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Abstract
Aim: Obesity may induce renal microvascular injury, particularly in peritubular capillaries
(PTCs). Early detection of these changes may help patient management. We tested the
hypothesis that levels of PTC-derived urinary extracellular vesicles (uEVs) reflecting early
renal  microvascular  alterations  would  be  elevated  in  obese  individuals  with  preserved
kidney function.

Methods: Urinary samples were collected from 22 obese and 11 lean subjects. uEVs were
characterized  using  flow  cytometry  for  markers  of  PTC  (cluster  of  differentiation  31
[CD31], plasmalemma vesicle-associated protein [PLVAP], and cluster of differentiation
144  [CD144]),  angiogenesis  (delta-like-ligand-4  [DLL4]),  and  inflammation  (monocyte
chemoattractant  protein-1  [MCP-1]).  For  confirmation,  PTC  density  was  quantified  and
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correlated with clinical parameters in kidney biopsies from additional matched groups.

Results: Obese individuals had higher body mass index (BMI), glucose, insulin, urinary protein, and urinary MCP-1
levels  than  lean  controls  (P  < ​  0.05),  indicating  metabolic  and  inflammatory  changes,  despite  no  significant
difference in serum creatinine or estimated glomerular filtration rate (eGFR). They also exhibited elevated levels of
CD31-/PLVAP+/CD144- PTC-derived uEVs expressing DLL4+ and/or MCP-1+ (P < ​ 0.05 each). Levels of angiogenic
PTC-derived  DLL4+  uEVs  correlated  with  BMI  and  systemic  insulin,  vascular  endothelial  growth  factor-A,  and
angiopoietin-2 levels in our cohorts, whereas MCP-1+ uEVs derived from inflamed PTC correlated with BMI, glucose,
blood pressure,  and urinary neutrophil  gelatinase-associated lipocalin.  PTC density was also increased in kidney
biopsies from obese individuals, correlating with BMI and glucose.

Conclusion: DLL4+/MCP-1+  PTC-derived uEVs levels reflecting early renal microvascular changes are elevated in
obese individuals, despite preserved kidney function. These findings may indicate that microvascular remodeling is
dissociated from renal dysfunction in patients with obesity.

INTRODUCTION
The global prevalence of obesity continues to rise, posing a substantial risk for metabolic and cardiovascular

diseases, including chronic kidney disease (CKD)
[1]

. A critical complication of obesity is the disruption of the

renal microcirculation, particularly involving damage to the peritubular capillaries (PTCs), which are integral

to maintaining renal function. PTCs regulate blood flow, facilitate nutrient exchange, and support tubular

function by providing oxygen and removing metabolic waste. However, in obese individuals, increased

hemodynamic stress and chronic low-grade inflammation may lead to PTC dysfunction, contributing to the

progression of kidney injury and CKD
[2]

. PTC loss and rarefaction have been implicated as central

mechanisms in renal damage in long-term obesity and CKD, where diminished capillary density impairs

oxygen delivery, leading to tissue hypoxia and fibrosis
[3]

. Pertinently, in the early stages of inflammatory renal

disease, microvascular loss might be preceded by proliferation of abnormal immature microvessels,

confirmed by an elevated fraction of integrin-ß-3+ vessels, implying increased renal angiogenic activity
[4,5]

.

Despite the well-recognized association between obesity and renal microvascular damage, effective non-

invasive methods to evaluate microvascular integrity in these patients are lacking. Traditional approaches,

including kidney biopsy, while informative, are invasive and limited in their ability to detect early

microvascular changes
[6]

. This void creates a critical need for non-invasive biomarkers that can detect early

microvascular alterations in the kidneys of obese individuals, facilitating earlier intervention and potentially

improving clinical outcomes.

Most cells in multicellular organisms release nanometer-sized extracellular vesicles (EVs), particularly under

stress conditions, which can be characterized by their surface markers or cargo. Urinary EVs (uEVs) are

released mostly by kidney and urinary tract cells and carry proteins, lipids, and RNAs reflective of the

physiological and pathological states of their parent cells
[7]

. They have emerged as a promising non-invasive

tool for assessing renal health, as their molecular content changes in response to inflammation, fibrosis, and

endothelial dysfunction
[8]

. Previous studies have demonstrated that uEVs also contain specific microRNAs

(miRNAs) and proteins that reflect podocyte injury, tubular cell alterations, and endothelial cell dysfunction

in patients
[9 ,10]

. Hence, uEVs may serve as non-invasive biomarkers in kidney conditions affecting

microvascular integrity. However, their ability to shed light on microvascular remodeling in obesity remains

unclear.

In this study, we hypothesized that altered levels of PTC-derived uEVs, identified by CD31
-
/CD144

-
/PLVAP

+

(plasmalemma vesicle-associated protein) markers
[11,12]

, may distinguish obese patients with early kidney
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dysfunction from healthy individuals. We aimed to identify specific subsets of uEVs that bear markers

reflecting microvascular inflammation and remodeling as indices of early renal microvascular disease in

obesity.

METHODS
Patient selection

This study was approved by the Institutional Review Board of the Mayo Clinic (IRB18-005076) and

informed, written consent was obtained from each patient. We prospectively enrolled 22 obese patients ≥ 18

years of age with body mass index (BMI) ≥ 30kg/m
2
 undergoing weight-loss surgery between October 2022

and November 2023. Exclusion criteria included serum creatinine > 2.5mg/dL, diabetes mellitus, recent

cardiovascular events (myocardial infarction, stroke or congestive heart failure) within the past 6 months,

pregnancy and kidney transplant.

The non-obese (‘lean’) group consisted of 11 healthy kidney donors with BMI ≤ 30kg/m
2
, matched to the

obese group by age, who were undergoing live donor nephrectomy. Inclusion criteria were age 18-80 years,

BMI ≤ 30kg/m
2
, and ability to provide informed consent. Exclusion criteria included pregnancy, chronic

inflammatory diseases, active malignancy, recent stroke or myocardial infarction, solid organ transplant, use

of immunosuppressive drugs (including prednisone > 10 mg/day), senolytic supplements, therapeutic

anticoagulants, or inability to comply with the study protocol. All samples were collected prior to surgery.

For histological studies, we identified 20 obese and 17 non-obese living kidney donors who underwent an

intraoperative biopsy of the renal cortex during transplant surgery. The formalin-fixed paraffin-embedded

tissue specimens were cut into 5µm sections and stained with periodic acid-Schiff (PAS) and trichrome.

Humoral measurements

Blood samples from the antecubital vein and spot urine samples were collected and stored at -80 °C until

analysis. Plasma interleukin (IL) levels, including IL-1α, IL-1β, and IL-18 levels were measured using

Luminex (Cat#HCYTA-60K, Millipore, Burlington, MA) following the manufacturer’s protocol
[10]

. Urinary

protein concentration was determined via the Bradford protein assay (Cat#23200, ThermoFisher, Waltham,

MA). The following biomarkers were quantified via enzyme-linked immunosorbent assay (ELISA) using

commercially available kits: urinary neutrophil gelatinase-associated lipocalin (NGAL; Cat#KIT 036,

ThermoFisher), urinary kidney injury molecule-1 (KIM-1; Cat#DKM100, R&D, Minneapolis, MN), urinary

tumor necrosis factor-alpha (TNF-α; Cat#RAB0476, Sigma-Aldrich), urinary monocyte chemoattractant

protein-1 (MCP-1; Cat#DCP00, R&D Systems), serum insulin (Cat#RAB0327, Sigma-Aldrich, St. Louis,

MO), plasma angiopoietin-2 (Cat#KHC1641, ThermoFisher), and plasma vascular endothelial growth factor-

A (VEGF-A; Cat#KHG0111, ThermoFisher). All assays were performed according to the manufacturers'

instructions. Serum creatinine and glucose levels were measured using standard procedures, with creatinine-

based estimated glomerular filtration rate (eGFR) calculated by the chronic kidney disease epidemiology

collaboration (CKD-EPI) formula
[13]

.

EVs isolation and analysis

EVs were isolated from urine using Total Exosome Isolation reagent (Invitrogen, Waltham, MA) as

previously described
[10,11]

. Urine samples were collected and stored at -80 °C under standardized pre-

analytical conditions until analysis. Briefly, thawed urine samples (1,000 μL) were centrifuged at 2,000 g for

30 min at 4 °C to remove cells and debris. Supernatants (800 μL) were mixed with 1 volume of the Total

Exosome Isolation reagent and incubated for 1h at room temperature. After incubation, samples were

centrifuged at 10,000 g for 1 h at 4 °C. Pelleted exosomes were resuspended in EV buffer [2M sucrose and

500 mM 2-Morpholinoethanesulfonic Acid (MES) solution]. In accordance with the Minimal Information
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Figure 1. Flow Cytometric Strategy Demonstrating Identification of PTC-Derived uEV Subsets in Lean and Obese Individuals. The plots
exhibit elevated levels of CD31-/PLVAP+/CD144-/DLL4+ (A) and CD31-/PLVAP+/CD144-/MCP-1+ (B) uEVs in obese relative to lean
subjects. CD31: Cluster of differentiation 31; PLVAP: plasmalemma vesicle-associated protein; DLL4: delta-like-ligand-4; CD144: cluster of
differentiation 144; MCP-1: monocyte chemoattractant protein-1; PTC: delta-like-ligand-4; uEV: urinary extracellular vesicle.

for Studies of Extracellular Vesicles 2018 (MISEV2018) guidelines, the isolated vesicles were further

characterized for morphology by transmission electron microscopy (TEM), size by nanoparticle tracking

analysis (NTA), and marker expression by flow cytometry. NTA was performed using a NanoSight NS300

instrument (Malvern Panalytical, Westborough, MA) with samples introduced at 50 μL/min. Six 30-s videos

were recorded per sample, and particle size and concentration were analyzed using NTA software v3.4. For

identification and specific marker detection, isolated EVs were then stained for 2 h at 37 °C with 0.5 mM

Tag-it violet (TIV) (Biolegend, San Diego, CA) cell labeling solution, and with canonical EV surface marker

antibodies against CD9 (Cat#312105), CD63 (Cat#353007), CD81 (Cat#349503, Biolegend), and a panel of

cell-specific antibodies including PLVAP (Cat#NB100-77668, Novus, Centennial, CO), CD31

(Cat#14-0319-82, ThermoFisher), CD144 (Cat#NB600-1409, Novus), delta-like-ligand-4 (DLL4)

(Cat#MA5-17069, ThermoFisher) and MCP-1(Cat#MA5-17040, ThermoFisher). EVs were quantified using a

FlowSight (Amnis, Seattle, WA) imaging flow cytometry equipped with INSPIRE software, as previously

described
[10,11]

, acquiring at least 50,000 TIV+ events. EVs were characterized using flow-gating strategy

including a first positive gate for TIV events followed by positive gate for PLVAP and positive or negative

gate for the other antibodies [Figure 1 and Supplementary Figure 1], and expressed as a percentage of total

uEVs. Flow cytometric analyses were performed blinded to group allocation. The levels of uEVs subsets were

evaluated for relationship with renal parameters.

https://file.oaecenter.com/published/pdf/3cb97310fe8a84c2923e18764d883d3e/1784602035/mtod6002-SupplementaryMaterials.pdf
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Histological analyses

Capillary density was assessed on PAS-stained sections by counting PTCs within five randomly selected

0.25mm
2
 fields at 400× magnification, and quantified per field. Histological assessments were performed

blinded to clinical group allocation. Capillaries were identified by the presence of a lumen, red blood cells,

and/or an endothelial lining
[11]

. Capillary density measurements typically demonstrate excellent intra-

observer reliability, with intraclass correlation coefficients (ICC) between 0.88-0.95 and Cohen’s κ values

within the 0.60-0.80 range. Inter-observer reliability is also strong (ICC 0.80-0.90), with moderate to large

agreement (Cohen’s κ 0.40-0.80) due to borderline structures and differences in image quality
[14,15]

.

Non-sclerotic (NSG) and globally-sclerotic (GSG) glomeruli were counted on PAS-stained sections, with

glomeruli at the section edge counted as half. NSG volume was calculated from the profile area using

stereologic models, allowing estimation of NSG density within the cortex
[16]

. Mean tubular area was

measured by placing five consecutive 0.2mm
2
 circular regions along the cortex, manually outlining only

tubules within these circles
[17]

. Cortical area per NSG (the inverse of NSG) describes how much cortical

parenchyma is supported per intact glomeruli, with a larger value indicating reduced viable nephron density,

which is linked to vascular integrity
[18]

. To assess the cortical area per NSG, the entire cortical region on PAS-

stained sections was measured and divided by the NSG count, enabling evaluation of glomerular density

relative to cortical size, which may reveal early structural adaptations to obesity-related renal stress.

Statistical analyses

Data were analyzed using Prism version 10.0.0 (GraphPad, Boston, MA). Normally distributed data were

expressed as mean ± standard deviation (SD) and non-normally distributed data as median (range).

Comparisons between two groups were performed using unpaired two-tailed t-test (or the Wilcoxon rank-

sum test for skewed data). Spearman rank correlation analysis was used to test for association between uEVs

and other variables. A post hoc power analysis was performed using G*Power 3.1.9.7 based on the observed

effect sizes of the main uEV subsets. P-values <​ 0.05 were considered statistically significant.

RESULTS
Metabolic and renal function in lean and obese subjects

Key metabolic and renal parameters in lean and obese individuals are shown in Table 1. Obese individuals

had a markedly higher BMI (P <​ 0.001), serum glucose (P <​ 0.05), and insulin levels (P <​ 0.01) compared to

lean subjects, indicating increased adiposity and insulin resistance. Nevertheless, serum creatinine levels and

eGFR were not significantly different between the groups, indicating preserved kidney function in the obese

individuals. Similarly, blood pressure showed no significant differences between the groups.

Urinary protein levels were only slightly elevated in the obese group, indicating that glomerular changes were

subtle. However, urinary MCP-1 level (but not other markers) was elevated in obese individuals, reflecting

increased inflammatory activity in the renal microenvironment.

Increased angiogenic and inflammatory PTC-derived uEVs in obese individuals

The isolated uEVs were verified to meet MISEV2018 criteria for morphology, size, and marker expression

[Supplementary Figure 2A-C]. TEM revealed vesicles with a round or cup-shaped morphology and

diameters consistent with exosomes. Flow cytometry confirmed strong surface expression of canonical EV

markers CD9, CD63, and CD81. Compared to lean individuals, obese individuals did not significantly differ

in the concentration or size of total uEVs. Nevertheless, the fraction of CD31
-
/PLVAP

+
/CD144

-
 uEVs was

significantly elevated in the obese group [Table 2], suggesting increased overall shedding of PTC-derived

uEVs. Additionally, the fraction of CD31
-
/PLVAP

+
/CD144

-
/DLL4

+
 uEVs was elevated in the obese group

[Table 2, Figure 1A and 2A], suggesting heightened angiogenic activity in their renal microcirculation.
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Table 1. Demographics of patients in the urinary extracellular vesicles (uEVs) study

Parameter Lean-1 Obese-1

Gender(M/F) 4/7 7/15

Age (yrs) 46.82 ± 15.13 46.81 ± 14.70

Body mass index (Kg/m2) 25.32 ± 1.68 43.92 (31.00, 58.50) ***

Systolic blood pressure (mmHg) 112.45 ± 8.78 120.67 ± 11.68

Diastolic blood Pressure (mmHg) 71.64 ± 8.62 71.55 ± 11.73

Mean arterial pressure (mmHg) 85.24 ± 7.83 87.92 ± 9.80

Glucose (mg/dL) 99.91 ± 7.52 106.41 ± 19.45 *

Serum Insulin (mU/ L) 4.52 (2.06, 24.83) 13.84 (2.66, 50.22) **

Serum creatinine (mg/dl) 0.87 ± 0.16 0.79 (0.60, 3.90)

eGFR(ml/min/1.73m2) 90.27 ± 9.21 97.10 ± 15.61

Plasma IL-1α (pg/mL) 23.97 ± 10.91 15.85 (6.09, 100.16)

Plasma IL-1β (pg/mL) 56.12 ± 20.83 40.27 (13.62, 140.99)

Plasma IL-18 (pg/mL) 50.80 ± 32.79 40.09 (18.70, 92.76)

Plasma Angiopoietin-2 (pg/mL) 328.50 ± 126.26 339.76 ± 105.44

Plasma VEGF-A (pg/mL) 71.15 (30.42, 396.56) 101.51 (27.16, 647.47)

Urinary protein (µg/mL) 26.97 ± 18.02 65.91 (9.38, 188.56) *

Urinary KIM-1 (ng/mL) 0.43 (0.10, 2.41) 0.78 (0.15, 5.07)

Urinary MCP-1 (pg/mL) 132.58 ± 121.18 211.37 ± 181.68 *

Urinary NGAL (ng/mL) 11.39 (1.15, 145.06) 21.37 (0.89, 353.58)

Urinary TNF-α (pg/mL) 38.88 (22.17, 203.09) 99.56 (13.12, 817.78)

Data are expressed as mean ± SD (normally distributed) or median (range) (non-normally distributed). *P < ​ 0.05, **P < ​ 0.01, ***P < ​ 0.001 vs. lean.
eGFR: estimated glomerular filtration rate, IL: interleukin, VEGF-A: vascular endothelial growth factor-A, KIM-1: kidney injury molecule-1; MCP-1:
monocyte chemoattractant protein-1; NGAL: neutrophil gelatinase-associated lipocalin; TNF-α: tumor necrosis factor-α; SD: standard deviation.

Similarly, CD31
-
/PLVAP

+
/CD144

-
/MCP-1

+
 uEVs were more abundant in the obese than in the lean group

[Table 2, Figure 1B and 3A], indicating increased inflammation in their parent endothelial cells.

Furthermore, uEVs co-expressing both angiogenic and inflammatory markers (CD31
-
/PLVAP

+
/CD144

-

/DLL4
+
/MCP-1

+
) were also more frequent in obese individuals [Table 2 and Figure 4A].

The calculated effect sizes (Cohen’s d) for the fractions of CD31
-
/PLVAP

+
/CD144

-
/DLL4

+
, CD31

-

/PLVAP
+
/CD144

-
/MCP-1

+
, and CD31

-
/PLVAP

+
/CD144

-
/DLL4

+
/MCP-1

+
 uEVs were 1.81, 1.65, and 2.03,

respectively, corresponding to powers greater than 0.95 at α=0.05. These results indicate that the study was

sufficiently powered to detect the principal between-group differences.

Correlation of CD31-/PLVAP+/CD144-/DLL4+ uEVs with clinical parameters

The percentage of CD31
-
/PLVAP

+
/CD144

-
/DLL4

+
 uEVs showed a direct correlation with BMI (Figure 2B, r =

0.34, P = 0.03) and insulin levels (Figure 2C, r = 0.38, P = 0.02), linking elevated BMI and insulin resistance to

increased release of angiogenic uEVs.

Additionally, significant direct correlations were observed between CD31
-
/PLVAP

+
/CD144

-
/DLL4

+
 uEVs and

plasma angiopoietin levels Figure 2D, r = 0.35, P = 0.02), which is involved in vascular remodeling and

stabilization, as well as with plasma VEGF-A levels (Figure 2E, r = 0.34, P = 0.03), further supporting a role

for these uEVs in early microvascular adaptations in response to metabolic stress.
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Figure 2. Characterization of CD31-/PLVAP+/CD144-/DLL4+ uEVs in Lean and Obese Individuals. (A) The CD31-/PLVAP+/CD144-/DLL4+

uEVs fractions were elevated in obese vs. lean individuals, *P < ​ 0.05, t-test; (B-E) Correlations between CD31-/PLVAP+/CD144-/DLL4+

uEV levels and BMI, insulin, angiopoietin-2, and VEGF-A, respectively. CD31: Cluster of differentiation 31; PLVAP: plasmalemma vesicle-
associated protein; CD144: cluster of differentiation 144; DLL4: delta-like-ligand-4; VEGF-A: vascular endothelial growth factor-A; uEV:
urinary extracellular vesicle; BMI: body mass index.

Figure 3. Characterization of CD31-/PLVAP+/CD144-/MCP-1+ uEVs in Lean and Obese Individuals. (A) Levels of CD31-/PLVAP+/CD144-

/MCP-1+ uEVs fractions were elevated in obese vs. lean individuals, *P <​ 0.05, t-test; (B-E) Correlations of CD31-/PLVAP+/CD144-/MCP-1+

uEV levels with BMI, MAP, blood glucose, and urinary NGAL, respectively. CD31: Cluster of differentiation 31; PLVAP: plasmalemma
vesicle-associated protein; CD144: cluster of differentiation 144; MCP-1: monocyte chemoattractant protein-1; uEV: urinary extracellular
vesicle; BMI: body mass index; MAP: mean arterial pressure; NGAL: neutrophil gelatinase-associated lipocalin.
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Figure 4. Combined Inflammatory and Angiogenic Signaling in PTC-Derived uEVs. CD31-/PLVAP+/CD144-/DLL4+/MCP-1+ uEV levels are
elevated in the obese compared to lean subjects, * P < ​ 0.05, t-test. (A). Direct correlations were observed between CD31 -

/PLVAP+/CD144-/DLL4+/MCP-1+ uEV and urinary MCP-1 levels (B) and body weight (C); but not with BMI (D). CD31: cluster of
differentiation 31; PLVAP: plasmalemma vesicle-associated protein; CD144: cluster of differentiation 144; MCP-1: monocyte
chemoattractant protein-1; DLL4: delta-like-ligand-4; BMI: body mass index; PTC: peritubular capillary; uEV: urinary extracellular vesicle.

Table 2. Characteristics of uEVs (mean ± SD) in lean and obese individuals

Parameter Lean Obese

Concentration (× 109) 1.29 ± 1.15 1.73 ± 1.87

Size (nm) 141.14 ± 32.10 139.99 ± 32.97

Fraction of subgroups (%)

CD31-/PLVAP+/CD144- 2.53 ± 0.28 3.36 ± 0.12*

CD31-/PLVAP+/CD144-/DLL4+ 0.13 ± 0.01 0.23 ± 0.04*

CD31-/PLVAP+/CD144-/MCP1+ 0.73 ± 0.12 1.37 ± 0.16*

CD31-/PLVAP+/CD144-/MCP1+/DLL4+ 0.08 ± 0.01 0.14 ± 0.03*

*P< ​0.05 vs. Lean. uEV: Urinary extracellular vesicle; SD: standard deviation; CD31: cluster of differentiation 31; PLVAP: plasmalemma vesicle-
associated protein; CD144: cluster of differentiation 144; DLL4: delta-like-ligand-4; MCP-1: monocyte chemoattractant protein-1

In contrast, no significant correlations were observed between CD31
-
/PLVAP

+
/CD144

-
/DLL4

+
 uEVs and

eGFR or serum creatinine levels [Supplementary Figure 3A and B] suggesting that these uEV levels may

reflect early vascular changes that are dissociated from overt changes in renal filtration function.

Correlation of CD31-/PLVAP+/CD144-/MCP-1+ uEVs with clinical parameters

The fractions of CD31
-
/PLVAP

+
/CD144

-
/MCP-1

+
 uEVs showed significant positive correlations with several

clinical parameters associated with metabolic and inflammatory stress. Specifically, these uEV fractions were

directly correlated with BMI (Figure 3B, r = 0.41, P = 0.02), mean arterial pressure (MAP) (Figure 3C, r =

0.29, P = 0.04), and blood glucose levels (Figure 3D, r = 0.31, P =0.04), suggesting that higher BMI, elevated

blood pressure, and hyperglycemia are linked to increased levels of inflammatory uEVs. Furthermore,
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Table 3. Demographics of patients in the histological study

Parameter Lean-2 Obese-2

Gender (M/F) 7/10 7/13

Body mass index (kg/m2) 24.28 ± 0.50 39.94 ± 1.80***

Systolic blood pressure (mmHg) 120.12 ± 6.83 121.50 ± 8.84

Diastolic blood pressure (mmHg) 75.18 ± 6.71 71.94 ± 6.05

Mean arterial pressure (mmHg) 105.14 ± 6.30 104.98 ± 7.10

Serum creatinine (mg/dL) 0.88 ± 0.13 0.86 ± 0.12

eGFR(ml/min/1.73m2) 104.01 ± 13.70 108.56 ± 13.60

Glucose (mg/dL) 92.12 ± 5.83 100.29 ± 10.01**

NSG Volume × 103 (µm3) 2.37 ± 0.75 3.18 ± 0.89**

Cortex per NSG × 10-3 51.72 ± 17.88 61.88 ± 16.05

Mean tubular area 3851.27 (2030.72, 6776.36) 4352.57 (3152.21, 6798.44) *

PTC density (number/mm2) 408.22 ± 61.39 528.05 ± 119.66*

PTC/numbers of tubules 1.24 ± 0.35 2.11 ± 0.45*

Data are expressed as mean ± SD (normally distributed) or median (range) (non-normally distributed). *P< ​0.05, **P< ​0.01, ***P< ​0.001 vs. lean.
eGFR: Estimated glomerular filtration rate, NSG: non-sclerotic glomeruli, PTC: peritubular capillaries; SD: standard deviation.

although urinary NGAL levels were unchanged [Table 1], they directly correlated with CD31
-

/PLVAP
+
/CD144

-
/MCP-1

+
 uEVs (Figure 3E, r = 0.34, P =0.03), suggesting that elevated uEV levels may be

associated with subclinical renal injury in obese individuals. A trend for an inverse correlation with serum

creatinine was also noted [Supplementary Figure 3C], but did not reach statistical significance.

The correlation of CD31-/PLVAP+/CD144-/DLL4+/MCP-1+ uEVs with inflammatory and metabolic
markers

The fractions of CD31
-
/PLVAP

+
/CD144

-
/DLL4

+
/MCP-1

+
 double-positive uEVs showed significant direct

correlations with urinary MCP-1 levels (Figure 4B, r = 0.31, P = 0.04) and body weight (Figure 4C, r = 0.31, P

= 0.04), although not with BMI (Figure 4D, r = 0.17, P = 0.17). Hence, this uEV subset may be primarily

linked to increased kidney inflammation in obesity.

Morphometric changes in kidneys of obese individuals

The subjects included in the kidney morphometric measurements [Table 3] were comparable to the lean and

obese groups included in the uEV studies. BMI and blood glucose levels were significantly higher in the

obese vs. the lean group, whereas blood pressure, serum creatinine levels, and eGFR remained similar

between the groups, indicating preserved renal function in the obese individuals.

Obese individuals exhibited larger NSG volumes compared to the non-obese group [Table 3, Figure 5A and

B], consistent with glomerular hypertrophy. Contrarily, GSG were very rare in both groups. Similarly, the

mean tubular area was greater in the obese compared to the non-obese group, further indicating structural

adaptations of the kidney to obesity.

PTC density (number/mm
2
) was significantly higher in the obese group (Figure 5C, P <​ 0.001), suggesting

renal capillary proliferation. The PTC-to-tubule ratio was also elevated in the obese group (Figure 5D, P <​

0.0001). PTC density directly correlated with BMI (Figure 5E, r = 0.36, P = 0.03) and glucose levels (Figure

5F, r = 0.50, P <​ 0.01), but not with serum creatinine levels (Supplementary Figure 4A, r = -0.07, P = 0.67) or

eGFR (Supplementary Figure 4B, r = -0.13, P = 0.46). Similarly, the PTC-to-tubule ratio positively correlated

with BMI (Figure 5E, r = 0.60, P <​ 0.01) and glucose (Figure 5F, r = 0.50, P <​ 0.01), but not with serum

creatinine (Supplementary Figure 4A, r = -0.09, P = 0.59) or eGFR (Supplementary Figure 4B, r = -0.03, P =

0.86).

https://file.oaecenter.com/published/pdf/3cb97310fe8a84c2923e18764d883d3e/1784602035/mtod6002-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/3cb97310fe8a84c2923e18764d883d3e/1784602035/mtod6002-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/3cb97310fe8a84c2923e18764d883d3e/1784602035/mtod6002-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/3cb97310fe8a84c2923e18764d883d3e/1784602035/mtod6002-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/3cb97310fe8a84c2923e18764d883d3e/1784602035/mtod6002-SupplementaryMaterials.pdf
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Figure 5. Kidney Morphology in ‘Lean’ and Obese Individuals. (A) Representative kidney sections displaying NSG and GSG glomeruli; (B)
Representative kidney sections from Lean and Obese patients showing glomeruli and tubules, with yellow arrows indicating PTC; (C and
D) PTC density and PTC-to-tubule ratio were significantly higher in the obese vs. lean group, ***P < ​ 0.001, ****P < ​ 0.0001, t-test, error
bars represent Standard Deviation. (E and F) Direct correlation of PTC density and PTC-to-tubule ratio with BMI and glucose, suggesting a
relationship with metabolic load. Black scale bars represent 100µm. NSG: Non-sclerotic; GSG: globally-sclerotic; PTC: peritubular capillary;
BMI: body mass index.

DISCUSSION
Our study provides noteworthy insights into the early microvascular alterations in obesity, evidenced by

increased angiogenic and inflammatory activity in PTC-derived endothelial cells, occurring in the kidneys of

obese individuals with relatively preserved renal function. The identification of specific uEVs, particularly

those expressing angiogenic (DLL4
+
) and inflammatory (MCP-1

+
) markers, lends support to their potential

role as early, non-invasive biomarkers for renal microvascular injury in obesity preceding an overt fall in

kidney filtration function. Furthermore, these findings may support future directions for development of

strategies to preserve the intra-renal microcirculation in patients with obesity.

We previously observed renal microvascular proliferation in experimental hypercholesterolemia, possibly

secondary to kidney inflammation
[4,5]

. Notably, microvascular proliferation is also observed in the myocardial

microcirculation and coronary vasa vasorum in early atherosclerosis, portraying microvascular proliferation

as a universal early compensatory response to a noxious milieu
[19,20]

. However, newly formed immature

microvessels are fragile (thin-walled, poorly formed, and hyperpermeable) and thus prone to regression
[21]

,

leading to microvascular loss that ultimately characterizes overt CKD. Hence, this cohort with obesity and a

relatively preserved renal function, possibly transitioning from a hyperfiltration phase towards a decline in

renal function, exhibits an early manifestation of renal microvascular remodeling that might permit

detection of intrarenal changes. In this context, the observed increase in PTC-derived uEVs in the obese

group may reflect early endothelial activation and microvascular remodeling in response to metabolic and

inflammatory stress. Notably, although PTC do not face the urinary space, their EVs likely reach the urine

through tubular cells. Previous studies suggested that the kidney can eliminate circulating EVs partly via PTC

passage followed by tubular epithelial cell uptake and secretion into the urine
[7,8,22]

, and a similar mechanism

                                                                                                 



Al-Saeedi et al. Metab Target Organ Damage. 2026;6:49 Page 11 of 15

may be involved in excretion of PTC-EV. EVs mediate PTC-tubular cell crosstalk
[23]

, as circulating EVs

translocate from PTC through tubular basement membranes, are taken up via endocytosis
[24]

, and released

into the interstitium and tubular lumen.

The elevated levels of CD31
-
/PLVAP

+
/CD144

-
/DLL4

+
 uEVs in obese individuals suggest activation of PTC

angiogenic pathways. DLL4, a key regulator of angiogenesis, controls the balance between endothelial cell

proliferation and vascular maturation
[25]

. In the context of angiogenesis, DLL4-Notch signaling controls

sprouting by restricting the excessive formation of new endothelial sprouts, thereby maintaining vascular

stability
[26]

. Its upregulation in obesity may reflect a compensatory response to increased metabolic demands

that might be partly mediated by obesity-induced renal inflammation. The amplified angiogenic signaling

observed in obese individuals might also aim to support the expansion of the renal tubules that we observed

or compensate for hypoxic conditions caused by microvascular injury or dysfunction
[27]

. Consistent with this,

CD31
-
/PLVAP

+
/CD144

-
/DLL4

+
 uEV levels correlated with both VEGF-A and angiopoietin levels, further

linking these uEVs to renal microvascular remodeling in obesity.

Furthermore, the significant increase in CD31
-
/PLVAP

+
/CD144

-
/MCP-1

+
 uEVs in obese individuals

highlights the inflammatory state within the renal microvasculature. MCP-1 is involved in recruiting

immune cells to sites of tissue injury
[28]

, and its elevated expression in uEVs from obese individuals suggests

PTC endothelial cell inflammation, potentially contributing to endothelial dysfunction and PTC damage
[29]

.

The putative involvement of inflammation in renal microvascular remodeling is underscored by the elevated

levels of MCP-1 both in the urine and on the surface of PTC-derived uEVs of patients with obesity.

The concurrent DLL4
+
/MCP-1

+
 expression in a subset of PTC-derived uEVs further supports the link

between angiogenic and inflammatory dysregulation within the renal microcirculation in obesity. DLL4-

mediated Notch signaling plays a central role in endothelial activation and angiogenic sprouting, and has

been shown to regulate proinflammatory cytokine expression, including MCP-1
[30,31]

. Thus, the observed

DLL4
+
/MCP-1

+
 PTC-derived uEVs may reflect a coordinated activation of these angiogenic and

inflammatory pathways. This dual response could exacerbate microvascular injury and contribute to renal

damage progression in obesity-related kidney disease. Overall, the increased levels of PTC-derived uEVs

expressing DLL4
+
, MCP-1

+
, and DLL4

+
/MCP-1

+
 in obese individuals are consistent with early microvascular

alterations in the kidney, even in the absence of overt clinical signs of kidney dysfunction, such as reduced

eGFR or elevated serum creatinine. The direct correlation between body weight or BMI and uEVs carrying

angiogenic and inflammatory markers reinforces the notion that obesity triggers microvascular insult in the

kidneys. Increased adiposity leads to hemodynamic changes, including higher intraglomerular pressure and

chronic low-grade inflammation, key drivers of microvascular remodeling
[32,33]

.

Another important observation in our study is the increased glomerular and tubular hypertrophy in our

obese patients with preserved renal function, suggesting structural adaptations of both renal tubules and

glomeruli to accommodate elevated metabolic demands. Conceivably, elevated uEV levels may trail a renal

hyperfiltration phase and are congruent with the small increase in urinary protein levels observed in these

patients. Interestingly, PTC density and the PTC-to-tubule ratio were higher in our obese kidneys, which

might appear counterintuitive given the well-established association of obesity with microvascular

rarefaction
[33,34]

. However, studies suggest that obesity-related renal microvascular remodeling is a dynamic,

biphasic process
[2,35,36]

. During the early phase of metabolic stress, activation of proangiogenic signaling

pathways such as VEGF, inflammatory cytokines (IL-6, TNF-α), promotes transient and often dysregulated

angiogenesis, leading to proliferation of immature and metabolically fragile capillaries
[35 ,37]

. This

compensatory angiogenic response may temporarily enhance oxygen and nutrient delivery to hypertrophied

tubules under increased metabolic load and local lipotoxic stress
[36,38]

. Nevertheless, as inflammation,
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oxidative stress, and hypoxia persist, these newly formed capillaries may lose pericyte support and regress,

ultimately resulting in capillary rarefaction and interstitial fibrosis
[39,40]

. Thus, the elevated PTC density

observed in our obese patients likely represents an early, maladaptive angiogenic phase that precedes

microvascular rarefaction and functional decline. This interpretation is supported by the concomitant rise in

DLL4
+
 and/or MCP-1

+
 PTC-derived uEVs, which indicate endothelial activation involving both angiogenic

and inflammatory signaling. However, this sequence remains a hypothesis, given our cross-sectional

observations, and will require longitudinal confirmation. Nonetheless, given the early phase of disease in our

patients, preceding a fall in renal function, PTC density correlated with metabolic burden rather than with

renal function.

This study has several limitations. The sample size was relatively small, and our patients were Caucasian,

limiting the generalizability of the findings. In addition, the obese uEV cohort and lean controls differed in

recruitment context, introducing potential selection bias beyond obesity itself. The cross-sectional design

precludes conclusions about causality or disease progression over time, or prediction of future renal

dysfunction, and the collection of histological and uEV samples from different individuals did not allow their

direct correlation. Although post-hoc power analysis indicated adequate sensitivity to detect inter-group

differences, the modest sample size still limits subgroup precision and generalizability, particularly because

correlation analyses were exploratory and unadjusted for multiple comparisons or potential confounders

such as age and sex. Kidney tissue MCP-1 and DLL4 immunostaining was unavailable. Furthermore, being

kidney donors, the obese individuals in the histology cohort may represent a healthier subgroup than those

in the uEV analysis, yet the histological findings were consistent with the uEV profiles, supporting the overall

coherence of the results. Despite vesicle validation by TEM, NTA, and canonical EV markers, EV isolation

was performed using a polymer-based precipitation method, which may co-isolate non-vesicular material. In

addition, uEV subsets were expressed as fractions of total uEVs rather than normalized to urinary creatinine,

and the CD31
-
/PLVAP

+
/CD144

-
 phenotype, while based on prior work, may not fully exclude contributions

from other endothelial or renal cell sources. Finally, detailed metabolic characterization of the obese cohort

was limited and uEV-clinical correlations were modest, restricting their diagnostic application, and their

functional contribution to microvascular remodeling remains to be determined.

Future research should also involve larger, longitudinal studies to validate the predictive value of uEVs at

different phases of kidney disease progression in obesity. Expanding uEV profiling to include other renal cell

types and investigating the therapeutic potential of targeting angiogenic and inflammatory pathways to

stabilize the renal microcirculation could further clarify their role in CKD progression. Exploring the

functional significance of uEVs in renal pathology through basic mechanistic studies will also be useful to

advancing the clinical application of these biomarkers.

In conclusion, the significant elevation of PTC-derived uEVs expressing angiogenic and inflammatory

markers in obese patients situates renal microvascular injury early in obesity, before overt kidney

dysfunction is detectable by traditional measures. These findings are especially relevant given the global rise

in obesity and the associated increase in CKD, making early detection critical for preventing progressive

renal dysfunction. Our study highlights the promising potential of uEVs as a valuable tool for early diagnosis

and as potential screening tools in obesity-related kidney disease. Further research is needed to validate these

findings and explore the therapeutic implications of modulating uEV-associated and microvascular pathways

to prevent or mitigate CKD in obese individuals.
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