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Abstract: Obesity is an important risk factor for cardiovascular disease and type 2 diabetes mellitus.
Even a modest weight loss of 5–15% improves metabolic health, but circulating markers to indicate
weight loss efficiency are lacking. MicroRNAs, small non-coding post-transcriptional regulators
of gene expression, are secreted from tissues into the circulation and may be potential biomarkers
for metabolic health. However, it is not known which specific microRNA species are reproducibly
changed in levels by weight loss. In this study, we performed a systematic review and meta-analysis
to investigate the microRNAs associated with weight loss by comparing baseline to follow-up levels
following intervention-driven weight loss. This systematic review was performed according to the
PRISMA guidelines with searches in PubMed and SCOPUS. The primary search resulted in a total of
697 articles, which were screened according to the prior established inclusion and exclusion criteria.
Following the screening of articles, the review was based on the inclusion of 27 full-text articles,
which were evaluated for quality and the risk of bias. We performed systematic data extraction,
whereafter the relative values for miRNAs were calculated. A meta-analysis was performed for the
miRNA species investigated in three or more studies: miR-26a, miR-126, and miR-223 were overall
significantly increased following weight loss, while miR-142 was significantly decreased after weight
loss. miR-221, miR-140, miR-122, and miR-146 were not significantly changed by intervention-driven
weight loss. These results indicate that few miRNAs are significantly changed during weight loss.

Keywords: non-invasive diagnostics; biomarker; liquid biopsy; extracellular RNA; non-coding RNA;
microRNA; metabolic syndrome; obesity; weight loss; diet; bariatric surgery; body weight homeostasis

1. Introduction

Throughout recent decades, the prevalence of obesity has grown to become a global
health concern [1]. Obesity is a major contributor to the global burden of chronic diseases
and cardiometabolic abnormalities, including insulin resistance, β-cell dysfunction, heart
diseases, and reduced fertility [2]. The main treatment strategy is to achieve weight
loss through lifestyle changes, to reduce energy intake, and to enhance physical activity,
resulting in increased energy expenditure [1]. The current guidelines recommend losing 5%
to 15% of your body weight in order to improve metabolic function and health outcomes [3].

MicroRNAs (miRNAs) are noncoding RNAs that post-transcriptionally regulate gene
expression. This means that they can be key regulators of metabolic homeostasis, and they
are involved in regulation of many metabolic diseases, including obesity and the metabolic
comorbidities [4]. Intracellularly, the primary role of an miRNA is to downregulate the
expression of target genes by interacting with the 3′ untranslated region (3′ UTR) of the
target messenger RNA (mRNA) [5]. miRNAs are also released into the circulation from
cells encased in extracellular vesicles (EVs) or bound to RNA-binding proteins; these also
serve as a promising biomarker type and have been detected in almost all body fluids [6].
More than 2500 miRNAs are identified in the human genome, where they regulate various
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protein-coding genes [5]. Multiple miRNAs have been quantified in different studies
of obese patients to identify whether the expression of certain miRNAs change during
intervention-driven weight loss. The use of miRNAs as biomarkers in circulation provides
an approach for the early identification of a patient’s risk of developing comorbidities and
for observing how well a patient benefits from weight loss [7].

Multiple studies have investigated the circulating levels of specific miRNA species
in relation to obesity and comorbidities (reviewed in [8–11]). It has become apparent that
the level of some miRNAs could be affected by intervention-driven weight loss [7,12].
However, studies often carry a low number of subjects, which leads to a risk of bias in
reporting and low confidence in the validity of findings. Therefore, the overall purpose
of this systematic review using PRISMA guidelines [13,14] is to summarize and integrate
previous findings and provide an overview of all the available literature on circulating
miRNA changes following intervention-driven weight loss in relation to obesity.

2. Results
2.1. Data Inclusion

The inclusion or exclusion of the articles identified during first search was determined
using the PRISMA guidelines [13,14]. Additionally, the layout of the systematic review
as well as the abstract followed the PRISMA article and abstract checklist, respectively,
and can be found in Supplementary Materials Tables S1 and S2. For the PRISMA flow
diagram of study inclusion and exclusion (Figure 1): 697 studies were identified through
literature searches, 88 studies were duplicates, and 609 studies were title screened for
relevance, leaving 119 for abstract screening, which was carried out by two individuals
individually, and in cases of disagreement, a third person was the final decision maker. In
total, 50 publications were full-text read (Figure 1). We were able to include 16 studies in the
meta-analysis (Table 1) and an additional 11 articles in the qualitative part of the systematic
review (Table 2). This gives a final number of 27 original articles on which the systematic
review and meta-analysis was based (Figure 1) (Supplementary Materials File S3).

Table 1. List of the 16 studies included in the meta-analysis part of the systematic review.

Study Title Reference Meta-Analysis

Blum et al. (2017)

Elevated Levels of miR-122 in Serum May Contribute to Improved
Endothelial Function and Lower Oncologic Risk Following

Bariatric Surgery
[15]

√

Cannataro et al. (2019) Ketogenic Diet Acts on Body Remodeling and MicroRNAs
Expression Profile [16]

√

Dimassi et al. (2018) Microparticle miRNAs as Biomarkers of Vascular Function and
Inflammation Response to Aerobic Exercise in Obesity? [17]

√

Donghui et al. (2019)
Improvement of microvascular endothelial dysfunction induced by

exercise T and diet is associated with microRNA-126 in obese
adolescents

[18]
√

Hess et al. (2020) Levels of Circulating miR-122 are Associated with Weight Loss and
Metabolic Syndrome [12]

√

Ho et al. (2021) High density lipoprotein-associated miRNA is increased following
Roux-en-Y gastric bypass surgery for severe obesity [19]

√

Nunez Lopez et al. (2017) Gastric bypass surgery with exercise alters plasma microRNAs that
predict improvements in cardiometabolic risk [20]

√

Manning et al. (2019) Acute Weight Loss Restores Dysregulated Circulating MicroRNAs
in Individuals Who Are Obese [21]

√

Marsetti et al. (2021) Changes in miRNA expression with two weight-loss dietary
strategies in a population with metabolic syndrome [22]

√

Ojeda-Rodríguez et al. (2022) Circulating miRNAs in girls with abdominal obesity: miR-221-3p as
a biomarker of response to weight loss interventions [23]

√

Ortega et al. (2013) Targeting the Circulating MicroRNA Signature of Obesity [7]
√
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Table 1. Cont.

Study Title Reference Meta-Analysis

Parr et al. (2016) Circulating MicroRNA Responses between ‘High’ and ‘Low’
Responders to a 16-Wk Diet and Exercise Weight Loss Intervention [24]

√

Ravanidis et al. (2021) Fasting-mediated metabolic and toxicity reprogramming impacts
circulating microRNA levels in humans [25]

√

Russo et al. (2018) Physical Activity Modulates the Overexpression of the
Inflammatory miR-146a-5p in Obese Patients [26]

√

Shin et al. (2020) A Traditional Korean Diet Alters the Expression of Circulating
MicroRNAs Linked to Diabetes Mellitus in a Pilot Trial [27]

√

Wen et al. (2015) Circulating microRNA-223 as a potential biomarker for obesity [28]
√
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Table 2. List of the 11 studies only included in the qualitative systematic review.

Study Title Reference

Adams et al. (2018) Exercise and weight loss interventions and miRNA expression
in women with breast cancer [29]

Alkandari et al. (2018)
Improved physiology and metabolic flux after Roux-en-Y
gastric bypass is associated with temporal changes in the

circulating microRNAome: a longitudinal study in humans
[30]

Bae et al. (2019) Bariatric Surgery Alters microRNA Content of Circulating
Exosomes in Patients with Obesity [31]

Cereijo et al. (2020)
Elevated Levels of Circulating miR-92a Are Associated with
Impaired Glucose Homeostasis in Patients with Obesity and

Correlate with Metabolic Status After Bariatric Surgery
[32]

Heianza et al. (2022)
Changes in Circulating miR-375-3p and Improvements in
Visceral and Hepatic Fat Contents in Response to Lifestyle

Interventions: The CENTRAL Trial
[33]

Hubal et al. (2017) Circulating adipocyte-derived exosomal microRNAs associated
with decreased insulin resistance after gastric bypass [34]

Lirun et al. (2015) A Pilot Study: The Effect of Roux-en-Y Gastric Bypass on the
Serum MicroRNAs of the Type 2 Diabetes Patient [35]

Müller et al. (2020) SNP dependent modulation of circulating miRNAs from the
miR25/93/106 T cluster in patients undergoing weight loss [36]

Saini et al. (2022) Time-Restricted Eating Regimen Differentially Affects
Circulatory miRNA Expression in Older Overweight Adults [37]

Sangiao-Alvarellos et al. (2020) Metabolic recovery after weight loss surgery is reflected in
serum microRNAs [38]

Tabet et al. (2016) High-Density Lipoprotein-Associated miR-223 Is Altered after
Diet-Induced Weight Loss in Overweight and Obese Males [39]

2.2. Estimation of Study Quality

The 27 included studies were evaluated using the NOS (Supplementary Materials
Fils S3). The NOS is a scale for assessing the quality of non-randomized studies in meta-
analyses, giving a possible maximal score of ten stars. The 27 studies were scored on three
criteria: selection, comparability, and methods. The criteria are listed in Supplementary
Materials File S3, while the NOS evaluation score for each of the 27 studies is displayed
in Figure 2, which visualizes the sum of points using a bar plot indicating the combined
quality of the study. The diagnosis of obesity is determined by a BMI > 25, following the
national guidelines from the WHO [3]. All the studies included had intervention-driven
weight loss, with measurements of changes in circulating miRNAs.
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Figure 2. Quality evaluation of the 27 included studies according to the NOS scale. The green scale
(left side) corresponds to the percentage of NOS scale points fulfilled, while the blue scale (right side)
corresponds to the percentage of NOS scale points not fulfilled. References for the studies: Ortega
et al. (2022) [7], Hess et al. (2020) [12], Sangiao-Alvarellos et al. (2020) [38], Cannataro et al. (2019) [16],
Tabet et al. (2016) [39], Müller et al. (2020) [36], Wen et al. (2015) [28], Adams et al. (2018) [29],
Marsetti et al. (2020) [22], Ravanidis et al. (2021) [25], Heianza et al. (2022) [33], Ojeda-Rodrígez et al.
(2022) [23], Nunez Lopez et al. (2017) [20], Shin et al. (2020) [27], Ho et al. (2021) [19], Manning et al.
(2018) [21], Dimassi et al. (2018) [17], Donghui et al. (2018) [18], Russo et al. (2018) [26], Parr et al.
(2016) [24], Lirun et al. (2015) [35], Alkandari et al. (2018) [30], Saini et al. (2022) [37], Hubal et al.
(2017) [34], Cereijo et al. (2019) [32], Bae et al. (2019) [31], and Blum et al. (2017) [15].

2.3. Patient Populations in the Included Studies

The studies were analyzed for differences between their study populations. The
majority of the studies included both sexes [12,15,16,19,20,22,24–26,30–32,35–38], although
six articles only investigated the effect of weight loss in women [17,21,23,27,29,34] and
four investigated the effects in male subject groups [7,18,33,39]. Only two articles specified
the ethnicity of the included participants: African-American women [34] and Caucasian
males [7]. Any other definition of ethnicity would be made by the authors based on the
last names of any author or co-author as well as the research location. Moreover, there are
differences in their intervention approaches; ten studies investigated the effects of dietary
changes alone [12,16,21,22,27,29,33,36,39], nine articles investigated the effect of surgery-
induced weight loss [15,19,20,30–32,34,35,38], and one article investigated the effect of the
combination of surgery and diet [7]. Furthermore, two studies investigated the effects of
exercise [17,26], whilst four combined the effects of diet and exercise [18,23,25,28], and
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lastly, one article investigated the effects of a fasting regimen [37]. All studies investigated
the effect of the intervention in participants with a BMI > 28 kg/m2.

2.4. Evaluation of Pre-Analytical Factors

The majority of studies investigated miRNAs in plasma [7,17,20,21,23–28,30,34–36];
the rest were distributed as (41%) investigating serum [12,15,16,18,19,29,31,32,37–39] or
whole blood (7%) [22,33]. Moreover, 18.5% of the studies used a single-step centrifuga-
tion process for plasma or serum separation [16,22,28,35,37], while 15% used a two-step
centrifugation [7,17,24,31]. Furthermore, 7.5% used immunoprecipitation [19,39], while
59% of the studies did not provide information about the separation process [12,15,18,20,
21,23,25–27,29,30,32–35,38] (Figure 3, Supplementary Materials File S3).
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For RNA extraction, the studies used different commercially branded reagents such
as Trizol (11%) [12,22,27] or kits such as as miRVANA (18.5%) [7,30,32,34,35] or miRNeasy
(41%) [15,16,19–21,23,24,31,36,38,39]. Twenty-two percent used other kits [17,18,25,26,28,37],
while 7.5 percent did not define the RNA isolation procedure [29,33]. Sixty-seven percent
of the studies were hypothesis-driven candidate miRNA studies, whereas thirty-three
percent of the studies were hypothesis-free. The measurement methods included Taq-
man qPCR [7,12,17–19,21,26,31,32,38,39], SYBR green qPCR [15,23,27,28,30,36], or other ap-
proaches such as NanoString Technology, TaqMan miRNA arraycards, Illumina’s miRNA-
seq technology, miScript miRNA PCR array, flowcytometry, Seramir Exosome RNA am-
plification kit, Affymetrix GeneChip array, unspecified NGS [16,20,22,24,25,29,34,35,37],
respectively, or not defined [33].

2.5. miRNA Diversity across the Included Studies

Across the included 27 articles, 211 miRNAs were identified. The majority (n = 176) of
the miRNAs were only investigated in one or two studies (Figure 4), which automatically ex-
cluded them for further analyses, although, with additional studies on these miRNAs, they
could still be shown to have a change in level following weight loss. In total, 34 miRNAs
were identified in three or more articles, 15 miRNAs in three articles (miR-193a [12,21,25],
miR-34a [12,20,21], miR-143 [12,25,38], miR-19b [25,35,38], miR-22 [15,25,30], miR-142
[7,25,31], miR-27b [22,25,38], miR-29a [25,30,38], miR-150 [17,25,38], miR-192 [25,30,38],
miR-215 [22,25,36], miR-320b [22,30,35], miR-24 [19,35], miR-25 [27,35,36], and miR-30e [15,
16,30]); 7 miRNAs were investigated in four different articles (miR-146 [17,25,26,35], miR-
93 [25,30,35,36], miR-222 [12,19,38,39], miR-375 [22,25,33,38], miR-191 [29,31,35,38], miR-
15a [20,22,30,31], and miR-92a [29,30,32,35]); 5 miRNAs were each investigated in five dif-
ferent articles (miR-21 [12,15,17,30,38], miR-148b [12,16,30,36,38], miR-486 [15,25,35,36,38],
let-7b [29,30,35,36,38], and miR-106b [20,29,30,35,36]); some had been investigated in six
articles, and this included 5 different miRNAs (miR-122 [7,12,15,20,25,38], miR-16 [7,12,30,
34,35,38], miR-140 [7,12,31,36,38], miR-26a [16,25,27,35,36,38], and miR-320a [15,17,21,22,
30,35]); 2 miRNAs had been investigated in seven and eight articles (miR-223 [12,17,19,24,
28,38,39] and miR-221 [7,12,20,23–25,35,38]), respectively); lastly, there was 1 miRNA that
was investigated in 9 individual studies (miR-126) [12,18,19,21,22,25–27,39]) (Figure 4). The
miRNAs highlighted in bold are the ones for which it was possible to conduct a quantitative
meta-analysis. The remaining miRNAs not highlighted did not present with sufficient
extractable data to carry out the meta-analysis. A complete list of the extracted miRNA
data can be found in the Supplementary Materials File S3.
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2.6. Meta-Analysis of the Identified miRNAs

Eight forest plots were generated, as well as four subgroup analyses (Figures 5–7).
Three miRNAs were overall significantly upregulated following a weight-loss interven-
tion (miR-26a, miR-223, and miR-126), while one miRNA was found to be significantly
downregulated (miR-142) (Figure 5).
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Figure 6. Fixed-effect meta-analyses of miR-146-5p (A), -140-5p (B), -221-3p (C), and -122-5p (D). CI;
confidence interval, SD; standard deviation, SMD; standard mean difference, S; serum, P; plasma,
D; diet, E; exercise, B; bariatric surgery, LR; low responder, HR; high responder, O; obese, OW;
overweight, RESMENA; Metabolic Syndrome Reduction in the Navarra diet. The size of the grey
squares indicate the weight of individual studies, while the blue diamond indicates the SMD for the
fixed-effects estimate.
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Figure 7. Subgroup fixed-effect meta-analyses of plasma miR-223-3p (A), diet miR-140-5p (B), diet
miR-122-5p (C), and surgery miR-122-5p (D). CI; confidence interval, SD; standard deviation, SMD;
standard mean difference, S; serum, P; plasma, D; diet, E; exercise, B; bariatric surgery, LR; low
responder, HR; high responder, O; obese, OW; overweight. The size of the grey squares indicate the
weight of individual studies, while the blue diamond indicates the SMD for the fixed-effects estimate.

miR-26a had the highest-identified fold change (2.42, p < 0.05) between the baseline
and follow up measurements (SMD: 1.42; 95% CI: [1.11; 1:74]) (Figure 5A). miR-26a was
investigated in three of the original studies [16,25,27]. There is significant heterogeneity
between the studies (I2 of 93%, τ2 = 12.756, p < 0.01), with a prediction interval from −17.18
to 17.39. In the meta-analysis, Shin et al. had a much lower SMD compared with the other
two studies. Interestingly, Shin et al. [27] only investigated miRNA expression changes
in women, whereas Cannataro et al. and Ravanidis et al. both investigated mixed study
populations [16,25].

miR-223 had a with a significant fold change of 1.57 (SMD: 0.57; 95% CI: [0.39; 0.75])
(Figure 5B). For miR-223, four studies presented data that were extractable for the meta-
analysis [12,17,24,28]. There was significant heterogeneity between the studies, (I2 of 97%,
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τ2 = 8.00, p < 0.01) with a prediction interval from −6.60 to 11.97. All the studies except for
one investigated the changes in mixed-sex groups; the last one included only women [17].

Wen et al. chose to divide their study population into overweight and obese based
on the participants’ BMI; the highest SMD was found in their overweight subgroup [28].
Interestingly, the studies investigating the change in serum [12,19] had a much lower
SMD than the studies investigating plasma [17,24,28]. Therefore, a subgroup analysis was
conducted (Figure 6) to identify the overall regulation of levels of miR-223 only in plasma.
From the subgroup analysis of only the studies investigating plasma, the overall SMD
increased to 3.04 (SMD: 2.04; CI: [1.67; 2.41]) (Figure 7A).

miR-126 had the lowest fold change of 1.28, although this was significant (SMD: 0.28;
95% CI: [0.11; 0.44]) (Figure 5C). Seven individual studies [12,18,19,22,25–27] presented
data that could enter the meta-analysis. However, the heterogeneity was significant (I2 of
93%, τ2 = 2.99, p < 0.01), with a prediction interval ranging from −3.91 to 4.79. Interestingly,
Shin et al. observed a downregulation of miR-126 following weight loss, whereas Ravanidis
et al. found that it upregulated. A noticeable difference between the two is that Shin et al.
investigated the difference in weight loss in women achieved by following a Korean diet
that is high in vegetables and lower in fat; conversely, Ravanidis et al. followed participants
of mixed sexes who were fasting with a daily intake of 250 kcal consisting of orange juice,
honey, and soup.

Lastly, miR-142 presented a significant fold change of –1.53 (SMD: −0.53; 95% CI;
[−0.78; −0.28]) (Figure 5D). Three articles investigated the change in miR-142 [7,12,25], one
of which presented data from two subgroups [7]. There was a significant heterogeneity
between the studies (I2 of 96%, τ2 = 3.14, p < 0.01), with a prediction interval ranging
from −9.88 to 7.23. There was one study [25] with a slightly more downregulated SMD
than the others, which accounted for 8.6% of the overall weight of the meta-analysis.
Interestingly, Ravanidis et al. was also the study in which their time frame is lowest, with
10 ± 3 days [25]; the other two were 12 weeks and 12 months for Hess et al. and Ortega
et al., respectively [7,12].

miR-146 had a fold change of 1.38, although not significant, (SMD: 0.38; 95% CI: [−0.09;
0.84]) (Figure 6A). Through the systematic review, three individual articles presenting data
that can be used for the meta-analysis were identified [17,25,26]. Furthermore, there was a
significant heterogeneity (I2 of 99%, τ2 = 10.80, p < 0.01) between studies. One study [26]
indicated a downregulation, whereas the two others indicated an upregulation with the
same SMD. One study [17] investigated the level of change in women with a mean age
of 21 years; on the contrary, the other two [25,26] investigated it in mixed cohorts of
22 males (M)/10 females (F) and 16F/15M, respectively, with a mean age in the mid-50s.
The sample sizes of these meta-analyses were quite small: one study only investigated the
effect in a sample size of nine [17], whereas the other two studies both included thirty+
participants [25,26].

Overall, miR-140 was not found to be regulated by weight loss (SMD: −0.06; 95%
CI: [−0.29; 0.17) (Figure 6B). Three individual studies presented data necessary for the
meta-analysis [7,12,24]. Two of the articles presented two subgroups each [7,24]. There was
a significant heterogeneity between the studies included (I2 of 90%, τ2 = 1.48, p < 0.01), with
a prediction interval ranging from −4.51 to 4.03. Parr et al. presented two subgroups, in
one of which the participants were defined as high responders (HRs) and low responders
(LRs) [24]. Noteworthy is that one of the subgroups in Ortega et al. is the only study that
investigated the expression change in a surgery-induced participant group. A subgroup
analysis was made to remove the surgery group. The fold change was then −1.10 (p > 0.05)
(SMD: −0.10; 95% CI; [−0.15;0.34]) (Figure 7B), yet still with heterogeneity (I2 of 85%,
τ2 = 1.5069, p < 0.01). There was no overall significant difference when the surgery-induced
weight loss group was removed, indicating that it was not the intervention method that
caused the differences in the findings.

miR-221 followed, with a fold change of –1.15 (p > 0.05) (SMD: −0.15; 95% CI; [−0.34;
0.04]) (Figure 6C). Six studies presented the necessary data to conduct the meta-analysis of
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miR-221 [7,12,20,23–25]. There was a significant heterogeneity between the studies (I2 of
94%, τ2 = 3.2986, p < 0.01), as evident from the prediction interval between −4.79 and 4.01.

miR-122 had an overall identified fold change of –1.16 (p > 0.05) (SMD: −0.16; 95%
CI; [−0.38; 0.05]) (Figure 6D). In addition to this, the meta-analysis had significant het-
erogeneity (I2 of 91%, τ2 = 4.63, p < 0.01), with a prediction interval ranging from −7.3 to
4.58. Five articles [7,12,15,20,25] presented the necessary data for inclusion in the meta-
analysis. It should be noted that in this analysis, there are different types of interventions,
even within the articles, which explain the separate entries from the same study. Nunez
Lopez et al. investigated the change in obese people who underwent RYGB but had two
different subgroups: one with an exercise program and one without [20]. They observed
a higher decrease in the abundance of miR-122 in the group with no exercise program
when comparing the two subgroups. Ortega et al. investigated the difference in miRNA
expression in two cohort groups, diet-induced weight loss and bariatric-surgery-induced
weight loss [7], and they observed a bigger decrease in the expression of miR-122 in their
surgery cohort. Interestingly, the studies that investigated the change in expression of
miR-122 in dietary-induced weight loss [7,12,25] observed much less of a change than
those who investigated the change after surgery-induced weight loss [7,15,20]. Due to
the different types of interventions, two subgroup analyses were conducted. A subgroup
analysis was made to investigate the effect of diet intervention (Figure 7C), which identified
a fold change of –1.08 (SMD: −0.08; 95% CI; −0.16; 0.31]); although this was not significant
as p > 0.05, it presented significant heterogeneity (I2 of 91%, τ2 = 4.63, p < 0.01). The other
subgroup analysis was made based on intervention via surgery and gave a significant fold
change of –2.16 (SMD: −1.16; 95% CI; [−1.64; −0.68]) (Figure 7D), indicating that miR-122
is significantly downregulated following a surgery-induced weight loss, although the test
subject group was quite small, containing only 52 participants.

3. Discussion

It has become apparent that the level of specific circulating miRNA species could be
affected by weight loss. As organs, tissues, and cells affected by excess weight release
miRNAs into circulation, they could possibly be novel biomarkers of the lack of metabolic
health in obese patients or predictors of the response to weight loss. Therefore, it is relevant
to gather studies on miRNA investigations to research if miRNAs could be a biomarker by
determining whether the expression is altered due to an intervention-driven weight loss.

With the aim of gathering the currently available knowledge of circulating miRNAs in
relation to controlled interventions for weight loss, 27 studies were included in the current
analysis. After data extraction, 16 of the studies were eligible for the meta-analysis. In total,
211 miRNAs were investigated in the 27 included studies, and of those, 34 miRNAs were
investigated in three or more of the studies. Eight of the thirty-four miRNAs had extractable
data and could be investigated in the meta-analysis to determine if the miRNA level was
altered due to an intervention-driven weight loss. Four were identified as upregulated (miR-
26a-5p, miR-223-3p, miR-146-5p, miR-126-3p), and four were identified as downregulated
(miR-140-5p, miR-221-3p, miR-122-5p, miR-142-3p). A subgroup analysis was performed
on three of the miRNAs (miR-223-3p, miR-140-5p, and miR-122-5p), with bold indicating
the significant findings.

miR-26a-5p was found to be significantly upregulated after an intervention-driven
weight loss (Figure 5A). Multiple studies have reported that miR-26a-5p plays a crucial role
by acting as a tumor suppressor in the liver, an important organ involved in maintaining
lipid and glucose homeostasis [40]. Furthermore, several studies have determined that
there is a downregulation of miR-26a-5p in overweight human and obese mouse models
and that target genes are involved in fatty acid synthesis, gluconeogenesis, and insulin
signaling [41,42].

miR-223-3p, which is increased after weight loss intervention, is characterized as
a part of the hematopoietic system, where it is expressed in the myeloid compartment.
The levels of miR-223 are altered in cardiometabolic disease, regulate hepatic cholesterol
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metabolism, and are very abundant in circulation [11,28,39,43–48]. One study demonstrated
an increased expression in the myeloid-derived cells and demonstrated that miR-223
controls granulocyte and macrophage number and function as well [49]. Macrophage
activation plays a crucial role in regulating the adipose tissue and is a major contributor
to the pathogenesis of obesity-associated diseases, such as cardiovascular diseases [50].
Moreover, there is solid evidence that miR-223 is released from platelets during blood
coagulation, resulting in different baseline levels of this miRNA in serum compared with
plasma [51–53]. Three studies in the meta-analysis investigated the change in serum and
five investigated the change in plasma. Therefore, a subgroup analysis was made to test
whether the changes in circulating miR-223 levels induced by weight loss could be more
measurable in plasma than serum. From the sub-group analysis, the SMD by weight loss is
increased in plasma, with a combined fold change of 2.04, supporting the hypothesis that
the lower SMD in the first analysis was due to a high baseline abundance of miR-223 in the
serum samples and that a subgroup analysis with only plasma samples would lead to an
increased degree of regulation of miR-223.

miR-126-3p was found to be significantly upregulated by weight loss. It has been
observed that miR-126 has been associated with the development of T2DM. Multiple
studies showed the downregulation of miR-126 as an indicator of developing T2DM [48,54].
One study found that there was a downregulation of miR-126 in circulation even before the
development of T2DM, which suggests that the level of circulating miR-126 could be used
to predict which participants would develop T2DM [54]. The observation of miR-126 being
significantly upregulated following intervention-driven weight loss supports the notion of
miR-126 being a T2DM biomarker, as weight loss would increase the levels of miR-126, and
through weight loss, the participants decrease their risk of developing T2DM.

miR-140-5p and miR-142-3p were both found to be downregulated following intervention-
driven weight loss. Studies have observed that the two miRNAs are associated with a
promotion of adipogenesis [55]. A downregulation of miR-140-5p and miR-142-3p is in
concordance with the fact that overexpression leads to adipogenesis, as weight loss would
reduce adipose tissue size.

miR-221-3p is associated with metabolic diseases, specifically adipocyte differentiation,
and the expression of miR-221-3p is found to be directly associated with obesity. There
is a direct relationship with the expression of miR-221-3p in adipose tissue and BMI, as
there is a higher expression of miR-221-3p in adipose tissue in obese people compared with
normal-weight subjects [7]. However, the meta-analysis was not able to demonstrate a
significant regulation of miR-221 in circulation following weight loss.

The liver-enriched miRNA miR-122-5p is expressed almost solely in hepatocytes
and reaches almost 70% of the total miRNA population in the adult liver. This highly
suggests that miR-122 plays an essential role in hepatocyte differentiation and its regulation.
Furthermore, miR-122 plays a role in cholesterol biosynthetic pathways and fatty acid
metabolism and is found to be overexpressed in fatty liver patients and increased in the
patient’s blood [8,56]. It has been shown that there is an association between an increased
risk of insulin resistance and the circulating levels of miR-122 [57,58] and that there is an
increase in miR-122 expression in obese patients when compared to healthy controls [57].

The findings of the meta-analysis of miR-146 could suggest that following weight
loss, miR-146 is slightly upregulated. However, this was not found to be significant,
and the included studies of the analysis are inconsistent in the sense that they indicate
contradicting results. One study [26] found miR-146 to be downregulated, whereas two
other studies [17,25] found it to be upregulated. They all investigated the effect of a
low-calorie diet on miRNA abundance.

Several limitations are inherent when performing a systematic review and a meta-
analysis: Biomarker studies are often affected by publication bias, where insignificant
associations are less reported than significant associations are. In this systematic review, we
only included published studies, which might potentially lead to the exclusion of studies
showing insignificant associations. In order to reduce publication bias, we have included
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all data, including the Supplementary Materials from the included studies. For the meta-
analysis, we included circulating miRNAs, which at least three studies had reported data
on. Thus, it is likely that the miRNAs not included in the meta-analysis could still have a
relation to weight loss.

Moreover, for most of the investigated miRNAs in the meta-analysis, we identified
significant heterogeneity among the studies. One explanation for the observed heterogene-
ity could be how the study populations vary by ethnicity, sample material, sex, age, and
time of intervention, as those factors are likely to influence the measured levels of miRNA.
Furthermore, a selection bias may also be present, as only nine of the studies were based
on hypothesis-free approaches while eighteen were hypothesis-driven.

While the research field of circulating miRNAs as biomarkers is immature and still
developing, our meta-analysis showed that the circulating levels of several miRNAs are
significantly altered in obese patients due to intervention-driven weight loss. Our findings
were obtained despite the challenge that the meta-analysis included a relatively low number
of studies investigating the same miRNAs, as many miRNAs were only represented once
(Figure 4). Thus, additional miRNAs might be associated with obesity and weight loss
than those investigated in the current meta-analysis, as this review focused on miRNAs
investigated in three or more studies. Another limitation was that not all the identified
studies could be included in the meta-analysis as the data were not extractable, which
potentially limited the strength of this meta-analysis. Moreover, as more studies of miRNAs
as biomarkers are published, it will be important in future studies to assess diagnostic
accuracy over multiple studies using summary receiver operator characteristics analyses.

4. Materials and Methods

Predating the search for articles, a Prospero protocol (CRD42022362905) was submitted
(7 October 2022) [59]. PRISMA 2020 guidelines were followed in determining the included
studies [13,14] and performing the systematic review. Furthermore, the PRISMA checklist
and PRISMA abstract checklists have been followed to ensure the full inclusion of necessary
information and can be found in Supplementary Materials Tables S1 and S2.

4.1. Data Extraction

The search engines PubMed (https://pubmed.ncbi.nlm.nih.gov/ (accessed on 8 Au-
gust 2022)) and Scopus (https://www.scopus.com/search/form.uri?display=basic#basic
(accessed on 8 August 2022)) were used to identify 697 articles through systematic searches
using the search string (weight loss OR diet) AND (miRNA OR miR) NOT murine AND cir-
culating NOT review NOT Meta-analysis). After duplicate removal, 609 articles remained
to be title screened, and following title screening, 119 remained to be abstract screened.
Abstract screening was carried out by two individuals (IMTN and CHBV), and in cases
of disagreement, a third person was the final decision maker. Abstract screening yielded
50 studies for full-text reading. We were able to include 27 articles in the qualitative part of
the systematic review and 16 in the meta-analysis part. We included studies that had at least
one overweight group with measurements of miRNA levels following intervention-driven
weight loss. Intervention was defined as “an outside instigator promoting changes in
weight of the participants” but was not dependent on method. The methods could be
physical or dietary interventions as well as bariatric surgery. The included studies had to
have a quantitative measurement of circulating miRNA.

Extensive data extraction of all the articles was performed to give an overview of the
included articles. Publication information, miRNAs identified, sample sizes, intervention
method, intervention time frame, sample material, normalization method, as well as specific
raw data were included in the data extraction, which can be found in Supplementary
Materials File S3. When data were not written in tables, we used the online freeware
WebPlot digitizer version 4.6 (https://apps.automeris.io/wpd/ accessed on 19 September
2022) to extract quantitative miRNA levels and the degree of variation from graphs. For
comparability of the included articles for each measurement, we calculated the levels of

https://pubmed.ncbi.nlm.nih.gov/
https://www.scopus.com/search/form.uri?display=basic#basic
https://apps.automeris.io/wpd/
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miRNA relative to the level of measurement at baseline, which was set to one. Furthermore,
we calculated the standard deviation (SD) relative to the level of miRNA at each time
point. Data presented in a logarithmic scale were recalculated to arithmetic scale. Formulas
used for this as well as for the reverse calculation of SEM can be found in Supplementary
Materials File S3. All available data for each study were extracted, including any data
found in Supplementary Materials, thus trying to reduce the risk of biases.

4.2. Study Quality Estimations

We used an adjusted Newcastle–Ottawa Scale (NOS) [60] to estimate the quality of the
included studies. The adjusted NOS can be found in Supplementary Materials File S3.

4.3. Statistics and Futher Data Analysis

The heterogeneity of the included studies was evaluated by investigating the effects
of the differences in sample material, intervention method, timeframe of intervention,
ethnicity, and measurement methods through a qualitative analysis. The quantitative
analysis was conducted by performing a meta-analysis on levels of specific miRNAs,
which had been reported on in at least three separate studies and for which extractable
quantitative data were available. The measurements of baseline miRNA level and their
degree of variation as well as the follow-up measurements and their degree of variation
were considered extractable. The R packages meta, metagear, metafor, readxl, tidyverse,
and devtools were used for performing the meta-analyses with fixed-effects models. Funnel
plots were used to estimate biases, and any outlier found was inspected manually. All
statistical evaluations were performed in R-studio software (Version: 2022.07.2). For the
organization of data, Excel 365 (Version: 16.75.2) was used. Plotting was carried out using
Graphpad Prism vs. 10. Significance was determined at p-values < 0.05.

5. Conclusions

In conclusion, we observed changes in the levels of specific miRNAs following an
intervention-driven weight loss, in particular miR-26a-5p, -223-3p, -126-3p, and -142-
3p. Although some population samples were quite small, there were differences in the
separation, extraction, and quantification methods, as well as differences in the study
populations. This limits the strength of the findings, and therefore, more research is needed
to confirm the findings within this study.
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