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Abstract

Background: Lymphangiogenesis and phenotypic transformation of endothelial cells are closely associated with the progression of renal
interstitial fibrosis. Inflammatory injury triggered by mineralocorticoid receptor (MR) activation serves as the initial stimulus for lym-
phangiogenesis. Methods: Thirty specific pathogen-free (SPF) male C57BL/6 mice were assigned to three groups randomly: the control
group (CON), aldosterone-treated group (ALD group, in which aldosterone was infused at a rate of 0.75 µg/h via mini-osmotic pumps for
12 weeks), and esaxerenone-treated group (ESA group, administered at a dosage of 1 mg/kg/day via diet). The expression levels of lym-
phatic markers (lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1), vascular endothelial growth factor receptor 3 (VEGFR3),
podoplanin, and VEGFC) were assessed using immunohistochemistry, immunofluorescence, and western blot analysis. Inflammatory
injury markers (CD68, F4/80, IL-1β, TNF-α and TGF-β1) and endothelial–to–mesenchymal transition (EndMT, LYVE-1+ vimentin/α
smooth muscle actin (α-SMA)+) were evaluated. In vitro, the effects of aldosterone on the migration, tube formation, and phenotypic
transformation of human lymphatic endothelial cells (HLECs) in the presence of TGF-β1 or VEGFC were investigated. Results: In
the ALD group, significant increases in lymphangiogenesis, macrophage infiltration, and the expression of TGF-β1, TNF-α, IL-1β
and VEGFC were observed. Immunofluorescence double staining revealed that VEGFC was predominantly secreted by macrophages,
and that lymphatic endothelial cells exhibited expression of vimentin and α-SMA. In vitro experiments demonstrated that aldosterone
promoted HLECs migration and tube formation, as well as the activation of inflammatory cytokines and MR. Flow cytometry analysis
indicated that HLECs underwent myofibroblastic transformation, which could be attenuated by MR blocker esaxerenone. Conclusions:
Aldosterone induces inflammatory injury, thereby promoting renal lymphangiogenesis and EndMT.
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1. Introduction
Chronic kidney disease (CKD) is defined as the pres-

ence of abnormalities in kidney structure or function that
cause health consequences [1]. Renal interstitial fibrosis
(RIF) is a common pathological finding and the ultimate
manifestation of CKD [2]. RIF is characterized by abnor-
mal deposition of extracellular matrix and organ atrophy,
and is related to cell proliferation, apoptosis, and pheno-
typic transformation. Clinical and animal experiments have
shown that aberrant angiogenesis and lymphangiogenesis,
especially inflammatory lymphangiogenesis, are involved
in RIF [3]. Renal biopsy samples from patients with IgA
nephropathy and diabetic kidney disease were labeled with
the human lymphatic vessel endothelial marker D2-40, and
these samples exhibited a significantly increased number of
lymphatic drainage vessels, moreover, both the quantity of

lymphatics and the severity of RIF and inflammation were
positively correlated, and some lymphatic vessel endothe-
lial cells underwent myofibroblast-like transformation, se-
creted α smooth muscle actin (α-SMA), and were involved
in the development of renal fibrosis [4]. During renal trans-
plant rejection, the number of lymphatic vessels also in-
creased significantly and was accompanied by the infiltra-
tion ofmany inflammatory cells [3]. In animal experiments,
long-term (180 d) unilateral ureteral obstruction (UUO) can
mediate the formation of lymphatic vessels in the contralat-
eral kidney, and the administration of eplerenone, a miner-
alocorticoid receptor blocker (MRB), prevents the progres-
sion of fibrosis [5].

Lymphangiogenesis is regulated by vascular endothe-
lial growth factors (VEGFs) of which VEGFC and VEGFD
are the most important. In particular, VEGFC is a key fac-
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tor in lymphangiogenesis. Renal VEGFC can be secreted
by a variety of renal cells under physiological conditions,
such as renal tubular epithelial cells, mesangial cells, vas-
cular endothelial cells and fibroblasts under physiological
conditions, with renal tubular epithelial cells serving as
the predominant source. But during inflammatory injury,
macrophages oversecrete VEGFC [6].

Aldosterone is well known to induce inflammatory
and profibrotic factors that cause kidney injury via activa-
tion of the mineralocorticoid receptor (MR) [7]. Previous
studies have shown that aldosterone can induce renal in-
jury with abnormal neovascularization which is involved
in fibrosis formation, mainly mediated by VEGFA [8]. In
this study, we also reported that inflammatory lymphangio-
genesis was associated with this process, and inflammatory
cells, especially macrophages, secreted VEGFC to promote
lymphangiogenesis. Additionally, the increase in lym-
phatic vessels led to disorganization of the renal structure,
while phenotypic transformation of lymphatic endothelial
cells was also involved in this process with aldosterone-
infused group (ALD), a mineralocorticoid that induces in-
flammatory damage. Whether aldosterone stimulates renal
lymphangiogenesis or participates in renal fibrosis remains
unknown. In this study, mice were continuously admin-
istered aldosterone to induce MR-mediated inflammatory
lymphangiogenesis and endothelial-to-mesenchymal tran-
sition (EndMT) through the VEGFC and TGF-β1 path-
ways, and the protective effects of esaxerenone as an MRB
were evaluated.

2. Materials and Methods
2.1 Animals and Study Design

The animal studywas approved by the Ethics Commit-
tee of Hebei University of Chinese Medicine. Thirty spe-
cific pathogen-free (SPF) male C57BL/6 mice, weighing
24.7± 1.1 g and aged 6–8 weeks, were provided by Liaon-
ing Changsheng Biotechnology Co., Ltd., Changchun,
China. The mice were maintained under a 12-hour
light/dark cycle at a controlled ambient temperature of
25 °C, with ad libitum access to standard rodent chow and
tap water. All animal care and experimental procedures
were conducted in accordance with the guidelines provided
by the Animal Experimentation Ethics Committee of Hebei
University of Chinese Medicine and were approved by the
Animal Care and Use Committee of the same institution.
All efforts were made to minimize animal distress and en-
sure ethical treatment.

Thirty mice were divided randomly into 3 groups: the
control (CON) group, the ALD group (The mice were re-
ceived continuous ALD infusion at 0.75 µg/h via a mini-
osmotic pump and the pumps were replaced every 6 weeks
for the entire duration of the study; CAS NO: 52-39-
1, Cayman Chemical, Ann Arbor, MI, USA), and the
esaxerenone-treated group (ESA group) (aldosterone infu-
sion + esaxerenone administration via diet at a dosage of 1

mg/kg/day, kindly provided by Daiichi Sankyo Co., Ltd.,
Tokyo, Japan). The mice were acclimatized and fed for
7 days before modeling. The mice were anesthetized via
chamber induction with 4% isoflurane in 100% oxygen (1
L/min) until loss of righting reflex. Surgical anesthesia was
maintained via nose cone with 1.5–2% isoflurane in oxy-
gen (0.5 L/min), confirmed by absent pedal reflex and sta-
ble respiration. The modeling method has been described
previously [8]. After twelve weeks, animals were initially
anesthetized with a low concentration of isoflurane, fol-
lowed by a rapid transition to a high concentration (5%) to
induce immediate loss of consciousness, after which kidney
tissue samples and blood were collected.

2.2 Histological Analysis and Immunohistochemical
Staining

Renal pathological specimens were obtained as pre-
viously described [8]. Hematoxylin and eosin (H&E)
staining, Masson staining, and immunohistochemistry were
performed with antibodies against F4/80 (1:100; Service-
bio, Wuhan, China, Cat# GB113373), CD68 (1:100, Ab-
cam, Cambridge, UK, Cat# ab53444), α-SMA (1:100, Ser-
vicebio, Cat# GB13044), vimentin (1:100, Abcam, Cat#
ab92547), lymphatic vessel endothelial hyaluronan recep-
tor 1 (LYVE-1) (1:50, Novus, Centennial, CO, USA; Cat#
NB600-1008), podoplanin (1:50, Bioss, Woburn, MA,
USA, Cat# bs-1048R), vascular endothelial growth factor
receptor-3 (VEGFR3) (1:50, Abcam, Cat# ab27278), type
III collagen (COL III) (1:100, Abcam, Cat# ab283694),
IL-1β (1:100, Abcam, Cat# ab283822), TNF-α (1:100,
Abcam, Cat# ab307164), TGF-β1 (1:100, Abcam, Cat#
ab215715), and VEGFC (1:100, Immunoway, Plano, TX,
USA, Cat# Y75297). The sections were viewed under a
Leica inverted microscope (DMI6000-CS; Leica Microsys-
tems, Wetzlar, Germany). A Leica TCS SP8 instrument
equipped with LAS AF software was used for observation
and imaging.

On H&E-stained slides, inflammatory cell infiltration
and tubulointerstitial changes were graded semiquantita-
tively by two investigators in a blinded fashion. A 0–6
scoring scale was used to evaluate the two items, where
scores of 0, 1, 2, and 3 represented normal, mild, moder-
ate, and severe conditions, respectively [9]. The percentage
of the collagen positive area was semiquantitatively graded
by Masson staining. The images were analyzed using Im-
ageJ software (National Institutes of Health, Bethesda, MD,
USA).

2.3 Immunofluorescence Analysis

The kidneys were perfused with saline, and de-
hydrated in 20% and 30% sucrose solutions, and the
OCT complex was frozen for immunofluorescence stain-
ing (Sakura, Torrance, CA, USA). After being taken from
the frozen samples, 6 µm kidney sections were stained
with Alexa Fluor 555-coupled α-SMA (1:300, Abcam,
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Cat# ab175651) or the following noncoupled antibodies for
staining: anti-LYVE-1 (1:50, Novus, Cat# NB600–1008),
vimentin (1:100, Affinity, Nottingham, UK, Cat# BF8006),
COL III (1:100, Abcam, Cat# ab283694), anti-VEGFC
(1:100, Immunoway, Cat# Y75297), and anti-F4/80 (1:100,
Servicebio, Cat# GB113373). Second or third fluorescence
staining of the sections was performed. After sections were
stained, nuclei were stained with or without DAPI, sealed
and photographed for observation under a confocal micro-
scope (CTS SP8, Leica Microsystems, Wetzlar, Germany).

2.4 Protein Extraction and Protein Blot Analysis
Kidney tissues, RAW264.7 cells, and human lym-

phatic endothelial cells (HLECs) were homogenized in
radioimmunoprecipitation assay (RIPA) buffer containing
protease inhibitors, and total protein was extracted. Protein
samples were separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS‒PAGE) and then
transferred to polyvinylidene fluoride (PVDF) membranes.
After blocking with 5% skim milk at room temperature
for 2 h, the membranes were incubated with the fol-
lowing primary antibodies at 4 °C overnight: vimentin
(1:1000, Abcam, Cat# ab8978), IL-1β (1:300, Abcam, Cat#
ab283822), IL-1β (1:500, Affinity, Cat# AF5103), TGF-β1
(1:1000, Abcam, Cat# ab215715), VEGFR3 (1:500, Ab-
cam, Cat# ab27278), α-SMA (1:1000, ABclonal, Wuhan,
China, Cat# A17910), TNF-α (1:1000, ABclonal, Cat#
A0277), podoplanin (1:1000, ABclonal, Cat# A13261),
LYVE-1 (1:1000, ABclonal, A4352), VEGFC (1:1000, Im-
munoway, Cat# Y75297), and NR3C2 (1:300, Proteintech,
Wuhan, China, Cat# 21854-1-AP). On the second day,
the membrane was incubated with a secondary antibody
(1:10,000) at room temperature for 1 h. Odyssey imaging
system (LI-COR system, Lincoln, NE, USA) or e-BLOT
system (Shanghai e-BLOT Photoelectrics Technology Co.,
Ltd., Shanghai, China) was used to detect the protein bands,
determination of target protein bands with ImageJ software
(National Institutes of Health) relative to the housekeeping
protein such as GAPDH (1:1000, Affinity, Cat# T0004), β-
actin (1:1000, Affinity, Cat# T0022), β-Tubulin (1:1000,
Affinity, Cat# T0023), or PCNA bands (1:1000, Protein-
tech, Cat# 10205-2-AP).

2.5 In Vitro Cell Culture Assay
RAW264.7 (Cat# CL-0190, Procell Life Science and

Technology Co., Ltd., Wuhan, China) was cultured as pre-
viously described [10]. HLECs (Cat# HUM-CELL-0053,
PriCells, Wuhan, China) were cultured in endothelial cell
medium (ECM, ScienCell, Carlsbad, CA, USA) supple-
mented with 10% FBS, 1% endothelial cell growth sup-
plement (ECGS) and 1% penicillin and streptomycin. The
cells were maintained at 37 ℃ in a humidified atmosphere
of 5% CO2. All the cell lines were validated by STR pro-
filing and tested negative for mycoplasma.

RAW264.7 cells were divided into 3 groups: the CON
group, ALD group (treated with 10−7 mol/L ALD for 24 h),
and ESA group (treated with 10−6 mol/L esaxerenone 2 h
before aldosterone treatment). HLECs were divided into
6 groups: the CON group, the ALD group (treated with
10−7 mol/L aldosterone for 24 h), the ESA group (treated
with 10−6 mol/L esaxerenone 2 h before aldosterone treat-
ment), the TGF-β1 group (10 ng/mL administered for
24 h; MCE, Shanghai, China, Cat# HY-P70543), the
TGF-β1+LY2109761 group (TGF-β1 inhibitor; cells were
treated with 2 × 10−6 mol/L LY2109761 2 h before TGF-
β1 treatment, MCE, Shanghai, China, Cat# HY-12075/CS-
0571), and the ALD+LY2109761 group (pretreated with 2
× 10−6 mol/L LY2109761 2 h before aldosterone treat-
ment). In these experiments, the cells were divided into the
CON group, the ALD group, the ESA group, the VEGFC
group (MCE, Shanghai, China, Cat#: HY-P7313, 100
ng/mLwas administered for 24 h), the VEGFC+VEGFR-3-
IN-1 group (MCE, Shanghai, China, Cat#: HY-132305/CS-
0200376, VEGFC receptor blocker, cells were treated with
10−7 mol/L VEGFR-3-IN-1 2 h prior to VEGFC treat-
ment), and the ALD+VEGFR-3-IN-1 group (cells were pre-
treated with 10−7 mol/L VEGFR-3-IN-1 2 h before aldos-
terone treatment). In addition, RAW264.7, rat kidney fi-
broblasts (RKF; Cat#: RAT-iCELL-u014, Cellverse Bio-
science Technology Co., Ltd., Shanghai, China), distal con-
voluted tubule cells (DCT; Cat#: CRL-3250, American
Type Culture Collection, Manassas, VA, USA), and Human
Kidney-2 cell (HK-2; Cat#: CL-0109, Procell Life Science
& Technology, Wuhan, China) cells were stimulated with
10−7 mol/L aldosterone for 24 hours, after which VEGFC
expression was detected by Western blot.

2.5.1 Enzyme-Linked Immunosorbent Assay (ELISA)

The processed RAW264.7 cell culture medium was
centrifuged, and the supernatant was collected for subse-
quent experiments, which were performed using a quanti-
tative sandwich enzyme immunoassay technique. Subse-
quently, 100 µL of the supernatant was added to a microtiter
plate, and the corresponding diluted antibodies (VEGFC:
CUSABIO, Wuhan, China, Cat#: CSB-E07361m; TGF-
β1: Servicebio, Cat#: GEM0051; TNF-α: Servicebio,
Cat#: GEM0004; and IL-1β: Servicebio, Cat#: GEM0002)
were added to the plate at room temperature for 2 h. The
membrane was subsequently washed, the corresponding
HRP-labeled secondary antibody was added, the plate was
incubated at room temperature for 1 h followed by washing.
A chromogenic substrate was added to the appropriate color
development solution, and the absorbance was measured at
450 nm.

2.5.2 CCK8 Assay

A cell counting kit-8 (CCK8) assay (Abbkin, Wuhan,
China, Cat# BMU106-CN) was performed according to
the protocol. HLECs were divided into the CON,

3

https://www.imrpress.com


Fig. 1. Aldosterone induces renal lymphangiogenesis in mice. (A) Immunohistochemical staining was performed with anti-VEGFR3,
LYVE-1, and Podoplanin antibodies to label lymphatic vessels (scale bar = 50 µm). (B) Western blotting was performed to analyze
VEGFR3, LYVE-1, and Podoplanin in renal tissues. The data are expressed as the mean ± standard deviation (n = 6). ∗p < 0.05 vs.
the CON group, #p < 0.05 vs. the ALD group. VEGFR3, vascular endothelial growth factor receptor-3; LYVE-1, lymphatic vessel
endothelial hyaluronan receptor 1; CON, control; ALD, aldosterone.

ALD, ALD+ESA, VEGFC, VEGFC+VEGFR-3-IN-1, and
ALD+VEGFR-3-IN-1 groups. HLECs were inoculated
into 96-well plates (1 × 10⁴ cells/well). Following 24 h of
stimulation, 10 µL of CCK8 solution was added per well for
4 h of incubation, after which the absorbance at 450 nmwas
detected using an AVersaMax microplate reader (Molecular
Devices, Sunnyvale, CA, USA).

2.5.3 Scratch Wound Assay
HLECs were inoculated into 6 cm dishes and cultured

to confluence. Next, a scratched was created in the center of
the confluent cells with a 200 µL pipette tip. After the cells
were rinsed three times with PBS, an appropriate amount
of complete medium was added. Images were acquired at
0 h and 8 h and quantified using ImageJ software (National
Institutes of Health).

2.5.4 Endothelial Tube Formation Assay
Matrigel matrix (300 µL per well; BD Biocoat

356234, Corning Inc., Corning, NY, USA) was added to
precooled 12-well plates, which were then polymerized for
30 min at 37 °C. Following a 24-hour treatment period,
HLECs were resuspended in 300 µL of growth medium
supplemented with 10% FBS and seeded onto the gelled
Matrigel. After 3.5 h of standard incubation, tube formation
was examined and photographed under a ×10 objective.

2.5.5 Flow Cytometry
Twenty-four hours after treatment, the HLECs were

harvested and stained with PE-conjugated anti-VEGFR3
(1:100, Biolegend, Cat# 356204), APC-conjugated anti-
α-SMA (1:1000, Abcam, Cat# ab202296), and APC-
conjugated anti-vimentin (1:100, Invitrogen, Waltham,
MA, USA, Cat# YF3938885) antibodies. After the anti-
bodies were added, the mixture was gently vortexed, the

flow tubewaswrappedwith aluminum foil to protect it from
light, and the mixture was incubated at room temperature
for 60 minutes. Unstained cells were used as negative con-
trols. The cells were analyzed using a BDFACSAria II flow
cytometer (BD Biosciences, Franklin Lakes, NJ, USA), vi-
able singlet cells were selected by FSC/SSC gating, and the
data were analyzed using FlowJo software (version 10, BD
Biosciences, Franklin Lakes, NJ, USA).

2.6 Statistical Analysis
Statistical analyses were conducted using SPSS statis-

tics software (version 26.0, IBM, Armonk, NY, USA). Af-
ter normality assessment of the data via the Shapiro-Wilk
test, one-way ANOVA was performed followed by a least
significant difference test for multiple groups. The date are
presented as the means ± standard deviations (SDs). Sta-
tistical significance was defined as a p-value < 0.05.

3. Results
3.1 Aldosterone Induces Renal Lymphangiogenesis in Mice

LYVE-1, Podoplanin, and VEGFR3 are markers of
lymphatic endothelial cells. Immunohistochemical stain-
ing of the kidneys of mice treated with aldosterone at
12 weeks revealed that renal interstitial lymphatic vessel
markers were significantly increased and that lymphangio-
genesis was significantly reduced after esaxerenone treat-
ment (Fig. 1A). The levels of VEGFR3, LYVE-1, and
Podoplanin in renal tissues (determined by Western blot of
the whole kidney) reinforced the results of immunohisto-
chemical staining (Fig. 1B). In addition, in the 12-week
aldosterone-treated mouse model, H&E staining showed
pathologic changes in the kidneys of aldosterone-treated
mice, and Masson staining showed that the aldosterone-
treated mice had significantly more renal collagen deposi-
tion than the control mice (Supplementary Fig. 1).
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Fig. 2. Aldosterone stimulates the infiltration ofmacrophage and the secretion of inflammatory cytokines, VEGFCandTGF-β1 in
mice. (A) Immunohistochemical staining was performed to detect macrophages, inflammatory cytokines, and TGF-β1 using anti-CD68,
anti-F4/80, anti-TNF-α, anti-IL-1β, anti-TGF-β1, and anti-VEGFC antibodies (scale bar = 50 µm). (B) Western blotting was performed
to analyze the protein levels of IL-1β, TNF-α, TGF-β1, and VEGFC in renal tissue. (C) Immunofluorescence staining of kidney sections
with anti-F4/80 antibody (green) and anti-VEGFC antibody (red) was performed to study the relationship between macrophages and
VEGFC. The cell nuclei (blue) were stained with DAPI (scale bar = 50 µm). Enlarged images showed a 5× magnification of the areas
within the white rectangles in the merged images. The data are expressed as the mean ± standard deviation (n = 6). ∗p < 0.05 vs. the
CON group, #p < 0.05 vs. the ALD group.

3.2 Aldosterone Stimulates Macrophages to Secrete
VEGFC and Inflammatory Cytokines to Stimulate the
Proliferation, Migration, and Tube Formation of HLECs

The classical pathway for lymphangiogenesis is the
VEGFC/VEGFR3 signaling pathway, and VEGFC is pro-
duced primarily by renal tubular cells and macrophages
[11,12]. Aldosterone-treated mice exhibited abundant infil-
tration of macrophages labeled with F4/80 or CD68 which
was inhibited by esaxerenone (Fig. 2A). Aldosterone can
induce inflammatory macrophage infiltration and the secre-
tion of inflammatory cytokines and growth factors, which
mediate the inflammatory response and lead to tissue dam-
age [13]. Immunohistochemical staining and western blot
for TNF-α, IL-1β, TGF-β1 and VEGFC revealed that the
levels of these cytokines were significantly greater in the
ALD group than in the CON group, and these effects were
mitigated by esaxerenone treatment. The expression of
VEGFC was predominantly observed in the distal tubules
in the CON group and was significantly upregulated fol-
lowing aldosterone treatment, particularly in the tubuloint-
erstitial infiltrating cells (Fig. 2A,B). Next, we studied the
origin of VEGFC in relation to macrophages. Immunoflu-
orescence labeling of renal tissue for F4/80 and VEGFC re-
vealed that the renal mesenchyme in the ALD group had

significantly more F4/80+VEGFC+ cells compared with
the other groups, suggesting that aldosterone promotes the
secretion of VEGFC by macrophages. The number of
double-positive cells was markably reduced by treatment
with esaxerenone (Fig. 2C). In addition, western blot was
also used to detect the expression of VEGFC in RAW264.7,
RKF, DCT and HK-2 cells treated with aldosterone (10−7

mol/L aldosterone for 24 h), and the results revealed that the
expression of VEGFC in these cells was upregulated after
induction with aldosterone (Supplementary Fig. 2). These
results indicated that VEGFC could be secreted by a vari-
ety of cells, such as renal tubular epithelial cells, fibroblasts,
and especially macrophages, in aldosterone-treated mice.

To further investigate the roles of aldosterone
and VEGFC in lymphangiogenesis, HLECs were cul-
tured for 24 h with aldosterone and the inhibitor esax-
erenone, VEGFC and the inhibitor VEGFR-3-IN-1, or
aldosterone+VEGFR-3-IN-1. Cell proliferation was as-
sessed with a CCK8 assay. The proliferation of HLECs in
the aldosterone and VEGFC treated groups was markedly
greater than that in CON group (Fig. 3A). To further in-
vestigate whether aldosterone could promote the secretion
of VEGFC by HLECs, we then detected the expression
of VEGFC in HLECs stimulated with aldosterone through
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Fig. 3. Aldosterone and VEGFC promote lymphangiogenesis throughmediating the proliferation, migration, and tube formation
of HLECs. (A) VEGFC-induced proliferation of HLECs was determined with a CCK8 assay. (B) Western blotting was performed to
analyze VEGFC expression in HLECs. (C) VEGFC promotes lymphatic vessel endothelial cell migration (scale bar = 100 µm) and (D)
tube formation (scale bar = 100 µm). The data are expressed as the mean ± standard deviation (n = 6). ∗p < 0.05 vs. the CON group,
#p < 0.05 vs. the ALD/VEGFC group. HLECs, human lymphatic endothelial cells; CCK8, cell counting kit-8.

western blot. The results showed that aldosterone could up-
regulate the expression of VEGFC in HLECs, and this pro-
cess was inhibited by esaxerenone (Fig. 3B), further con-
firming that aldosterone regulated the secretion of VEGFC
by HLECs through the activation of MR. In addition, al-
dosterone and VEGFC directly promoted the migration
rate and tube formation capacity of HLECs, whereas the
VEGFC inhibitors VEGFR-3-IN-1 and esaxerenone attenu-
ated these effects (Fig. 3C,D). These findings indicated that
MR/VEGFC might play a regulatory role in lymphangio-
genesis.

To confirm the in vivo findings, an in vitro study was
performed on aldosterone-treated RAW264.7 cells. West-
ern blots revealed that the expression of VEGFC, TGF-
β1, TNF-α, and IL-1β was elevated in aldosterone-treated
RAW264.7 cells compared with CON (Fig. 4A). More-
over, the ELISA results for aldosterone-treated RAW264.7
cell supernatants were consistent with the above results
(Fig. 4B). Aldosterone acts through MR activation [14].
Western blot analysis demonstrated that total MR expres-
sion levels were comparable among the CON, ALD, and
ESA groups. However, a significant difference was ob-
served in the nuclear expression of MR, with higher levels
detected in the ALD group than in the CON group. whereas

nuclear accumulation of MR was inhibited by esaxerenone
(Fig. 4A).

3.3 Aldosterone Induces EndMT In Vitro and In Vivo

EndMT is a recognized cell transdifferentiation type
that has emerged as an alternative source of tissue myofi-
broblasts. TGF-β1 can induce EndMT. Numerous stud-
ies have shown that EndMT is involved in the develop-
ment of renal fibrosis [15]. In this study, we conducted
immunofluorescence staining for LYVE-1 and vimentin in
renal tissues. The number of LYVE-1+ vimentin+ cells
was meaningfully increased in the kidneys of aldosterone-
treated mice, and esaxerenone remarkably decreased the
number of these double-positive cells (Fig. 5A). In the CON
and ESA groups, we selected the locations in which LYVE-
1+ and vimentin+ cells were adjacent to each other, indi-
cating that little lymphatic endothelial cell transformation
into myofibroblasts occurred in both CON group and the
ESA group (Fig. 5A). We also performed immunofluores-
cence labeling of kidney tissues with LYVE-1 and α-SMA
antibodies, and the results were consistent with those de-
scribed above (Fig. 5B). Immunohistochemical staining for
vimentin, α-SMA and collagen III revealed significantly
greater collagen deposition in aldosterone-treatedmice than
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Fig. 4. Aldosterone activates MR and induces RAW264.7 to secrete inflammatory cytokines, TGF-β1 and VEGFC. (A) Western
blots for VEGFC, TGF-β1, TNF-α, IL-1β, and MR in the total and nuclear fractions of RAW264.7 cells. (B) ELISA for serum VEGFC,
TGF-β1, TNF-α, and IL-1β protein levels in aldosterone-treated RAW264.7 cells. The data are expressed as the mean ± standard
deviation (n = 6). ∗p < 0.05 vs. the CON group, #p < 0.05 vs. the ALD group.

in control mice (Fig. 5C). Using western blot, we semi-
quantified renal tissue vimentin and α-SMA expression,
and the results were consistent with those of the histochem-
ical analysis (Fig. 5D). Moreover, to elucidate the mech-
anism by which aldosterone promotes EndMT in HLECs,
we incubated HLECs with aldosterone in the presence or
absence of esaxerenone for 24 hours in vitro. Flow cy-
tometry of HLECs cultured with aldosterone revealed that
vimentin and α-SMA expression was significantly greater
in ALD treated cells than in control cells, while the addi-
tion of the MR antagonist esaxerenone inhibited the trans-
formation of the lymphatic endothelium into myofibrob-
lasts (Fig. 5E). These results suggested that aldosterone pro-
moted the transformation of lymphatic endothelial cells into
myofibroblasts and that esaxerenone inhibited EndMT.

EndMT contributes to fibrosis by driving collagen
production, as observed in the analysis of aldosterone-
infused mouse kidneys via trichromatic confocal mi-

croscopy and Z-stacks, which revealed an increase in the
coexpression of LYVE-1+ vimentin+ type III collagen
cells. In contrast, the ESA group had significantly fewer co-
expressing cells and significantly less fibrosis (Fig. 6A,B;
Supplementary Video). These results suggested that col-
lagen secretion by lymphatic endothelial cells undergoing
phenotypic transformation was involved in renal fibrosis.

To further investigate the effects of aldosterone and
TGF-β1 on EndMT, we cultured HLECs with aldosterone
and the antagonist esaxerenone or with TGF-β1 and the
receptor blocker LY2109761 for 24 h. Flow cytome-
try demonstrated that the expression of vimentin and α-
SMA was upregulated in the ALD group and the TGF-
β1 group compared with the CON group. The addi-
tion of esaxerenone or LY2109761 inhibited the transfor-
mation of the lymphatic endothelium to myofibroblasts,
and the number of α-SMA or vimentin positive cells in
the ALD+LY2109761 group was lower than that in the
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Fig. 5. Aldosterone induces EndMT in mouse kidneys and HLECs. (A) Kidney sections were immunofluorescently stained with an-
tibodies against the lymphatic endothelial cell marker LYVE-1 (green) and the myofibroblast marker vimentin (red) to identify EndMT
(cells expressing both markers indicate EndMT; nuclei (blue) were stained with DAPI) (scale bar = 50 µm). Enlarged images showed a 5×
magnification of the areas within the white rectangles in the merged images. (B) Kidney sections were subjected to immunofluorescence
staining with LYVE-1 antibody (green) and α-SMA antibody (red) to identify EndMT (cells expressing both markers indicate EndMT;
cell nuclei (blue) were stained with DAPI) (scale bar = 50 µm). Enlarged images showed a 5× magnification of the areas within the white
rectangles in the merged images. (C) Myofibroblastic renal infiltration and collagen deposition were examined using immunohistochem-
ical staining for α-SMA, vimentin and collagen III (scale bar = 50 µm). (D) Western blots for vimentin and α-SMA in kidney tissues
(n = 6). (E) Flow cytometry analysis of vimentin and α-SMA expression in HLECs treated with ALD. Q2 indicates the percentage of
vimentin+/α-SMA+ and VEGFR3+ EndMT cells (n = 3). The data are expressed as the mean ± standard deviation. ∗p < 0.05 vs. the
CON group, #p < 0.05 vs. the ALD group. EndMT, endothelial-to-mesenchymal transition.

ALD group (Fig. 7A), indicating that the TGF-β1 recep-
tor blocker antagonized the aldosterone-induced EndMT.
Semiquantitative analysis of Vimentin and α-SMA expres-
sion by western blot was performed, and the results sup-
ported the above conclusions (Fig. 7B). To further investi-
gate whether aldosterone regulated the expression of TGF-
β1 in HLECs via MR, we detected TGF-β1 expression in
HLECs stimulatedwith aldosterone usingwestern blot. The
results showed that aldosterone upregulated TGF-β1 ex-
pression in HLECs, and this effect was inhibited by esax-
erenone (Supplementary Fig. 3), further confirming that
aldosterone regulated TGF-β1 expression in HLECs by ac-
tivating MR.

4. Discussion

RIF which is characterized by tubulointerstitial fibro-
sis, is the final manifestation of a wide variety of CKD
[16]. RIF is recognized as the final outcome of progres-
sive kidney disease [17]. The impairment in renal function
in end-stage renal disease is related to structural changes
produced by renal fibrosis and induced by multiple vasoac-
tive substances and cytokines, the most important of which
is the renin‒angiotensin‒aldosterone system [18]. The pro-
tective effects of ACEIs and ARBs on the kidneys, in ad-
dition to correcting blood pressure abnormalities, include
the modulation of their downstream mediator aldosterone,
and the clinical effects of MRB have confirmed the criti-
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Fig. 6. EndMT produces collagen to participate in renal fibrosis. (A) Three-color confocal microscopy images of cells coexpressing
LYVE-1 (green), vimentin (red), and collagen III (blue) (scale bar = 50 µm). Enlarged images showed a 5× magnification of the areas
within the white rectangles in the merged images. (B) Z-stack images showing the coexpression of LYVE-1 (green), vimentin (red), and
collagen III (blue) in the ALD groups (scale bar = 25 µm) (also shown in the Supplementary Video).

cal role of MR activation [19]. MRBs can attenuate renal
injury via pathways that include the inhibition of cell pro-
liferation [20] and cell phenotypic transformation [8], but
few studies have investigated whether MRBs reduce kid-
ney damage by inhibiting inflammatory lymphangiogenesis
induced by MR activation. In a long term (180 days) uni-
lateral ureteral obstruction (UUO) rat model, UUO led to
increases in plasma aldosterone levels, lymphangiogenesis,
and myofibroblast transformation in the kidney and heart
[21]. Therefore, it can be hypothesized that UUO induces

an increase in aldosterone, which in turn activates MR, in-
duces EndMT, and promotes fibrosis. Our aldosterone-
infused mice model enabled us to investigate the mech-
anism of aldosterone-induced inflammatory lymphangio-
genesis and EndMT in renal fibrosis.

Inflammation, which involves the detection and elim-
ination of harmful pathogens, serves as a key pathogenic
mechanism in CKD [22]. While inflammation is a crucial
component of the host defense system following tissue in-
jury, persistent or unresolved inflammation contributes sig-
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Fig. 7. Aldosterone and TGF-β1 induce EndMT in HLECs. (A) Flow cytometry analysis of vimentin and α-SMA expression in
HLECs treated with ALD and TGF-β1; Q2 indicates the percentage of vimentin+/α-SMA+ and VEGFR3+EndMT cells (n = 3). (B)
Western blots showing vimentin and α-SMA expression in HLECs (n = 3) (B). The data are expressed as the mean± standard deviation.
∗p < 0.05 vs. the CON group, #p < 0.05 vs. the ALD/TGF-β1 group.

nificantly to the progression of fibrotic diseases [23,24].
Furthermore, peripheral solid organ lymphangiogenesis has
been implicated in a range of inflammatory conditions, such
as transplant rejection, hypertension, extracellular matrix
stiffness, myocardial infarction, and tumor metastasis [25–
28]. We hypothesized that there was a connection between
fibrotic disease and lymphangiogenesis.

The formation of new lymphatic vessels is observed
in acute and chronic inflammation, tumor metastasis, and
tissue or organ remodeling. However, new lymphatic ves-
sels are poorly structured and are inadequate for the uptake
of water and macromolecules and the return of lymphatic
fluid, which leads to localized fluid retention [29]. The
lymphatic system can be postnatally stimulated to grow and
remodel. Lymphangiogenesis is often observed at sites of
tissue injury, interstitial fluid overload [25], hyperglycemia
[30], or inflammation and is correlated with the severity of
tubulointerstitial fibrosis in many renal disorders [25]. In
these settings, the extent to which this process is protective
rather than maladaptive is unclear and may depend on the
circumstances [31–34]. However, lymphangiogenesis can
protect organs. Renal lymphangiogenesis was found to be
beneficial in a UUO model at 14 days [31]. In the early

stages of renal transplantation, early restorative lymphan-
giogenesis reconnects the kidney to the systemic lymphatic
system, and the transplant recipient may benefit from the
restoration of homeostatic clearance of interstitial fluids and
solutes and the clearance of infiltrating cells [35]. Whether
lymphangiogenesis is beneficial or harmful to organs de-
pends on the disease and stage. According to the results
of the current study, lymphangiogenesis has a better pro-
tective effect in the early stage of ischemia and hypoxia,
whereas lymphangiogenesis stimulated by chronic inflam-
mation is involved in the formation of organ fibrosis. In this
study, we detected renal lymphangiogenesis with fibrosis in
aldosterone-treated mice, which warrants further study.

VEGF family members are key mediators of the
growth of blood vessels and lymphatics. VEGFR3 was the
first lymphospecific growth factor receptor to be identified.
VEGFC and VEGFR3 are major components of the apical
signaling pathway involved in the development and main-
tenance of lymphatic vessels [36]. The process of lymphan-
giogenesis includes proliferation, sprouting, migration, and
vascular structure formation. VEGFC induces endothelial
cell proliferation, migration, and survival [37]. In our in
vitro experiments, we stimulated HLECs with aldosterone

10

https://www.imrpress.com


and VEGFC for 24 h, and the results revealed that aldos-
terone and VEGFC promoted HLEC proliferation. More-
over, aldosterone and VEGFC promoted the migration of
cells and the formation of tubes in HLECs, suggesting that
aldosterone and VEGFC promoted the generation of lym-
phatic vessels. VEGFC can be secreted by a variety of renal
cells and participate in lymphangiogenesis, such as tubular
epithelial cells, fibroblasts and macrophages. In inflamma-
tory injury, macrophages become the predominant source,
although tubular epithelial cells also contribute to this pro-
cess.

Aldosterone is a mineralocorticoid hormone that regu-
lates fluid and electrolyte homeostasis in the body. Over the
past several years, increasing evidence has demonstrated
that aldosterone plays a role in activating both innate and
adaptive immune cells. Specifically, macrophages and T
cells respond to aldosterone by migrating to and accumu-
lating in the kidneys, heart, and vascular system. This im-
mune cell infiltration has been implicated in the progression
of end-organ damage associated with cardiovascular and
metabolic disorders [38]. Aldosterone binds to MR in local
tissues and regulates target organ function. The MR activa-
tion can be verified by detecting the expression ofNR3C2 in
the nucleus, specifically through nuclear translocation. MR
are expressed in a wide range of tissues, including smooth
muscle cells, cardiomyocytes, endothelial cells, fibroblasts,
macrophages, T cells and dendritic cells [39,40]. Aldos-
terone can induce inflammatory macrophage infiltration
and the secretion of inflammatory cytokines and growth
factors, which mediate inflammatory responses leading to
tissue injury [13]. In our study, renal interstitial inflamma-
tory macrophage infiltration, as well as IL-1β, TNF-α, and
TGF-β1 expression, which were reduced by treatment with
esaxerenone, increased with exposure to ALD. The main
sources of VEGFC are renal tubular cells and macrophages
[12,41], and we investigated whether aldosterone could in-
crease the secretion of VEGFC by macrophages. Our re-
sults revealed that many macrophages infiltrated the re-
nal interstitium of aldosterone-treated mice and that al-
dosterone promoted macrophage secretion of VEGFC. We
obtained the same results in vitro by treating RAW264.7
macrophages with aldosterone. Notably, administration of
aldosterone without a high-salt diet did not significantly al-
ter blood pressure, yet it induced marked inflammatory in-
jury. This was evidenced by substantial renal macrophage
infiltration and concomitant renal dysfunction. These find-
ing suggested that aldosterone-induced renal injurywasme-
diated, at least in part, by direct proinflammatory mecha-
nisms that were independent of elevated blood pressure.

Activated myofibroblasts are critical matrix-secreting
cells in RIF and play a key role in ECM accumulation [42–
44]. Myofibroblasts are a heterogeneous population that
can originate from multiple sources, including epithelial
cells through epithelial-to-mesenchymal transition (EMT)
[45,46], EndMT [47], and local fibroblast or pericyte pro-

liferation [48]. In the aldosterone-infused mouse model
of lymphatic neovascularization plus fibrosis, we investi-
gated whether lymphatic endothelial cells transformed into
myofibroblasts and led to renal fibrosis. Immunofluores-
cence analysis of LYVE-1+ vimentin+/α-SMA+ cells re-
vealed that compared with the CON group, the ALD group
had more LYVE-1+ vimentin+/α-SMA+ cells and type III
collagen deposition was observed. In addition, flow cy-
tometry was used to detect VEGFR3+ vimentin/α-SMA+

cells in vitro, and the results revealed that the percentage
of VEGFR3+ vimentin/α-SMA+ double-positive cells was
greater in the ALD group. Therefore, we hypothesized that
nascent lymphatic endothelial cells also undergo EndMT,
which is involved in the pathophysiological process of re-
nal fibrosis.

TGF-β1 is an important regulator of fibrosis and a
potent inducer of the mesenchymal gene expression pro-
gram, inducing the transformation of epithelial cells, en-
dothelial cells, and intrinsic renal fibroblasts into myofi-
broblasts that express α-SMA [49]. TGF-β1 is the main
inducer of EndMT [50–55]. The flow cytometry results
demonstrated that vimentin/α-SMA expression was upreg-
ulated in the ALD group and the TGF-β1 group with the
expression levels being significantly increased compared
with those in the CON group. These results verified that
ALD/TGF-β1 induced EndMT in newly formed lymphatic
endothelial cells. Moreover, in HLECs in vitro, the TGF-
β1 receptor blocker LY2109761 alleviated TGF-β1- and
ALD-induced EndMT, suggesting that ALD could induce
EndMT and promote renal fibrosis through the TGF-β1 sig-
naling pathway.

Lymphangiogenesis is related not only to inflamma-
tion but also to ischemia and hypoxia. In this study, we
focused on lymphangiogenesis under inflammatory condi-
tions and did not address ischemia or hypoxia. The type of
macrophages from which VEGFC originates also requires
further exploration. Questions for future studies include
whether, in addition to promoting increased VEGFC secre-
tion by macrophages, aldosterone also promotes VEGFC
secretion by renal tubular epithelial cells and whether the
macrophages promoted by aldosterone are recruited or pro-
liferating.

This study has several limitations. First, although
the main sources of VEGFC were renal tubular cells and
macrophages especially those in an inflammatory injury en-
vironment, the specific types of macrophages from which
VEGFC is derived have not been explored in depth, and the
diversity of the sources and functions of macrophages has
not been fully studied. Second, in addition to promoting the
secretion of VEGFC by macrophages, aldosterone can also
promote the secretion of VEGFC by renal tubular epithelial
cells and other cells. The role of aldosterone in lymphan-
giogenesis requires more precise verification. Third, the in-
clusion of a separate esaxerenone treatment group would
have strengthened the evidence for its direct pharmacolog-
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ical effects on macrophage infiltration and VEGFC inhibi-
tion. Additionally, direct phenotypic and functional profil-
ing of isolated renal macrophages, which would elucidate
their origin, polarization state, and VEGFC secretion, was
not performed. Despite these limitations, the current find-
ings are instructive and provide a solid foundation for sub-
sequent research endeavors.

5. Conclusions
In vivo and in vitro experiments demonstrated that

ALD increased macrophage infiltration and activated MR
in macrophages, induced the secretion of the inflamma-
tory cytokines, VEGFC and TGF-β1, by macrophages; and
induced lymphatic vessel neogenesis. In contrast, lym-
phatic vessel endothelial cells were induced to transform
into myofibroblasts involved in RIF via the action of TGF-
β1. The MR/ TGF-β1 signaling pathway induced lym-
phangiogenesis, and new lymphatic endothelial cells under-
went mesenchymal transformation and participate in RIF.
Esaxerenone alleviated renal inflammation and fibrosis by
suppressing the aforementioned effects. These findings in-
dicate that modulating the MR pathway may represent a
promising therapeutic strategy for the management of RIF.
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