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Abstract
Aim: Lipedema is a painful chronic condition characterized by progressive
enlargement of adipose tissue in the extremities, frequently misdiagnosed as obesity
due to a lack of objective measures. This study investigated circulating miRNAs in
peripheral blood plasma and plasma sEVs as potential diagnostic biomarkers for

lipedema.

Methods: Plasma and plasma-sEV miRNA levels were investigated by untargeted
small RNA sequencing in: lipedema (BMI < 30) and lipedema/obesity (BMI > 30) vs.
control individuals with (BMI > 30) or without obesity (BMI < 30). MiRNAs were
selected for validation by RT-qPCR and logistic regression analysis was applied to
evaluate the diagnostic performance of candidate miRNAs. In silico target prediction

analysis was performed to explore biological relevance

Results: The largest effects were observed at BMI > 30 comparing lipedema vs. control
plasma, with 70 downregulated and 10 upregulated miRNAs. In sEVs one miRNA was
upregulated in lipedema vs. control (BMI < 30), and one up- and five downregulated
comparing lipedema/vs control (BMI > 30). 29 miRNAs were cross-validated by
RT-gPCR and wvalidated in 16 additional samples. Five circulating miRNAs
(miR-223-3p, miR-224-5p, miR-3651, miR-484, miR-92b-3p) were confirmed to
distinguish lipedema from control individuals independent from BMI. Multiple logistic
regression analysis showed that miR-224-5p and miR-3651 correctly classified nearly
80% of lipedema and control individuals, achieving 75% sensitivity and 92%
specificity. MiRNA target prediction combined with pathway analyses indicate

involvement in systemic pathophysiological processes relevant to lipedema.

Conclusion: Circulating miRNAs discriminated lipedema from control individuals
across different BMIs, hence representing promising diagnostic biomarkers. The
identified miRNA signature provides insights into lipedema pathophysiology on a

systemic level.

Keywords: Lipedema, obesity, diagnosis, biomarkers, micro-RNAs (miRNAs),

extracellular vesicles
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INTRODUCTION

Lipedema is a chronic progressive condition characterized by disproportionate
deposition of subcutaneous adipose tissue, predominantly in the extremities. Clinically,
lipedema presents pain, swelling, and increased sensitivity in the affected areas, which
often leads to progressive functional limitations and psychological distress!!!. Lipedema
patients represent approximately 12% in the female population!?). but are still largely
under- or misdiagnosed as obesity or lymphedema, delaying or preventing appropriate
treatment. Liposuction performed under high volume tumescent anesthesia is currently
the only effective treatment for reducing the disproportionate fat depositst®l. The
etiology of lipedema remains poorly understood, but likely involves a combination of
genetic, hormonal, and inflammatory factors!*3]. Since the onset of the disease is driven
during hormonal changes, estrogen signaling has been investigated as one key
regulator(®7l. Lipedema is characterized by both adipocyte hypertrophy and hyperplasia,
impaired stem cell differentiation and apoptosis!®l. Chronic inflammation, aberrant
angiogenesis and remodeling of blood and lymphatic vessels contribute to disease

progression, even at its early stages(!®!!,

Despite its high prevalence, the lack of reliable diagnostics hinders early and accurate
diagnosis, highlighting the urgent need for objective molecular biomarkers.* Current
diagnostic approaches rely on clinical anamnesis, physical inspection, and ultrasound.
These methods often lack specificity and are insufficient for distinguishing lipedema
from related conditions!!?l, Recent advancements have identified potential biomarkers
such as tissue sodium content!'?], cytokine profile and biochemical composition
involved in lipid metabolism!'¥l. Novel imaging modalities for adipose tissue include
3D-visualization of human blood vasculature using ESAM antibody!'3l. At systemic
level, changes in metabolites have been investigated, especially pyruvic acid!'®,
adipokines and vitamin DU7]. Notably, elevated Platelet Factor 4 (PF4) has been

identified as a potential biomarker for lymphatic vasculature dysfunction!!®,
MicroRNAs (miRNAs) are short non-coding RNAs regulating gene expression by

targeting messenger RNAs (mRNAs), leading to their degradation or inhibition of

translation(!”). Found in bio-fluids such as plasma, miRNAs are circulating associated
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to extracellular vesicles (EVs) or bound to protein complexes!??). The biomolecular
cargo of EVs reflects the (patho)physiological state of their cells of origin, making
them valuable candidates for diagnostic and prognostic biomarkers?!l. Studies in other
adipose-related conditions, such as obesity and metabolic syndrome, have identified
miRNAs associated with adipocyte differentiation (e.g., miR-130, miR-143),
inflammatory signaling (e.g., miR-155, miR-21), and vascular homeostasis (e.g.,
miR-126, miR-92a), suggesting a potential role for these molecules in lipedemal??!. We
have previously characterized in early-stage lipedema patients total and small EV
(sEV)-contained miRNAs in the secretome of the stromal vascular fraction (SVF) of
adipose tissue®*?l. We identified one non-sEV and seven sEV-associated regulated

miRNAs that are mediators of processes, such as Wnt and TGF-f signaling, that may

contribute to disease progression!'%,

This study investigates circulating miRNAs as blood-based biomarkers for lipedema
and explores their reflection of pathophysiology. Using an unbiased small
RNA-sequencing approach, we analyzed both total plasma and sEV-contained miRNA

fractions in lipedema versus BMI-matched controls.

METHODS

Patient cohorts

Ethical approval (1339/2021) from the local JKU ethical board, and all procedures were
conducted in accordance with the Declaration of Helsinki. Written informed consent
was obtained from all participants. Lipedema was defined by clinical anamnesis
(disproportional fat accumulation at knees/ankles with spared forefoot/toes), impedance
measurement and ultrasound to exclude phlebedema, varicose veins, and lymphedema.
Structural changes were documented. Patients were classified per S1 guidelines and
grouped into: “lipedema” stage 1-2, type I+1I, BMI < 30 and “lipedema obese” stage
2-4, type I-1V, BMI >30. Controls included a “non-obese control” cohort (BMI < 30)
and a cohort with a BMI >30 based on impedance, without metabolic syndrome, and
clinical fat distribution, designated “obese control”. Participants were self-identified as
European/Caucasian, aged 25-45 years Only women were included, as lipedema
predominantly affects women. Exclusion criteria were high-intensity sports,

endometriosis, PCO-syndrome, thrombophilia, Leiden mutation, and neurological
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disorders.

Sample preparation

Peripheral blood was processed to obtain platelet-poor plasma (PPP) following
Mussbacher et al®®. Blood was drawn at least 8 h following the last meal using a 10
mL K>EDTA plasma tube (BD Vacutainer 366643), mixed by inverting and placed on
ice. 90-120 min later, tubes were centrifuged in a fixed-angle rotor (ThermoFisher
Heraeus Multifuge X3R) at 1,000 g for 10 min at 4 °C. Plasma was carefully removed,
hemolysis state was assessed measuring optical density (OD) at 414 nm on a plate
reader (Tecan infinite M200 Pro, Tecan Group, Switzerland). Tubes were further
centrifuged at 10,000 g for 10 min at 4 °C and. aliquots stored at -80 °C within 30 min
after centrifugation. Hemolysis was assessed measuring optical density (OD) at 414
(Tecan infinite M200 Pro). sEVs (< 200 nm) were enriched by Amicon 30 kDa MWCO
ultrafiltration (Merck, Darmstadt, Germany) and separated from protein fractions using
size exclusion chromatography (qEVsingle columns 15928090, 1zon, New Zealand). In
brief, 150 pL of PPP were loaded onto the column, followed by 2.5 mL DPBS. A void
volume of 870 pL was discarded before collection of 670 uL as sEV-fraction.

EV characterization

(Fluorescent) Nanoparticle tracking analysis (NTA/f-NTA)

For sEV quality assurance, samples were characterized on a ZetaView x30 QUATT
(Particle Metrix, Germany). Hydrodynamic particle diameter and concentration were
measured at 25 °C in scatter mode (488 laser). Instrument settings were: Sensitivity 80,
shutter speed 100, minimum brightness threshold 20, maximum brightness 255,
minimum areal(Q pixels, maximum area 1000 pixels, gain 28.8, frame rate 30 and trace
length 15. Quality control followed manufacturer’s recommendations of 100-400
particles/frame and > 500 total traced particles per measurement. Bilipid membrane
enclosed particles were assessed by CellMask™ Green (CMG; Thermo Fisher, USA)
following Oesterreicher et al.[**l. Data were acquired using ZetaView software version

8.05.12 SP2 (Particle Metrix).

Transmission electron microscopy (TEM)

EVs from one obese donor (29) were characterized using TEM following our previous
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protocol®®, EVs were adsorbed onto formvar/carbon-coated nickel grids, blocked with
0.2% BSA in freshly filtered PBS (w/o Ca™/ Mg'), and labeled with mouse
anti-human CDS81 (clone JS-81; BD Biosciences, USA), followed by 10 nm colloidal

X1V,

gold-conjugated goat anti-mouse (Sigma-Aldrich, USA). A no sample and no primary
antibody control was performed. After fixation and uranyl acetate staining, grids were
imaged using a Zeiss EM 900 TEM (Carl Zeiss Microscopy, Germany,
electron-sensitive digital Frame-Transfer-CCD camera and ImageSP software (Trondle,
Germany with SYSPROG, Belarus)). For size determination, ImagelJ software version

2.9.0/1.53t (NIH, USA) was used.

MiRNA analyses

Total RNA isolation

RNA was extracted from 200 pL plasma and sEVs using the miRNeasy Mini Kit
(Qiagen, Germany), with the following modifications: miRCURY spike-in mix (Qiagen)
was added to Qiazol before sample lysis, and 7 uL glycogen (5 mg/mL) were added to
650 puL aqueous phase following chloroform extraction for precipitation efficiency.
Total RNA was eluted in 30 pL nuclease-free water and stored at -80 °C until further

analysis.

Small RNA library preparation

The miRNA Next-Generation-Sequencing (NGS) Discovery Assay (miND®,
TAmiRNA, Austria) was used for untargeted analysis of short non-coding RNAs in
plasma and sEV samples. 8.5 uL. RNA was used as input for the generation of small
RNA sequencing libraries using the RealSeq Biofluids library preparation kit (RealSeq
Biosciences, USA) according to the manufacturer’s instructions. To each sample, 1 pL
miND® spike-in standards (TAmiRNA) were added during the first step as described
previously!?6l. Adapter-ligated libraries were PCR-amplified using barcoded Illumina
reverse primers in combination with the Illumina forward primer. Library quality
control was performed using Fragment Analyzer NGS fragment kit (Agilent
Technologies). All samples were pooled equimolarly and processed with the Blue
Pippin system (Sage Science, USA) using 3% agarose size selection cassettes,
following the manufacturer’s instructions (size range: 130-160 bp). Sequencing was

performed on a NextSeq 2,000 system (Illumina) with 100-bp single-end reads.
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Small RNA-sequencing data analysis

NGS data was analyzed using the miND® analysis pipelinel?”) and evaluated with
fastQC v0.11.9 and multiQC v1.14. Reads were adapter-trimmed and quality filtered
using cutadapt v3.3. Mapping steps were performed with Bowtie v1.3.0 and miRDeep2
v2.0.1.2. Reads were initially mapped against the human genomic reference
GRCh38.p12 by Ensembl allowing two mismatches and subsequently against miRBase
v22.1, filtered for miRNAs of homo sapiens (hsa), allowing one mismatch. For a
general RNA composition, non-miRNA mapped reads were mapped against
RNAcentral v19.0 and assigned to RNA species of interest. Additional NGS quality
control and absolute quantification of miRNAs was done using miND® spike-ins based
on a linear regression model. Read counts were normalized per million miRNA reads
and further used for unsupervised analyses to evaluate data variability, followed by
differential expression analysis based on generalized linear models to identify
significantly regulated miRNAs as implemented in EdgeR (R, Bioconductor) including

Benjamini-Hochberg adjustment of p-values for multiple testing.

RT-gPCR analysis

Starting from total RNA samples, cDNA was synthesized using the miRCURY RT Kit
(Qiagen, Germany). Reaction conditions were set according to recommendations by the
manufacturer and 2 pL total RNA used as input in a 10 pL reaction. Quantitative PCR
reactions were set up using miRCURY SYBR® green master mix with a 1:50 diluted
cDNA and commercial LNA-enhanced primer assay. Reactions were performed in
384-well primer spotted plates in a LC480 II instrument (Roche, Germany) with 95 °C
for 10 min, 45 cycles of 95 °C for 10 s and 60 °C for 60 s, followed by melting curve
analysis. The second derivative maximum method was used to calculate cycle of

quantification values (Cq-values).

Target prediction and pathway analysis

Using the tool miRNAtap v1.38.0 we combined the results of 5 different
miRNA-mRNA interaction databases (DIANA, Miranda, PicTar, TargetScan, and
miRDB) to obtain a prediction of ranks for each target gene as well as the aggregated

rank product. The number of target genes was filtered by specifying a minimum of 3

DOI: 10.20517/scierxiv202605.0331.v1 7 https://www.scierxiv.com/



https://www.scierxiv.com/

databases where the target gene must be found. Enriched GO terms biological
processes (BP) were identified using topGO v2.56.0. Fisher test using all GO annotated
human genes in org.Hs.eg.db v3.19.1 as reference was performed to calculate
enrichment scores. BPs were summarized based on their similarities using rrvgo

v1.16.0.

Statistical data analysis

Statistical analysis of normalized RT-qPCR data was performed in GraphPad Prism
v10.5.0. Kruskal-Wallis tests with Dunn’s multiple comparison analysis was used to
compare non-normal distributed data between 3 or more groups. P-values were
corrected for multiple testing using statistical hypothesis testing. Pearson correlation
analysis was performed in R using complete observations and visualized using corplot
function. Multiple logistic regression analysis was performed in R using the caret
function. NTA data was screened for outliers using ROUT method at Q 1% and tested
for normal distribution using D’Agostino/ Pearson test. Accordingly, parametric or

non-parametric statistics were computed for group comparisons.

RESULTS

Cohorts and sample characterization

An overview of the study design is outlined in Figure 1. 40 study participants aged
25-45 were recruited and divided into four cohorts based on BMI and clinical diagnosis:
non-obese (n = 16), lipedema (n = 12), obese (n = 6) and lipedema obese (n = 6). Age-
and BMI-distribution across groups are summarized in Table 1. Cohort details,
including sports activity, menstrual cycle status, smoking status, autoimmune disease
and medication are summarized in Supplementary Table 1. Hemolytic status of plasma
samples and BMI distribution across all cohorts are summarized in Supplementary

Figures 1 and 2.

DOI: 10.20517/scierxiv202605.0331.v1 8 https://www.scierxiv.com/



https://www.scierxiv.com/

Study cohorts EV miRNA @ Sample collection @ Sample preparation
A\ ,/ RNA extraction
— ) PPP =
( { 3 [
P i b 4 A Wy F | SEVs | n
[ b VoL ¥ E ] |,
| §: — Pt
[ [ ;-
| free miRNA _ [
| A4 o
lined { v Ultrafiltration SEV-miRNA
control  lipedema obese Pi;’“ S \ plasma miRNA
@ Diagnostic model @ Candid: lidati @f‘ i
Statistical analysis ' @ miRNA profiling

|
4 |
i |
U ‘ Small RNA NGS

RTqPCR Statistical analysis

Figure 1. Study workflow for identifying miRNA biomarkers in lipedema. Study
cohorts; (1) Sample collection: Peripheral blood was collected for study cohorts -
non-obese controls (BMI < 30), lipedema (BMI < 30), obese controls (BMI > 30), and
lipedema obese (BMI > 30 - followed by preparation of platelet-poor plasma (PPP); (2)
Sample preparation: plasma was processed for RNA extraction, with small extracellular
vesicles (SEVs) being separated using ultrafiltration and size-exclusion chromatography
(SEC) to distinguish sEV-associated miRNAs (sEV-miRNA) from total circulating
miRNAs (plasma miRNA); (3) miRNA profiling: Small RNA next-generation
sequencing (NGS) was performed to identify differentially expressed miRNAs; (4)
Candidate selection: Differential expression analysis was conducted to identify miRNA
candidates that distinguish cohorts; (5) Candidate validation: Selected miRNAs were
validated using quantitative real-time PCR (RT-qPCR) including an independent set of
samples; (6) Diagnostic model: Correlation and multivariate statistical analyses were
applied to evaluate the potential of miRNAs as biomarkers for lipedema diagnosis.

Image created in https://BioRender.com.

Table 1. Cohort characteristics.

Control Lipedema Obese Lipedema-obese

No BMI Age BMI Age BMI Age BMI Age
(kg/m?)  (years) (kg/m?) (years) (kg/m?) (years) (kg/m?) (years)

1 19.6 25 293 28 39.0 36 30.2 24
2 15.8 26 20.1 38 34.2 21 42.7 47
3 19.4 25 24.2 39 38.0 42 34.4 36
4 26.5 21 27.0 39 33.0 46 41.7 62
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243 35 24.8 21 43.0 47 33.7 46

5

6 23.5 33 21.0 35 32.0 51 34.4 45
7 25.5 34 23.5 32 35.0 34 - -
8 16.4 31 26.7 36 - - - -
9 23.7 29 279 30 - - - -
10 253 43 24.5 22 - - - -

11 20.3 32 30.5 22 - - - -

12 25.0 36 22.0 28 - - - -

13 231 35 - - - - - -

14 279 34 - - - - - -
Mea 25.1 30.8 22.4 314 36.3 39.6 36.2 433
n 3.2 6.7 3.6 54 3.9 10.2 4.9 12.6
SD

BMI and age of all study participants divided into four cohorts: control, lipedema, obese, and

lipedema-obese. Abbreviations: BMI= body mass index. SD= standard deviation.

To evaluate the identity and structural integrity of nanoparticles enriched in plasma-
sEV preparations, we employed NTA, TEM, and FT-FC. NTA of enriched particles
revealed a modest yet significant increase in hydrodynamic diameter (median size and
size distribution) in the obese and both lipedema groups compared to non-obese
controls [Figure 2A]. TEM identification and sizing of EVs displayed negative staining
contrast enhancement and accentuated cup-shaped morphology and a median particle
diameter of 75 nm [Figure 2B] within the NTA measured size distribution range [Figure
2C]. Immunogold TEM for EV surface marker CD81 demonstrated specific labeling on
a vesicle subset of vesicles, validating the presence of EVs in the preparations [Figure

2F].

An average > 90% of particles was CMG+, indicating presence of EVs. A significant
reduction in the relative frequency of CMG+ particles was observed in preparations
from all lipedema patients (BMI < 30 and BMI > 30), while EVs from individuals with
obesity showed a similar trend [Figure 2D] compared to non-obese controls. Such
changes may reflect alterations in EV membrane-associated components (biomolecular

corona) that limit CMG incorporation but also could tune EV tropism. Compared to the
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BMI < 30 cohorts, a slightly higher total number of particles was found in samples
from individuals with obesity [Figure 2E].
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Figure 2. Orthogonal characterization of plasma-derived sEV preparations reveals
disease-associated particle properties and confirms that lipid membrane-enclosed
vesicles represent the predominant enriched particle fraction. (A) Median
hydrodynamic particle diameter (X50, left) and size distribution profiles (right; Snm
size bins) measured by scatter NTA. Disease groups and obese controls show larger

particle sizes compared to non-obese controls. One-way ANOVA, Tukey’s multiple

comparisons; X50 with n = 11 technical replicates * biological replicates (=donors) n =

16 non-obese controls, » = 12 lipedema, n = 7 obese controls, n = 6 lipedema-obese;
(B) Representative TEM micrographs of sEVs separated from human plasma (donor
29); no primary antibody control. Overview image showing multiple contrast-enhanced
particles attached to the grid surface and close-up image (insert) showing, albeit only
accentuated, their cup-shaped structure; (C) TEM based sizing of particles attached to
grids reveals size distribution like in NTA. 102 particles across 10 high-magnification

fields manually sized; (D) Percentage of CMG lipophilic membrane dye positive events
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relative to total events in fNTA. Data reveal an overall high proportion of membrane
enclosed particles. Data shown as mean = SD. Kruskall-Wallis test, Dunn's multiple
comparisons; n = 4 technical replicates (independent measurements) per donor; (E)
Particle concentration measurements using scatter NTA. Lipedema obese patients
showed the highest total enriched particle numbers. One-way ANOVA, Tukey s multiple
comparisons; n = 11 technical replicates per donor; (F) Representative immunogold

TEM micrograph of sEVs separated from human plasma (donor 29). Arrowheads
indicate bound 10nm colloidal gold particles to EV surface displayed CD8I1.

Small RNA-sequencing reveals marked differences between lipedema obese and
obese cohort in total miRNA fraction

Small RNA-sequencing was used as untargeted analysis for a deep quantitative insight
into circulating miRNAs including those packaged within sEVs. Samples from 24
participants representing all four cohorts showed homogeneous sequencing depth, with
a median of 17-19 million reads. Recovery of miRNAs was similarly uniform, yielding
6 to 8 million reads, and consistent detection of 800 to > 1,000 miRNAs per sample
[Supplementary Figure 3 A-C]. Likewise, sEV samples exhibited homogeneous total
sequencing depth (13-18 million reads), and miRNA recovery was homogeneous but
markedly lower (21,000-34,000 reads). Consequently, the number of detected miRNAs
in plasma sEVs was also consistent across groups, but significantly lower compared to

plasma, ranging from 250 to 360 [Supplementary Figure 3 D-F].

Next, we performed differential expression analysis to identify significantly altered
miRNAs (FDR < 0.1) in plasma [Figure 3A] and plasma sEV [Figure 3B] samples,
comparing lipedema patients to the respective control groups, stratified by low- and
high-BMI. The analysis revealed marked differences between BMI groups. In plasma
from obese lipedema patients versus obese controls, 80 miRNAs were differentially
expressed - 10 upregulated and 70 downregulated [Figure 3C]. In contrast, plasma
sEVs from the same comparison yielded only 6 differentially expressed miRNAs
(miR-3960 upregulated, miR-26a-5p, miR-26b-5p, miR-142-3p, miR-423-3,
miR-143-3p downregulated). When comparing lipedema with non-obese control,
miR-125b-5p was upregulated in the sEV-fraction, while in plasma miR-133a-3p was

upregulated. The low number of regulated miRNAs in sEVs may be a consequence of
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the lower miRNA complexity in EVs and suggests that the plasma sEV-fraction may be

less suitable for establishing robust miRNA-signatures of lipedema.
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Figure 3. Small RNA next-generation sequencing analysis of miRNAs in lipedema

patients versus control individuals. (A) Number of up- (red) and down-regulated
(blue) miRNAs in plasma of lipedema patients compared to controls stratified by body
mass index (BMI) = 30 into non-obese (control) or obese; (B) Number of up- (red) and
down-regulated (blue) miRNAs in plasma sEVs of lipedema patients compared to
controls stratified by BMI; (C) Volcano plot illustrating changes in plasma miRNA
levels in lipedema obese patients versus obese controls. Analysis was stratified by BMI

of 30. (n = 24).

Based on the differential expression results, we focused subsequent analyses on plasma
miRNA profiles, specifically those identified between lipedema obese and obese
controls. From this dataset, we selected 29 candidate miRNAs (miR-134-5p,
miR-136-3p, miR-142-3p, miR-143-3p, miR-145-3p, miR-146a-5p, miR-150-5p,
miR-181d-5p, miR-199a-3p, miR-223-3p, miR-224-5p, miR-24-3p, miR-26a-5p,
miR-28-5p, miR-29a-3p, miR-335-5p, miR-342-3p, miR-3605-3p, miR-3651,
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miR-376¢-3p, miR-3940-3p, miR-3960, miR-423-3p, miR-4286, miR-484,
miR-487b-3p, miR-744-5p, miR-874-3p, miR-92b-3p) for further investigation, using
the criteria of FDR < 0.1 and absolute log: fold change > 1.0. 23 miRNAs were
downregulated and 6 were upregulated [Supplementary Table 2]. Among these,
miR-143-3p was the only miRNA with differential expression in both total plasma and
the sEV-enriched fraction. Additionally, four miRNAs (miR-3960, miR-26a-5p,
miR-142-3p, miR-423-3p) were included based solely on their regulation in the

sEV-fraction (lipedema obese vs. obese comparison).

RT-qPCR cross-validation identifies robust plasma miRNA markers of lipedema
and confirms lack of sEV differences

RT-gPCR cross-validations were performed to assess the robustness of the miRNA
profiles using targeted analysis of selected miRNA candidates. First, NGS results were
confirmed by re-analysis of the same RNA samples. Secondly, we recruited additional
non-obese and lipedema participants, achieving a total group size of 16 non-obese
controls and 12 lipedema patients for independent validation and final selection of a
miRNA biomarker panel. In case of plasma sEVs, the RT-qPCR data did not identify
any significant differences, thereby confirming the NGS results (data not shown). For
total plasma samples, we compared NGS and RT-qPCR data by ROC analysis for each
miRNA, focusing on the comparison of lipedema vs. non-obese control and lipedema
obese vs. obese control and comparing the resulting AUC-values between both methods
[Figure 4A]. Interestingly, we observed that NGS had underestimated effects for
lipedema vs. BMI-matched control, and overestimated effects for lipedema obese vs.
obese. However, five miRNAs with consistent differences between the groups could be

identified: miR-223-3p, miR-224-5p, miR-3651, miR-484, miR-92b-3p [Figure 4b-f].
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Figure 4. RT-qPCR confirmation of small RNA-sequencing results. (A)
Comparison of RT-qPCR and NGS results for a panel of 29 miRNAs. AUC obtained
from ROC analysis using either the NGS (x-axis) or RT-qPCR data (y-axis) are
compared. Two comparisons are shown: lipedema vs. non obese controls (blue), and
lipedema & obese vs. obese controls (green); (B-F) RT-qPCR data as delta Cq-values
(dCq) relative to the spike-in control are shown for 5 miRNAs with consistent
performance in the NGS and RT-qPCR analysis. Kruskal-Wallis Tests with Dunn’s

multiple comparison test was used.

Multivariable modeling identifies miR-224-5p and miR-3651 as the optimal
diagnostic combination

To assess the robustness of these results and investigate if the diagnostic performance
could be improved by combining miRNAs into multivariable signatures, we first
investigated whether the five miRNAs were regulated independently in lipedema.
Pearson correlation analysis revealed that pairwise correlation coefficients ranged
between 0.24 (miR-484 vs. miR-3651) and 0.94 (miR-92b-3p vs. miR-484), suggesting
that combining miRNAs into classification models could improve the performance
[Figure SA]. Thus, multiple logistic regression analysis was performed stepwise, from 2
to 5 miRNAs, and resulting AUC-values were compared to the univariate models
[Figure 5B]. The highest classification performance was achieved by combining
miR-224-5p and miR-3651 (AUC 0.78), followed by the combination of all 5 miRNAs
(AUC 0.77). ROC analysis for this pairwise combination resulted in a specificity of
75% at a set sensitivity of 92% [Figure 5C]. Finally, we applied the same prediction
model (miR-224, miR-3651) to the obese and lipedema obese groups, which had not
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Figure 5. RT-qPCR data of all samples (n = 40). (A) Pearson correlation between
each miRNA pair; (B) Classification performance expressed as area under the curve
(AUC) from ROC analysis for univariable (I miRNA) and multivariable miRNA
signatures (2 to 5 miRNAs); (C) ROC curve illustrating lipedema diagnosis based on a
model utilizing miR-224 and miR-3651 plasma levels;(D) lipedema diagnosis based on
the miR-224 and miR-3651 prediction model.

Target prediction and Pathway analyses

For the five selected miRNAs regulated in lipedema (miR-223-3p, miR-224-5p,
miR-3651, miR-484, miR-92b-3p), target prediction (Supplementary Table 3) and
pathway analysis were performed and visualized as tree map plot, where the square size
corresponds to the enrichment score within one biological process [Figure 6].
Ventricular septum morphogenesis was identified as most strongly enriched among the

predicted targets followed by dsRNA transport, and plasma membrane raft assembly.
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Figure 6. Biological processes affected by the targets of miRNAs differentially
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summarized based on similarity. Parent gene ontology (GO) terms and their child nodes
are summarized in a tree map plot. The size of the squares corresponds to the

enrichment score of each GO term.

DISCUSSION

We previously identified sEV miRNAs differentially secreted from -early-stage
lipedema SVF in comparison to non-obese controls!!?), This local miRNA signature was
not reflected at the systemic level when investigating circulating plasma sEVs. This is
likely due to minor contribution of adipose-derived sEVs to the total circulating EV
pool. Since according to previous studies, platelets represent the major source of blood
EVs, we have chosen PPP preparations as starting materiall>}l, Still, SVF-related
surface markers were detected only at extremely low levels on plasma sEVs (data not
shown) supporting the assumption that peripheral tissue-derived EVs represent only a

small fraction of circulating EVs.

The overall pattern of differential miRNAs - as exemplified by the top 29 regulated
candidates - represents the first description of circulating miRNA alterations associated
with lipedema and highlights their potential role in lipedema pathophysiology. As
disease associated biological pathways remain only partially understood, the findings of

this study should be interpreted as exploratory and primarily hypothesis-generating
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rather than evidence of causal mechanisms. These miRNAs are reportedly involved in
vascular homeostasis, cardio-protection, lipid metabolism, stem cell functions,
counteracting metabolic syndrome and type-2-diabetes/insulin resistance or modulation
of inflammation and immune cells such as macrophage polarization. Interestingly, a
substantial number of these miRNAs have also been reported in pain regulation, a
central symptom of lipedema. Several downregulated miRNAs (e.g., miR-134-5p?8,
miR-143-3p?°), miR-146a-5pl**, miR-223-3pB!) have been reported to alleviate
neuropathic and inflammatory pain in animal models. The observed downregulation,
together with the reported chronic increase in systemic inflammatory and oxidative
stress pathways[*?) may reflect the chronic pain phenotype observed in most patients.
Noteworthy, miR-29a-3p and miR24-3p, which were downregulated in the circulation
of lipedema patients, were also significantly downregulated in SVF sEV of early-stage
lipedema in our previous study!'”). Both miRNAs have been connected to inflammatory

33,34

pain regulation®*34l, This suggests a contribution of SVF-derived miRNAs to local pain

and inflammation control.

Pathway analysis of the most consistently regulated miRNAs identified ventricular
septum morphogenesis as one major process impacted by these molecules. While this
finding should be interpreted cautiously, cardiovascular alterations such as significantly
increased aortic stiffness based on transthoracic echocardiography have previously
been reported!*3). Although lipedema patients have no severely increased cardiovascular
risk or may even be protected from cardiovascular risk!*], cardiac abnormalities in the
left ventricle (LV) and a dilated mitral annulus with impaired function have been

reported7],

Several miRNAs associated with endothelial dysfunction (miR-134-5p, miR-243-3p,
miR-335-5p) and vascular damage (miR-142-3p, miR-92b-3p, miR-28-5p),
cardiovascular disease (miR-134-5p, miR-145-3p, miR-335-5p), or suggested for
classifying cardiovascular disease high-risk patients (miR-182-5p, miR-199a-5p,
miR-193a-5p, and miR-155-5p, miR-223-3p miR-4286, miR-744-5p)1381 were
downregulated in lipedema. Conversely, two miRNAs that have been associated with
endothelial dysfunction, miR-484 und miR-3940-3p, were upregulated in lipedema in

our study, and several miRNAs protective against vascular damage/ endothelial
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dysfunction (miR-136-3p, miR-146a-5p, miR-1505p, miR-26a-5p) as well as
cardioprotective (miR-224-5p, miR-24-3p, miR-28-5p, miR-376¢-3p, miR-423-3p,
miR-744-5p, miR-92b-3p) were downregulated. We therefore hypothesize that the
combined dysregulation of vasculature-related miRNAs may reflect ongoing vascular
imbalance in lipedema. This is also relevant, since chronic venous disease represents

the most common (89%) comorbidity, affecting lipedema patients of all stages!*1.

Several of the downregulated miRNAs (miR-143-3p miR-199a-3p, miR-29a-3p) have
been reported to positively impact lymph angiogenesis. Previous studies have
demonstrated lymphatic system dysregulation in lipedema pathophysiology, including

impaired drainage, microvascular alterations and endothelial dysfunction!!!],

Lipedema patients show an altered lipid profile and a lower prevalence of impaired
glucose metabolism/insulin resistance, despite higher BMI, as compared to
non-lipedema overweight/obesity!?l. In our study, small RNA sequencing identified 70
significantly downregulated and 10 significantly upregulated miRNAs in individuals
with lipedema and increased BMI, compared to the matched (BMI > 30) controls.
Among these downregulated miRNAs, some (e.g., miR-142, miR-143, miR-199a) are
reportedly upregulated in obesity*'*?], some even downregulated (miR-146a, miR-150,
miR-181d, miR-223-3p, miR-26a) in obesity. On the other hand, among the
upregulated miRNAs in lipedema with BMI > 30, some are reportedly downregulated
in obesity (miR-484, miR-874-3p, miR-92b-3p)*3-4]. Levels of miR-146-5p, miR-143,
miR-423-3p have specifically been associated with risk of insulin resistancel*>#1, As
many previous studies have already demonstrated, our findings on lipedema-specific
miRNA signatures further support the concept that lipedema represents a biologically
distinct adipose tissue condition that cannot be explained by BMI or obesity-associated

mechanism.

For some of the regulated miRNAs (miR-143-3p, miR-181d, miRNA-223, miR-224-5p,
miR-26a, miR26b, miR-335-5p, miR92b-3p) responsiveness to estradiol/ involvement
in estrogen-signaling has been reported*’#®l. Lipedema appears and progresses most
frequently in phases of hormonal changes and a link of the disease to estrogen signaling

has been established!®”-!!l. Within the diseased tissue, lipedema reportedly involves an
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altered estradiol metabolism/ estrogen receptor distribution, and in consequence local
insulin resistance in adipocytes based on estrogen receptor alpha increased storage of
sugar’l. In our previous study on early-stage lipedema, we found an altered local
estrogen metabolism together with upregulated ZNF423 (a driver of adipogenic
commitment in preadipocytes) expression in adipose tissue and in derived pericytes and
endothelial cells!'!). Interestingly, ZNF423 not only harbors estradiol binding sites but
is also a predicted target of miR-224 (one of the two best-performing miRNAs in our
study). Of note, in the plasma of transgender women, downregulation of sEV-contained
miR-224 was detected after gender affirmative estradiol treatment, suggesting it as part

of the estradiol post-transcriptional network leading to altered metabolism within

adipose tissue or potentially at systemic level®”,

Although the study was executed with small cohorts, we applied stringent statistical
analyses including correction for multiple testing. The observed sensitivity of 92% at
75% specificity for a model combining miR-224 and miR-3651 demonstrates
promising clinical utility, which should be validated in larger independent cohorts in
the future. The model performance was independent of lipedema stage, which is
remarkable considering that within the lipedema obese cohort stages gradually more
progressed than in the lipedema cohort. Most miRNAs were found downregulated in
the disease, while in the obesity vs. non-obese group, they were rather upregulated. The
miRNA signature identified in this study could be combined with other diagnostic

criteria and blood-based biomarkers for lipedema diagnosis!'®,

While these findings are exploratory - they demonstrate that plasma miRNA profiling
can capture disease associated signals at a systemic level. Should the performance of
the identified miRNA signature be validated, the ability to identify the disease in
plasma samples would facilitate clinical trials and hence contribute to narrowing the
treatment gap for this disease. Importantly, the availability of blood-based RT-qPCR
testing would accelerate translation into clinical practice. The investigation of miRNA
profiles in lipedema compared to non-disease individuals and to other conditions such
as obesity might provide further understanding of its disease mechanisms, facilitating

the development of targeted therapies.
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