inflam-
mation are lacking, the evaluating physicians were instructed 
to follow their routine practice in the metabolic clinic, using 
their clinical skills and experience. The final clinical decision 
was then compared against the molecular evaluation by the 
VAT inflammation score, which served as the reference 
standard.

Analysis of Circulating MicroRNA

MicroRNA extraction
miRNAs were extracted from plasma samples with the use of 
the miRNeasy Plasma Advanced Kit (Qiagen, catalog No. 
217204). As a technical control for miRNA recovery, 
C elegans miRNA Cel-miR-39 (UCACCGGGUGUAAAUC 
AGCUUG, Thermo custom order) was added at 5 pg/sample 
(phosphate was added to the 5-prime of the sequence for com-
patibility with TaqMan assays). Hemolysis was evaluated us-
ing qPCR to avoid contamination with miRNAs known to be 
prevalent in erythrocytes. We assessed the levels of miR-451a 
and miR-23a-3p, which correspond to the contributions of 
red blood cells (RBCs) and plasma, respectively (Thermo 
Fisher, AB-A25576-478107_mir and AB-A25576- 
478532_mir). Samples were considered nonhemolytic and ad-
equate for further analysis when (CT miR-23a-3p) – (CT 
miR-451a) was less than 7 (27).

Libraries construction in the discovery cohort
Following the determination of 35 samples as being eligible, 
libraries were created using the QIAseq miRNA Library Kit 
(Qiagen, catalog No. 331505). Initially, cDNA was generated 
and then purified using magnetic beads provided in the kit. 
Subsequently, the libraries were amplified and subjected to 
an additional purification step. Finally, next-generation se-
quencing (NGS) was conducted using NextSeq 500/550 
High-Output Kit v2.5 (75 Cycles, catalog No. 20024906).

Bioinformatic analysis
The adapters in the FASTQ files were removed using Cutadapt 
(28) with the following command: “cutadapt -a 
AACTGTAGGCACCATCAAT -m 17.” The quality of the 
cleaned files was then assessed using FastQC (http://www. 
bioinformatics.babraham.ac.uk/projects/fastqc). To quantify 
the levels of small RNA in the samples, miRGE3 (29) was em-
ployed. Using the RPM (reads per million) file generated by 
miRGE3, the average and maximum abundance of each 
miRNA across all libraries were calculated. miRNAs that 
met the criteria of having an average count greater than 5 
RPM and a maximum count greater than 50 RPM, and 
were present in all libraries, were considered for further 
analysis.

To identify differentially expressed miRNAs (DEMs) be-
tween patients with high- and low-VAT inflammation, we 
used Mann-Whitney test and Deseq2 (30) (with R). For 
both analyses, a miRNA was considered statistically signifi-
cantly different if the P value was .05 or less. To evaluate 
the miRNAs’ potential to distinguish between patients with 

high-/low-VAT inflammation, the expression levels of 
miRNAs were subjected to receiver operating characteristic 
(ROC) analysis. Discriminative miRNAs were indicated by 
ROC-AUC (area under the curve) values of 0.8 or greater 
and with the lower CI values being greater than 0.5. 
Circ-miRs that were identified in the discovery cohort by all 
3 statistical approaches were considered putative VAT inflam-
mation-associated circ-miRs (VIA-circ-miRs).

Quantitative polymerase chain reaction analysis of circulating 
microRNAs in the validation cohort
As there is no gold standard for adjusting circ-miRs levels to 
compare between different samples (31), we used the abundance 
of circ-miRs 23a-3p, 361-5p, and 191-5p (ThermoFisher 
catalog Nos. AB-A25576-478532_mir, AB-A25576-478056_ 
mir and AB-A25576- 477952_mir) as endogenous control 
circ-miRs. This was based on their abundance level that corre-
sponded to those of our putative VIA-circ-miRs (mean abun-
dance was RPM > 50), and because they exhibited the lowest 
coefficient of variation among all circ-miRs between partici-
pants of the discovery cohort. Expression levels of the putative 
VIA-circ-miRs 181b-5p, 1306-3p, 3138 and 423-5p (Thermo 
Fisher catalog Nos. AB-A25576- 478583_mir, AB-A25576- 
479575_mir, AB-A25576- 479624_mir, and AB-A25576- 
478090_mir) were measured by qPCR and calculated relative 
to the mean of the 3 control miRs.

Visceral adipose tissue inflammation–associated circulating 
microRNA sensitivity to hemolysis
To test the sensitivity of putative VIA-circ-miRs to hemolysis, 
we generated “pseudo-hemolytic” samples by adding RBC 
lysate to low-hemolytic plasma, as previously described 
(32). For this, RBCs were isolated from a single blood sample 
after centrifugation and were lysed mechanically. Final added 
RBC lysate concentration in the plasma (by serial dilutions) 
was 0.0005% to 0.001% (v/v) for “low RBC lysate” and 
0.125% to 0.25% (v/v) for “high RBC lysate.” Levels of pu-
tative VIA-circ-miRs were measured by qPCR, as described 
earlier.

KEGG pathway analysis
Target genes of miR-181b-5p, 1306-3p, and 3138 were pre-
dicted using Targetscan v8 (https://www.targetscan.org/vert_ 
80/). The list of predicted targets was uploaded to the 
Database for Annotation, Visualization and Integrated 
Discovery (DAVID) (https://david.ncifcrf.gov/tools.jsp). Using 
the functional annotation tool, we obtained the list of enriched 
KEGG pathways, from which we focused on those that are rele-
vant to metabolism, cell signaling, and inflammation.

Additional graphical and statistical analyses. Graphical 
software and statistical analyses beyond those already men-
tioned (using R) were performed with GraphPad Prism (ver-
sion 9).

Results
Discovery and Validation Cohorts With Low- vs 
High-Visceral Adipose Tissue Inflammation
The workflow of this biomarker discovery study is presented 
in Fig. 1A. A discovery cohort and an independent validation 
cohort were assembled by selecting consecutive n = 35 and 
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n = 51 patients, respectively, who are living with obesity and 
were recruited to our human adipose tissue biobank. In both 
cohorts, participants were scored according to a “VAT in-
flammation score” based on the relative mRNA expression 
of 3 prototypic inflammatory genes, TNFA, IL6, and CCL2 
(Fig. 1B): We summed the tertile level of expression (graded 
0-2) of each of the 3 genes, resulting in a score range of 0 to 
6. To minimize misclassification bias, when conducting a 
between-group comparison of low- vs high-VAT inflamma-
tion, we excluded 5 and 10 participants in the discovery and 
validation cohorts, respectively, whose VAT inflammation 
score was “intermediate”—that is, who received a value of 
3. Yet, for correlation analyses (discussed later), all n = 86 
participants were included in the analysis. In both cohorts 

separately, and when joined, each of the 3 genes composing 
the VAT inflammation score was significantly elevated among 
the high- (compared to the low-) VAT inflammation subgroup 
(Fig. 1C). Moreover, among participants of both cohorts, 
CCL2 significantly (P < .001) intercorrelated with the expres-
sion of both TNFA and IL6, which in turn did not intercorrel-
ate between themselves. Yet, even the significant correlations 
did not reach colinearity (coefficient of correlation <0.6), and 
the expression of neither of the individual genes fully sepa-
rated, on its own, those with high- vs low-VAT inflammation. 
We reasoned this suggests that each gene can contribute a dis-
tinct, nonredundant aspect of VAT inflammatory status that is 
better represented by the joint expression level of the 3 proto-
typic proinflammatory genes.

Figure 1. Overview of study design and rationale. Discovery cohort (n = 35) and validation cohort (n = 51) of patients living with obesity were included in 
this study. A, Study overview: In both the discovery and the validation cohorts, VAT samples were taken for evaluation of VAT inflammation (explained in 
B). Blood was drawn for biochemical parameters, and miRNAs were extracted from plasma. In the discovery cohort miRNAs were sequenced by 
next-generation sequencing (NGS). Bioinformatic analysis was performed to identify all miRNAs above an abundance threshold that showed differential 
expression in the “high VAT inflammation” group (= putative VIA-circ-miRs). Validation of VIA-circ-miRs was performed by quantitative PCR. B, VAT 
inflammation was assessed using the mRNA expression levels of TNF, IL6, and CCL2. Each gene expression was divided into tertiles and given a score 
of 0 to 2. The score was summarized for all 3 genes to generate a total VAT inflammation score of 0 to 6. Participants were divided into 2 groups 
according to the VAT inflammation score: “low”: 0 to 2, and “high”: 4 to 6. A group of patients with an intermediate VAT inflammation score of 3 was 
excluded to lower the risk of misclassification bias. C, mRNA expression levels of TNFA, IL6, and CCL2 in VAT of participants in the discovery cohort 
(black symbols) and validation cohort (blue symbols), relative to endogenous control genes (PPIA and PGK1) determined by quantitative real-time 
polymerase chain reaction. Compared are those with low (score 0-2, n = 16 and n = 21 in the discovery and validation cohorts, respectively) or high 
(score 4-6, n = 14 and n = 20 in the discovery and validation cohorts, respectively) VAT inflammation score. P values were computed with the 
Mann-Whitney test. P values shown in black, blue, and black-bold are for the discovery cohort, validation cohort, and combined cohorts, respectively. D, 
Estimation of VAT inflammation by physicians based on patients’ clinical characteristics only. A pie chart showing the performance of the clinical 
evaluation compared to the lab-based evaluation of VAT inflammation in both cohorts. FN, false negative; FP, false positive; mRNA, messenger RNA, 
miRNA, microRNA; TN, true negative; TP, true positive; VAT, visceral adipose tissue.
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The clinical characteristics of the 2 complete cohorts, and 
their group division into those with low- (score 0-2, n = 16 
and n = 21 in the discovery and validation cohort, respectively) 
and high- (score 4-6, n = 14 and n = 20, respectively) VAT in-
flammation is presented in Table 1. There were no statistically 
significant differences between the cohorts—or within each co-
hort—between the 2 subgroups, in any individual parameter, 
indicating that patients were not overtly clinically/phenotypic-
ally distinct. In the discovery cohort (but not in the validation 
cohort), those with high VAT inflammation scores trended to 
be more insulin resistant, based on HOMA-IR, compared to 
those with low VAT inflammation scores.

We first determined if the VAT inflammation status, estab-
lished by VAT gene expression-based score, could be pre-
dicted by clinicians blinded to the score, based only on the 
clinical parameters of the patients (as detailed in “Materials 
and Methods”). Despite very high inter-rater agreement 
(90% and 85% in the discovery and validation cohort, re-
spectively), the ability to clinically estimate VAT inflamma-
tory status against the gene expression–based score was low 
(Fig. 1D), with true positive rates of 0.429 and 0.524, and ac-
curacy of 0.433 and 0.512, in the discovery and validation co-
horts, respectively. This performance underscores the 
currently unmet need to find biomarkers that could aid in sub-
phenotyping/risk-stratifying patients with obesity based on 
their VAT inflammatory state, even when it is relatively sub-
tle/early and without/before overt clinical manifestations.

Identifying Circulating MicroRNAs Indicative of 
Visceral Adipose Tissue Inflammation
We used plasma samples of the discovery cohort to identify 
candidate VIA-circ-miRs. We ensured that plasma miRNA re-
covery was technically comparable by spiking-in C elegans 
miRNA and measuring its abundance after extraction. In add-
ition, to rule out different contribution of miRNAs from 

RBCs, we confirmed low levels of hemolysis, as detailed in 
“Materials and Methods.” miRNA libraries were constructed 
and sequenced by NGS. Out of the 1595 identified circ-miRs, 
263 passed an abundance threshold of minimal RPM greater 
than 0 in all libraries, average of 5 or greater, and maximum of 
50 or greater (Fig. 2A).

To detect putative VIA-circ-miRs, we performed 3 types of 
statistical analyses for defining those miRNAs that differ sig-
nificantly between participants in the discovery cohort, whose 
obesity was accompanied by a low vs high VAT inflammation 
score. Mann-Whitney resulted in 53 DEMs, Deseq2 analysis 
resulted in 12 DEMs, and discriminative power ROC-AUC 
analysis resulted in 6 miRNAs. Five of the DEMs were com-
mon between all 3 statistical approaches (Fig. 2B), all with up-
regulated expression in the high-VAT inflammation group 
(Fig. 3A). Since levels of some circ-miRs may be highly sensi-
tive to hemolysis given their relatively high abundance within 
RBCs, we assessed this for the 5 putative VIA-circ-miRs as fol-
lows. We generated test samples representing either very low 
or high hemolysis (ie, ∼0 or 0.25% hemolysate of RBC, re-
spectively). Of the 5 putative VIA-circ-miRs, the abundance 
of circ-miR-629-5p was significantly higher in samples repre-
senting high vs low hemolysis (Fig. 3B). We therefore excluded 
circ-miR-629-5p from further analysis.

Since a key characteristic of a useful biomarker is its robust-
ness and reproducibility, we next wished to validate the 4 re-
maining putative VIA-circ-miRs seen in the discovery cohort 
in an independent cohort (Fig. 3C), and using a methodology 
different from the NGS used for VIA-circ-miRs discovery. In 
samples of the validation cohort, we assessed VAT inflamma-
tion, and extracted plasma miRNAs, exactly as in the discov-
ery cohort, and the abundance of the 4 putative VIA-circ-miRs 
was measured by PCR. Circ-miRs 181b-5p, 1306-3p, and 
3138 levels were significantly, or nearly so, higher in partici-
pants of the validation cohort with high VAT inflammation 

Figure 2. Identifying putative VIA-circ-miRs. A, Steps performed to identify putative VIA-circ-miRs in the discovery cohort: circ-miRs were filtered by 
abundance across all libraries (minimal RPM > 0, average RPM > 5, maximal RPM > 50); differential expression by Mann-Whitney U test and by Deseq2 
(P<.05); discriminative power by ROC-AUC (ROC-AUC≥0.8). B, Venn diagram showing differentially abundant circ-miRs according to 3 independent 
statistical approaches. miRNAs that are more or less abundant in high vs low VAT inflammation subgroups are marked in red and green, respectively. 
AUC, area under the curve; miRNA, microRNA; ROC, receiver operating characteristic; RPM, reads per million; VAT, visceral adipose tissue; 
VIA-circ-miRs, VAT inflammation-associated circ-miRs.
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(see Fig. 3C). Conversely, the higher abundance of 
circ-miR-423-5p observed in the discovery cohort (see 
Fig. 3A) could not be validated (see Fig. 3C). We therefore 
continued the validation process for the remaining 3 
circ-miRs, using correlation analysis, complementing the 
2-subgroup comparison (Fig. 3D). This approach enabled us 
to include also the 5 and 10 participants in the discovery 
and validation cohorts, respectively, whose VAT inflamma-
tion score was intermediate and were excluded from the initial 
subgroup comparison. The Spearman correlation coefficient 
was positive for all 3 circ-miRs in both cohorts, but did not 
reach statistical significance for circ-miR-181 and 1306-3p 
in the validation cohort alone. Nevertheless, when expressing 
the abundance level in the 2 cohorts as fold-of-mean and com-
bining the data (n = 86), all 3 circ-miRs positively correlated 

with VAT inflammation score (P ≤ .05) (see Fig. 3D). We ques-
tioned whether VAT may be a source of these miRNAs using a 
subanalysis of n = 14 participants of the discovery cohort, for 
whom we measured VAT expression of miRNAs. To this 
end, neither of the miRNAs significantly correlated in their 
abundance in the circulation (plasma) with expression level in 
VAT, and their expression level in VAT did not correlate 
with VAT inflammation score (Fig. 3E). Moreover, tissue ex-
pression information obtained from TissueAtlas (33) suggested 
that adipocytes are not among the most highly expressing cell 
type of any of the 3 miRNAs (Fig. 3F). Though not conclusive, 
these analyses do not provide strong support for VAT as a ma-
jor contributor for the circulating abundance of the 3 miRNAs. 
Collectively, we identified 3 VIA-circ-miRs validated in 2 inde-
pendent cohorts of patients with obesity.

Figure 3. Validation of putative VIA-circ-miRs. A, A heat map showing the expression z scores of identified circ-miRs in each participant in the discovery 
cohort divided to low- and high-VAT inflammation subgroups. B, Relative abundance of the 5 putative VIA-circ-miRs in plasma samples to which low 
(0.0005-0.001% v/v) vs high (0.125-0.25% v/v) RBC lysate was added. P values were computed with the Mann-Whitney test. C, Quantitative rt-PCR 
results of plasma expression of 4 putative VIA-circ-miRNAs that passed the hemolysis test, comparing patients with low- vs high-VAT inflammation in 
the validation cohort. P values were computed with the Mann-Whitney test. miRNAs that passed the significance threshold (P <.05) or came close are 
marked with green check marks. D, Spearman correlations of the 3 validated VIA-circ-miRs with VAT inflammation score for the discovery cohort (n =  
35), validation cohort (n = 51), and both cohorts combined (n = 86). Bold font indicates statistically significant correlations. E, Spearman correlations 
between expression of the 3 validated VIA-circ-miRs in VAT and their abundance in plasma and VAT inflammation score (VIS) for a subset of the 
discovery cohort (n = 14). F, The normalized expression of the 3 VIA-circ-miRNAs in different tissues according to TissueAtlas database. The arrow 
points to “adipocyte.” miRNA, microRNA; VAT, visceral adipose tissue; VIA-circ-miRs, VAT inflammation-associated circ-miRs; VIS, VAT inflammation 
score.
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Using Validated Visceral Adipose Tissue 
Inflammation–Associated Circulating MicroRNA to 
Discriminate Between Patients With Obesity and 
High- vs Low-Visceral Adipose Tissue Inflammation
ROC analyses were used to determine the ability of the 3 va-
lidated VIA-circ-miRs, alone or in combination with other 
VIA-circ-miRs and/or clinical characteristics, to discriminate 
between patients with obesity and high- vs low-VAT inflam-
mation. The results of all possible combinations of VIA- 
circ-miRs with various single clinical parameters are provided 
in Supplementary Table S2 (26). Since VAT inflammation is 
strongly implicated in the development of systemic insulin re-
sistance, we assessed the ability to improve the discriminative 
power of this parameter using validated VIA-circ-miRs. 
HOMA-IR as a single parameter poorly discriminated be-
tween the 2 subgroups, with an ROC-AUC of 0.694 and 
0.438 for the discovery and validation cohorts, respectively 
(Fig. 4A and 4B). The combination of HOMA-IR and 
circ-miR-181b-5p (a miRNA well documented to be associ-
ated with inflammation) markedly increased the discrimina-
tive power, reaching 0.896 and 0.754 in the discovery and 
validation cohorts, respectively. The addition of circ-miR 
3138 added discriminative power in both cohorts, whereas 
the final addition of miR 1306-3p only minimally changed 
the ROC-AUC value of the combined model for both cohorts. 
Nevertheless, HOMA-IR in combination with circ-miRs 
181b-5p, 1306-3p, and 3138 exhibited highly discriminative 
ability (considered as ROC-AUC > 0.8) between patients 
with high- or low-VAT inflammation (see Fig. 4A and 4B).

Pathways Putatively Targeted by Visceral Adipose 
Tissue Inflammation–Associated Circulating 
MicroRNAs
Some support for the biological plausibility of our findings 
could be provided by pathway enrichment analysis of pre-
dicted targets of miRNA-181b-5p alone, miRNAs 181b-5p  
+ 3138, and miRNAs 181b-5p + 3138 + 1306-3p. Interestingly, 
predicted targets of miRNA-181b-5p were enriched in pathways 
highly relevant to obesity complicated by high-VAT inflamma-
tion, including the TNF signaling pathway, insulin signaling, in-
sulin resistance, and type 2 diabetes (Fig. 4C). Cellular senescence 
and circadian entrainment pathways were also intriguingly sig-
nificantly enriched among targets of miRNA-181b-5p. When 
adding the 2 other validated VIA-circ-miRs sequentially, many 
of these significantly enriched pathways either involved a larger 
number of genes and/or such enrichment became more statistic-
ally significant. For example, the insulin resistance pathway in-
volved 26 genes (24%) that are miRNA-181b-5p targets, and 
40 genes (37% of the pathway) when considering putative tar-
gets of all 3 VIA-circ-miRs. Circadian entrainment, cellular sen-
escence, and mitogen-activated protein kinase signaling all 
exhibited, in addition to an increase in the percentage of genes 
of the pathways, a greater significance of the enrichment when 
considering the 3 VIA-circ-miRs vs miRNA-181b-5p alone (see 
Fig. 4C). This analysis may suggest that the 3 miRNAs 
overlap in their biological activity, consistent with the modest 
change in discriminative capacity when combining all 3 to dis-
tinguish between patients with obesity and high- vs low-VAT 
inflammation.

Figure 4. Discriminative power of the VIA-circ-miRs and target pathway enrichment analysis. Discriminative power of HOMA-IR alone and sequential 
combination with validated VIA-circ-miRs in A, discovery cohort (n = 30). B, Validation cohort (n = 41) that includes participants with low- and high-VAT 
inflammation. C, KEGG pathways analysis of the predicted targets for gradually combined circ-miRs 181b-5p, 1306-3p, and 3138. *AGE-RAGE signaling 
pathway in diabetic complications. P value adjusted for multiple testing (Padj) was computed by the Functional Annotation tool in DAVID (43). HOMA-IR, 
homeostatic model assessment of insulin resistance; miRNA, microRNA; VAT, visceral adipose tissue; VIA-circ-miRs, VAT inflammation-associated 
circ-miRs.
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Discussion
In this study, we used a biomarker discovery approach for test-
ing the hypothesis that distinct circ-miRs could constitute bio-
markers of VAT inflammation in obesity. The motivation for 
this study is the currently unmet clinical need to subpheno-
type/risk-stratify patients living with obesity given its high 
and still increasing prevalence. VAT inflammation is linked, 
mainly by cross-sectional studies, but also by prospective stud-
ies, with poorer health end points in obesity (34), but unlike 
SAT, VAT is not amenable for sampling in nonsurgical patients. 
Our results demonstrate that adding circ-miRs to HOMA-IR 
measurement greatly improves the ability to identify patients 
with high- vs low-VAT inflammation, even when VAT inflam-
mation–related characteristics are not clinically overt. Using a 
discovery and an independent validation cohort paradigm, 
and 2 distinct laboratory methodologies to measure the circu-
lating levels of putative VIA-circ-miRs, these results can assist 
in subphenotyping patients living with obesity beyond current-
ly available clinical tools, hence potentially contributing to per-
sonalizing obesity management.

The biological plausibility for linking at least 2 of the 3 
VIA-circ-miRs (circ-miRs 181b-5p, 1306-3p, 3138) to VAT in-
flammation in obesity is supported by pathway enrichment ana-
lysis of their targets, and by existing literature. Of the 3, 
miR-181b-5p has been the most reported to be linked to 
the pathophysiology of obesity and its complications. 
Upregulation of this miRNA attenuated vascular nuclear 
factor-κB–mediated inflammation (35), and improved AT vas-
cular response to insulin by targeting a protein kinase B phos-
phatase (36). AT expression of miR-181b-5p was reported to 
be downregulated in obesity (36), a trend we also observed in 
a small subset of our participants (though nonsignificantly; 
see Fig. 3E). This suggests that either AT is not the likely source 
of elevated circ-miR-181b-5p, or conversely, that enhanced se-
cretion of this miRNA from AT results in elevated circulating 
levels but decreased AT abundance, which in turn contributes 
to VAT inflammation. Intriguingly, in the liver, miR-181b-5p 
targets Sirt1 and contributes to nonalcoholic fatty liver disease 
(37). Thus, an intriguing speculation that is worth further inves-
tigation is that increased release of miRNA 181b-5p from AT 
mediates a pathogenic fat-liver communication in obesity 
with high-VAT inflammation.

There are rather sparse data on the 2 other VIA-circ-miRs 
(circ-miRs 3138 and 1306-3p). miRNA 3138 has been shown 
in human umbilical vein endothelial cells to be upregulated by 
chronic hyperinsulin conditions and target kinase suppressor 
of ras 2, thereby affecting reactive oxygen species generation, 
insulin signaling, and energy metabolism (38). Nevertheless, a 
direct link with inflammation has not been reported. 
Similarly, miRNA 1306-3p has mainly been reported in the 
context of gastrointestinal cancers (39, 40), and recently in 
the pathogenesis of visceral pain (41), but not related to in-
flammation or metabolic or endocrine diseases. Suggestive 
from our targets’ pathway enrichment analysis, the 2 
miRNAs may target additional genes that function within 
pathways targeted by miR-181b-5p, including, interestingly, 
circadian entrainment and cellular senescence. These 2 path-
ways most evidently engage a larger percentage of the genes 
constituting the pathway, and with higher statistical signifi-
cance, when adding predicted targets of miR-3138 and 
miR-1306-3p. Jointly, these analyses and the published litera-
ture support our unbiased discovery approach, providing 

putative mechanisms for the link with VAT inflammation in 
obesity that requires independent investigations to be proven.

Our study has several specific strengths and limitations worth 
mentioning. We have a modest number of participants from a 
single-center biobank. Yet, acknowledging concerns about 
the reproducibility of miRNA-related studies (42), we validated 
our findings from a discovery cohort in an independent valid-
ation cohort. Also, we have directly assessed VAT inflamma-
tion by measuring the expression of prototypic inflammatory 
genes in the VAT itself. It is noteworthy that the clinical charac-
teristics of the 2 cohorts were not identical. In both cohorts, the 
subgroup with high VAT inflammation did not significantly dif-
fer in any single parameter from the subgroup with low VAT 
inflammation, consistent with the poor performance of clinical-
ly based estimates of VAT inflammatory status. Yet, although 
only in the discovery cohort, we observed trends for worse 
metabolic phenotypes associated with high-VAT inflammation. 
Since our validation procedure was a prerequisite for moving 
from “putative” to “validated” VIA-circ-miRs, these 
biomarkers do not depend on, and their abundance may 
precede, overt clinical manifestations of VAT inflammation. 
Importantly, we used different methods to measure circ-miRs 
—i.e., NGS in the discovery cohort, and real-time PCR in the 
validation cohort—ensuring that the validated VIA-circ-miRs 
can be measured by a readily available laboratory technique. 
Finally, this study is limited in being a cross-sectional analysis, 
so the ability to predict future clinical end points using 
VIA-circ-miR–based tools awaits additional studies.

In summary, circ-miRs 181b-5p, possibly with 1306-3p 
and/or 3138, can form a basis for the development of a clinical 
calculator to effectively assess VAT inflammation in obesity, 
constituting a “liquid-biopsy-like” strategy to better personal-
ize obesity care.
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