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Abstract 

Context  Patients with primary aldosteronism (PA) are at a high risk of cardiovascular diseases (CVD) and metabolic 
syndrome. Notable inflammatory and fibrotic changes and differential microRNA (miRNA) expression profiles 
in the perirenal fat observed in PA may contribute to this increased risk, however, which has not been fully elucidated.

Objective  This study aimed to explore the role of high expression of miR-24-3p in perirenal fat in circulating 
inflammation and its correlation with a high risk of CVD in patients with PA.

Methods  Perirenal fat thickness (PRFT) measured by computed tomography (CT), miR-24-3p expression in perirenal 
fat, circulating inflammatory factors from adrenal veins and peripheral blood in patients with PA were analyzed. 
In vitro, white and brown adipocytes with miR-24-3p overexpression or inhibition respectively were stimulated 
with aldosterone and a unidirectional co-culture model of adipocytes and HUVEC was established. The target genes 
of miR-24-3p were identified.

Results  Patients with PA and CVD have significantly higher PRFT than those without CVD. The expression level 
of miR-24-3p in perirenal fat was significantly positively correlated with PRFT. MiR-24-3p was significantly upregulated 
in the perirenal fat of PA and was associated with increased adipogenesis, inflammation, and oxidative stress, 
correlating with plasma aldosterone concentration (PAC), PRFT, cardiac remodeling, and weight gain. The IL-6 level 
in the peripheral blood was elevated in patients with PA and CVD, and the affected adrenal vein had the highest IL-6 
level. Targeting Top1, miR-24-3p modulated aldosterone-induced effects in adipocytes and influenced IL-6 secretion, 
thereby affecting HUVEC.

Conclusion  The upregulation of miR-24-3p in the perirenal fat induced inflammation and oxidative stress 
by targeting Top1, which may contribute to a high risk of CVD in patients with PA.

Keywords  Primary aldosteronism, Cardiovascular disease, Perirenal fat, MiR-24-3p, Inflammation, Oxidative stress

†Xuelin Li, Min Luo, Yanmei Zeng and Renyi Zhang contributed equally.

*Correspondence:
Meiping Guan
mpguan@163.com
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-025-06329-1&domain=pdf


Page 2 of 18Li et al. Journal of Translational Medicine          (2025) 23:345 

Introduction
Primary aldosteronism (PA), a clinical syndrome 
characterized by hypertension, suppressed plasma 
renin activity, and excess aldosterone secretion 
[1], stands as one of the most prevalent causes of 
secondary hypertension [2]. Patients with PA exhibit 
an elevated incidence of cardiovascular diseases 
(CVD) and metabolic syndrome compared to 
essential hypertensive counterparts [3–6]. Reversal 
of renin suppression after treatment is essential for 
improving CVD outcomes in patients with PA, but 
is often impeded by issues such as drug side effects. 
Elucidating the mechanisms underlying the high risk 
of CVD in patients with PA is helpful for identifying 
novel therapeutic targets. Previous studies have shown 
that high levels of aldosterone (ALD) could induce 
inflammation, oxidative stress and fibrosis in the heart, 
kidney and perirenal fat [7]. However, the link between 
PA-induced adipose alterations and increased risk of 
CVD remains unclear.

Dysfunction in visceral adipose tissue induces 
oxidative stress, hypoxia, and inflammation, leading 
to the secretion of pro-inflammatory adipokines that 
promote systemic inflammation and directly escalates 
CVD risk. Additionally, these adipokines influence 
metabolic processes in the liver, skeletal muscle, and 
heart and contribute to insulin resistance in both 
microvessels within adipose tissue and other vascular 
structures, exacerbating endothelial dysfunction and 
increasing CVD risk [8]. Perirenal fat, a unique visceral 
fat depot characterized by a distinctive composition 
of white and brown adipocytes [9], increases energy 
metabolism and the secretion of multiple adipokines 
and cytokines, including adiponectin (Adipoq), leptin, 
resistin, visfatin, TNF-α, IL-6, and IL-1β [10].

MicroRNAs (miRNAs), non-coding RNAs consisting 
of 19–22 nucleotides that regulate gene expression 
[11], have been identified in tissues, circulation, 
and urine and serve as potential biomarkers and 
mediators in a variety of diseases [12]. Furthermore, 
circulating miRNAs are predominantly sourced 
from adipose tissue, which is broadly categorized 
into subcutaneous and visceral depots on the basis 
of morphological and locational characteristics [13]. 
We aimed to identify and validate the target genes of 
miR-24-3p, which was significantly elevated in the 
perirenal fat of patients with PA in this study and was 
previously found to be associated with aldosterone-
producing adenoma (APA), CVD, and diabetes [14–17]. 
DNA Topoisomerase I (Top1), which is involved in 
DNA replication or transcription and plays a role in 

regulating inflammatory mediators, has emerged as a 
key candidate [18–22].

This study aims to elucidate the differential miRNA 
expression profiles in the perirenal fat of patients with PA 
and their role in the high risk of CVD.

Methods
Patients and samples
The diagnostic criteria for PA were plasma aldosterone 
concentration  (PAC) > 10  ng/dL after the saline-
infusion test and/or a decrease in PAC of ≤ 30% after 
the captopril challenge test [23]. The diseases included 
in CVD were as previously described [24]. The study 
included patients aged 18–65 years old who underwent 
laparoscopic surgery for non-adrenal diseases (control 
group, n = 16) or were diagnosed with PA, divided into 
those without CVD (PA without CVD group, n = 24) 
and those with combined CVD (PA with CVD group, 
n = 40). Inclusion criteria were as follows: available 
perirenal fat, complete clinical data, and provided 
informed consent. Exclusion criteria were as follows: 
secondary hypertension (due to conditions such as 
Cushing’s syndrome, pheochromocytoma, renal and 
renovascular hypertension, hyperthyroidism, or aortic 
stenosis); the use of glucocorticoids, sympathomimetics, 
immunosuppressants, licorice, contraceptives, or 
medications affecting the renin–angiotensin–aldosterone 
system; urinary tract infections; severe malignancies; 
autoimmune diseases; pregnancy or breastfeeding. 
Unilateral laparoscopic adrenalectomy was performed for 
patients with PA, and perirenal fat was obtained during 
surgery. Venous blood was collected via adrenal venous 
sampling (AVS) before surgery. Perirenal fat thickness 
(PRFT) of patients with PA was measured as previously 
described [25]. The clinical characteristics of the patients 
were presented (Table  1). Our study was approved by 
the ethics committee of Southern Medical University, 
and written informed consent was obtained from all the 
patients (No: NFEC-2021-049).

Cell culture, transfection, aldosterone treatment 
and co‑culture
Mouse 3T3-L1 preadipocytes were purchased from 
the type culture collection of the Chinese Academy of 
Sciences (Shanghai, China). Brown preadipocytes (WT-
1) were a kind gift from Prof. Yu-hua Tseng’s laboratory, 
Joslin Diabetes Center, Harvard Medical University. 
3T3-L1 and WT-1 cells were cultured, differentiated, 
and treated with aldosterone (GlpBio, USA) following 
previously described methods [7]. Human umbilical 
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vein endothelial cells (HUVEC) were cultured in high-
glucose DMEM (Gibco, USA) supplemented with 10% 
fetal bovine serum in a 37  °C incubator with 5% CO2. 
For transfection, the cells were transfected with the 
miR-24-3p mimic or inhibitor (Ribobio, Guangzhou, 
China), Top1 overexpression plasmid (Miaoling, 
Wuhan, China), or luciferase reporter plasmid using 
jetPRIME transfection reagent (Polyplus, France). For 
co-culture, after adipocyte intervention, the medium 
was replaced with fresh serum-free medium, and the 

cells were cultured for 48 h. The supernatant was then 
collected, centrifuged at 260×g for 10 min, and added 
to HUVEC, which were collected and assayed after 24 h 
of stimulation.

RNA extraction, reverse transcription, and quantitative 
PCR (qPCR)
Total RNA was extracted from perirenal fat or cells 
utilizing TRIzol reagent (Vazyme, Nanjing, China). 
Reverse transcription was executed using 500 ng of total 

Table 1  Baseline characteristics

Bold value indicates that the difference is statistically significant (p < 0.05)

Characteristics Con (n = 16) PA without CVD (n = 24) PA with CVD (n = 40) p

Age (y) 53.31 ± 11.51 39.17 ± 10.07 52.30 ± 8.19 < 0.001
Male, n (%) 10 (62.50) 10(41.67) 31(77.50) 0.015
Overweight/obesity, n (%) 7 (43.75) 14 (58.33) 29 (72.50) 0.447

BMI (kg/m2) 23.50 ± 3.53 24.91 ± 3.78 25.24 ± 3.32 0.249

Systolic blood pressure (mmHg) 129 (116, 144) 140 (133, 150) 144 (130, 155) 0.027
Diastolic blood pressure (mmHg) 86 (71, 92) 92 (82, 98) 91 (81, 98) 0.270

Duration of hypertension (m) 0(0, 36) 12 (3, 24) 96 (54, 120) < 0.001
Classification of hypertension, n (%) < 0.001

 0 9 (56.25) 4 (17.39) 0 (0.00)

 1 1 (6.25) 8 (34.78) 5 (12.82)

 2 3 (18.75) 6 (26.09) 11 (28.21)

 3 3 (18.75) 5 (21.74) 23 (58.97)

Hypokalemia, n (%) 0 (0.00) 16 (76.19) 36 (94.74) < 0.001
Serum potassium (mmol/L) 4.10 (3.91, 4.26) 3.27 (2.93, 3.92) 2.97 (2.77, 3.25) < 0.001
Serum sodium (mmol/L) 141.45 ± 1.92 140.95 ± 2.09 143.03 ± 1.98 < 0.001
Serum chloride (mmol/L) 107.16 ± 1.36 105.20 ± 2.16 105.14 ± 2.83 0.055

Serum calcium (mmol/L) 2.26 ± 0.07 2.29 ± 0.11 2.27 ± 0.10 0.642

Serum phosphate (mmol/L) 1.21 ± 0.17 1.15 ± 0.20 1.06 ± 0.20 0.048
BUN (mmol/L) 5.30 (4.75, 6.40) 4.20 (3.50, 5.50) 5.20 (4.60, 6.60) 0.040
Serum uric acid (μmol/L) 366.43 ± 174.72 307.00 ± 162.45 351.97 ± 136.44 0.464

Serum creatinine (μmol/L) 82.00 (68.50, 115.50) 72.00 (58.00, 94.50) 85.50 (65.00, 117.00) 0.307

eGFR (mL/min/1.73m2) 80.04 (57.28, 105.35) 99.17 (73.62, 120.53) 85.62 (60.12, 104.07) 0.291

ALT (U/L) 22.00 (13.50,24.50) 20.00 (11.50,33.50) 20.00 (15.00,27.50) .991

Blood glucose (mmol/L) 4.77 (4.58, 5.15) 5.04 (4.71, 5.41) 5.24 (4.83, 6.04) 0.186

Left ventricular end-diastolic diameter (mm) 42.43 ± 3.00 44.38 ± 2.90 43.33 ± 3.75 0.340

Interventricular septal thickness at end-diastole (mm) 10.00(9.00, 11.00) 10.60 (10.00, 11.60) 12.90(12.00, 13.00) < 0.001
Left ventricular posterior wall thickness at end-diastole (mm) 9.39 ± 1.52 10.15 ± 0.93 12.18 ± 0.98 < 0.001
Left ventricular end-diastolic volume (mL) 83.00 (76.00, 92.50) 83.00 (74.00, 92.00) 83.00 (70.00, 102.00) 0.944

Left ventricular end-systolic volume (mL) 27.00 (24.50, 33.50) 30.00 (27.00, 32.00) 30.00 (25.00, 35.00) 0.535

Fractional shortening (%) 36.00 (35.00, 37.00) 34.00 (33.00, 37.00) 35.00 (32.00, 36.00) 0.306

Ejection fraction (%) 66.00 (65.00, 67.00) 64.00 (62.00, 67.00) 64.00 (61.00, 66.50) 0.191

Stroke volume (mL) 53.00 (50.00, 59.00) 55.00 (49.00, 63.00) 50.00 (45.00, 64.50) 0.607

Aortic sclerosis, n (%) 9 (56.25%) 5 (20.83%) 30 (75.00%) < 0.001
Aldosterone (ng/dL) – 25.57 (19.15, 39.50) 38.71 (25.33, 62.45) 0.290

Plasma renin activity (ng/mL/h) – 0.32 (0.10, 0.48) 0.17 (0.10, 0.38) 0.336

ARR​ – 96.38 (67.67, 255.70) 236.70 (78.06, 433.00) 0.124
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RNA with the Evo M-MLV RT Master Mix (AG11706, 
Guangzhou, China) following the manufacturer’s 
guidelines. For miRNA, reverse transcription was 
performed with a miRNA cDNA First Strand Synthesis 
Kit (by tailing A, AG11716, Guangzhou, China) and an 
Evo M-MLV RT Kit for qPCR (by stem-loop, AG11707, 
Guangzhou, China). QPCR was performed using Cham 
Q Universal SYBR qPCR Master Mix (Vazyme, Nanjing, 
China) and an ABI QuantStudio 5 Real-Time PCR 
system (Applied Biosystems, USA). The thermal cycling 
conditions were as follows: initial denaturation at 95  °C 
for 30 s; 40 cycles at 60 °C for 35 s; and a final extension at 
60 °C for 34 s. The mRNA and miRNA expression levels 
were quantified using the 2−ΔΔCT method and normalized 
to 18S/β-ACTIN and U6, respectively. Primer sequences 
for qPCR are provided in the Supplementary material 
(Table S1).

Western blotting analysis
Cells and perirenal fat were lysed using RIPA lysis buffer 
containing PMSF and phosphatase inhibitor, followed by 
centrifugation at 13,000  rpm for 30  min at 4  °C. Equal 
amounts of protein were separated by SDS-PAGE and 
then transferred onto a PVDF membrane. The membrane 
was blocked with 5% BSA for 1  h and then incubated 
with the primary antibody at 4 °C overnight. After being 
washed for five times with TBST, the membrane was 
incubated for 1  h at room temperature with an HRP-
conjugated secondary antibody. The signal was detected 
using the BLT Pro chemiluminescence detection system 
(BLT, Guangzhou, China), and the band intensity was 
quantified via ImageJ software. α-Tubulin or β-ACTIN 
served as the internal reference control. Detailed 
information on the antibodies used is provided in the 
Supplementary material (Table S2).

Enzyme linked immunosorbent assay (ELISA)
The levels of IL-6 in human serum and adipocyte 
supernatants were measured using ELISA kits. Human 
IL-6 and mouse IL-6 were quantified with kits from 
CloudClone (Wuhan, China) and FineTest (Wuhan, 
China) respectively. All procedures were carried out 
according to the manufacturer’s instructions.

Measurement of reduced glutathione (GSH) levels
The serum GSH concentration was determined using a 
GSH assay kit from Nanjing Jiancheng (Nanjing, China). 
Reagents were added according to the operation, and 
the OD value of each well was read at 405  nm using a 
microplate reader.

Reactive oxygen species (ROS) assay
Cellular ROS activities were assessed with a ROS assay 
kit from Beyotime (Shanghai, China) following the 
manufacturer’s protocol. The detection was performed 
using either an inverted fluorescence microscope (Nikon, 
Japan) or a SpectraMax i3x microplate reader (Molecular 
Devices, USA).

Oil red O staining
Cells were fixed in 10% neutral formaldehyde solution for 
30 min, permeabilized with 60% isopropanol for 10 s, and 
stained with Oil Red O at room temperature for 30 min. 
Cells were subsequently washed with 60% isopropanol 
for 10 s, rinsed with PBS, and imaged using a Motorized 
inverted microscope IX73 (Olympus, Japan).

Dual‑luciferase reporter assay
Luciferase reporter plasmids were designed by Kidanbio 
(Guangzhou, China). WT-1 were transfected with the 
miR-24-3p mimic (or mimic NC) and related reporter 
plasmids in 96-well plates. After 24–48 h of transfection, 
the luciferase activity was analyzed using luciferase 
assay kits (Yeasen, Wuhan, China) according to the 
manufacturer’s instructions.

Statistical analyses
All the statistical analyses were conducted via SPSS 
version 23.0 software. Normally distributed variables are 
presented as mean ± standard deviation (SD), while non-
normally distributed variables are presented as median 
and interquartile range (IQR). Categorical variables are 
expressed as frequencies (percentages). Comparisons 
between two normally distributed continuous variables 
were made via Student’s t test, whereas comparisons 
between non-normally distributed variables were carried 
out via Mann–Whitney U test. For clinical indicators 
involving three groups, one-way analysis of variance 
(ANOVA) was applied for normally distributed data, 
and the Kruskal–Wallis test was used for non-normally 
distributed data. Categorical variables were compared 
using the chi-square test. Relationships between 
normally distributed continuous variables were analyzed 
via Pearson’s correlation coefficient, whereas Spearman’s 
rank correlation was used for non-normally distributed 
continuous variables. A p value < 0.05 was considered 
statistically significant.

Results
Patient characteristics
This study included 64 patients with PA and 16 patients 
in the control group. The PA group was divided into the 
PA without CVD group (n = 24) and the PA with CVD 
group (n = 40). Clinical data were collected and analyzed 
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(Table 1). Age differences were significant across groups, 
with mean ages of 53.31 years for the control group, 
39.17 years for the PA without CVD group, and 52.30 
years for the PA with CVD group. Sex distribution 
varied, with 62.5% males in the control group, 41.67% 
in the PA without CVD group, and 77.5% in the PA with 
CVD group. The PA with CVD group presented the 
longest hypertension duration (median of 96 months), 
highest hypertension severity (58.97% with Grade 3), 
most severe hypokalemia (94.74%), highest prevalence 
of aortic atherosclerosis (75%), lowest serum potassium 
and phosphorus levels, and highest serum sodium levels. 
Cardiac ultrasound revealed increasing septal and left 
ventricular posterior wall end-diastolic thicknesses 
across the three groups (p < 0.001), with septal 
thicknesses of 10.00 mm, 10.60 mm, and 12.90 mm, and 
posterior wall thicknesses of 9.39  mm, 10.15  mm, and 
12.18 mm, respectively.

Expression of miR‑24‑3p and its clinical correlations 
in patients with PA
Among the miRNAs reported to be differentially 
expressed in patients with PA (miR-203, miR-7-5p, 
miR-193, miR-30e-5p, miR-24-3p, miR-299, and miR-
223), miR-24-3p was significantly upregulated in the 
perirenal fat of patients with PA (n = 5) compared with 
the control group (n = 5) (Fig. 1A). Further analysis with 
a larger sample size, including a control group (n = 16), 
a PA without CVD group (n = 24), and a PA with CVD 
group (n = 40), confirmed significantly higher miR-24-3p 
expression in patients with PA, with greater upregulation 
in the PA with CVD group (Fig. 1B).

Correlation analysis revealed that miR-24-3p 
expression in the perirenal fat of patients with PA was 
positively correlated with PAC (r = 0.3173, p = 0.0162), 
left ventricular posterior wall end-diastolic thickness 
(r = 0.2862, p = 0.0378), and BMI (r = 0.2910, p = 0.0218) 
and negatively correlated with PaO2 (r = −0.3984, 
p = 0.0146) (Fig.  1C–F). The PRFT was measured by 
abdominal computed tomography (CT) in patients with 
PA as shown (Fig. 1G). Since surgeons typically remove 
the culprit adrenal gland, perirenal fat was collected 
from the affected side only. MiR-24-3p expression in 

perirenal fat was significantly positively correlated with 
the PRFT on the affected side (r = 0.4903, p = 0.0001), 
the intact side (contralateral to the affected side, 
r = 0.4332, p = 0.0009), and the total (the sum of both 
sides, r = 0.4689, p = 0.0003) (Fig.  1H–J). Compared 
with the PA without CVD group, the PA with CVD 
group had significantly greater PRFT on the affected 
side, the intact side, and the total (Fig. 1K–M).

Patients with PA were classified into high and low 
miR-24-3p expression groups on the basis of median 
miR-24-3p levels. The high miR-24-3p group had 
higher PAC, BMI, overweight/obesity proportion, 
hypertension duration, interventricular septum and 
left ventricular posterior wall end-diastolic thickness, 
PaCO2, HCO3

−, and extracellular residual bases, also 
lower PaO2 and serum phosphorus levels than the low 
miR-24-3p group (Table 2).

Adipogenesis, inflammation and oxidative stress 
in perirenal fat and serum characterization in patients 
with PA
The expression of adipogenic genes such as CCAAT 
enhancer binding protein alpha (C/EBPα), PPARG 
coactivator 1 alpha (PGC1α), and uncoupling protein 
1 (UCP1) were elevated in the perirenal fat of patients 
with PA. Additionally, genes related to oxidative stress, 
such as nuclear factor erythroid 2-related factor 2 
(NRF2), heme oxygenase 1 (HO-1), NADPH oxidase 
4 (NOX4), and inflammation (IL-6), were significantly 
increased (Fig.  2A). Protein level analysis confirmed 
that adipogenesis, inflammation, and oxidative stress 
were significantly upregulated in the perirenal fat 
of patients with PA, consistent with the changes in 
transcript levels (Fig.  2B). Moreover, oxidative stress 
levels were greater in the perirenal fat of the PA with 
CVD group than in that of the PA without CVD group 
(Fig. 2C).

Serum IL-6 and GSH levels in patients with PA were 
measured at various sites of AVS. For those diagnosed 
with unilateral APA, IL-6 levels were significantly 
higher and GSH levels were lower in the affected 
adrenal vein than in both the intact adrenal vein 

(See figure on next page.)
Fig. 1  MiR-24-3p expression and its clinical correlations in patients with PA. A Screening of differential miRNAs in the perirenal fat of controls 
and patients with PA. B Relative miR-24-3p expression in perirenal fat in the control group, PA with CVD group and PA without CVD group. 
C–F Correlations between miR-24-3p expression and PAC (C), left ventricular posterior wall end-diastolic thickness (D), BMI (E), and PaO2 (F). G 
Measurement patterns of the PRFT in abdominal CT. H–J Correlations between miR-24-3p expression and PRFT on the affected side (H), the intact 
side (I), and the total (J). K–M Differences in PRFT between the PA without CVD group and the PA with CVD group on the affected side (K), the intact 
side (L), and the total (M). Dividing lines indicate the splicing of lanes from the same gel to remove irrelevant lanes. *p < 0.05, **p < 0.01, ***p < 0.001, 
n ≥ 3
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Fig. 1  (See legend on previous page.)
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and peripheral blood, with no significant differences 
between the intact adrenal vein and peripheral blood 
for either marker (Fig. 2D, E). Additionally, IL-6 levels 
in the peripheral blood were significantly greater in the 
PA with CVD group than in the PA without CVD group 
(Fig. 2F).

Effects of miR‑24‑3p and aldosterone on adipocytes
During the differentiation of 3T3-L1 and WT-1, 
miR-24-3p expression increased over time and was 
significantly higher at the end of differentiation than at 
D0 (Fig.  3A, B). In 3T3-L1 overexpressing miR-24-3p 
throughout differentiation, Oil Red O staining at D8 
revealed a significant increase in lipid droplets, whereas 
cells with miR-24-3p inhibition showed a significant 
reduction in lipid droplets (Fig. 3C).

Table 2  Comparisons of clinical characteristics between the high and low miR-24-3p groups

Bold value indicates that the difference is statistically significant (p < 0.05)

Characteristics Low miR-24-3p (n = 32) High miR-24-3p (n = 32) p

Age (y) 46.50 ± 10.67 48.25 ± 11.29 0.526

Male, n (%) 13 (40.63) 10 (31.25) 0.602

Overweight/obesity, n (%) 18 (56.25%) 27 (84.38%) 0.027
BMI (kg/m2) 24.22 ± 3.93 26.08 ± 2.63 0.032
Systolic blood pressure (mmHg) 144 (132, 157) 142 (130, 152) 0.672

Diastolic blood pressure (mmHg) 94 (81, 101) 91 (81, 96) 0.359

Duration of hypertension (m) 24 (5, 96) 84 (5, 120) 0.013
Serum potassium (mmol/L) 3.12 (2.81, 3.61) 2.98 (2.77, 3.58) 0.720

Serum sodium (mmol/L) 142.16 ± 2.27 142.48 ± 2.23 0.591

Serum chloride (mmol/L) 105.15 ± 2.43 105.18 ± 2.82 0.966

Serum calcium (mmol/L) 2.28 ± 0.10 2.27 ± 0.10 0.649

Serum phosphate (mmol/L) 1.14 ± 0.19 1.02 ± 0.20 0.027
BUN (mmol/L) 4.90 (4.00, 7.20) 4.80 (4.30, 5.50) 0.736

Serum uric acid (μmol/L) 321.03 ± 122.38 354.19 ± 170.02 0.393

Serum creatinine (μmol/L) 74.00 (61.50, 97.50) 91.00 (70.00, 109.00) 0.138

Cys-C (mg/L) 0.87 (0.79, 1.11) 0.96 (0.89, 1.10) 0.213

eGFR (mL/min/1.73m2) 98.32 (68.82, 109.12) 85.23 (64.63, 100.23) 0.203

ALT (U/L) 18.00 (11.50, 23.00) 21.00 (16.50, 32.50) 0.072

TG (mmol/L) 1.30 (0.90, 1.57) 1.60 (0.99, 2.67) 0.170

CHOL (mmol/L) 4.23 (3.86, 5.55) 4.33 (3.59, 5.28) 0.605

HDL-C (mmol/L) 1.08 ± 0.22 1.04 ± 0.20 0.457

LDL-C (mmol/L) 2.67 (2.42, 3.38) 2.64 (2.25, 3.44) 0.553

Blood glucose (mmol/L) 4.98 (4.63, 5.41) 5.33 (4.85, 6.06) 0.213

pH 7.42 ± 0.03 7.43 ± 0.03 0.597

PaCO2 (kPa) 5.28 ± 0.51 5.65 ± 0.48 0.027
PaO2 (kPa) 13.15 (11.30, 14.95) 11.20 (10.50, 13.00) 0.023
HCO3

− (mmol/L) 25.27 ± 2.80 27.39 ± 2.23 0.017
Extracellular residual bases (mmol/L) 1.25 ± 2.80 3.26 ± 2.23 0.023
Left ventricular end-diastolic diameter (mm) 43.08 ± 3.26 44.35 ± 3.70 0.207

Interventricular septal thickness at end-diastole (mm) 12.00 (10.50, 12.85) 12.50 (12.00, 13.00) 0.026
Left ventricular posterior wall thickness at end-diastole (mm) 11.17 ± 1.45 11.90 ± 1.17 0.049
Left ventricular end-diastolic volume (mL) 79.00 (72.00, 90.00) 87.50 (74.00, 102.00) 0.437

Left ventricular end-systolic volume (mL) 27.00 (25.00, 33.50) 32.00 (25.00, 38.00) 0.420

Fractional shortening (%) 34.00 (33.00, 35.50) 35.00 (31.00, 38.00) 0.694

Ejection fraction (%) 64.00 (62.00, 65.00) 64.50 (59.00, 68.00) 0.810

Aldosterone (ng/dL) 31.74 (20.70, 43.20) 38.71 (26.38, 68.50) 0.038
Plasma renin activity (ng/mL/h) 0.24 (0.10, 0.50) 0.17 (0.10, 0.33) 0.898

ARR​ 130.50 (61.39, 312.53) 191.50 (89.63, 426.51) 0.371
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MiR-24-3p expression and the adipocyte phenotype 
were investigated at various time points of aldosterone 
stimulation. Continuous aldosterone stimulation from 

the preadipocyte stage of 3T3-L1 and WT-1 markedly 
upregulated miR-24-3p expression in both cell types after 
differentiation into adipocytes (Fig. 3D, E). Additionally, 

Fig. 2  Perirenal fat and serum characterization in patients with PA. A, B Differences in adipogenesis, inflammation, and oxidative stress markers 
in perirenal fat between controls and patients with PA at the transcript levels (A) and protein levels (B). C Protein levels of oxidative stress markers 
in the perirenal fat of the control group, the PA with CVD group, and the PA without CVD group. D, E IL-6 (D) and GSH (E) levels in affected 
and intact adrenal veins and peripheral blood in patients with PA. F IL-6 levels in the peripheral blood of the PA with CVD group compared 
with the PA without CVD group. *p < 0.05, **p < 0.01, ***p < 0.001, n ≥ 3

(See figure on next page.)
Fig. 3  MiR-24-3p expression and effects of aldosterone stimulation on adipocytes. A, B Expression of miR-24-3p during the differentiation of 3T3-L1 
(A) and WT-1 (B). C Changes in adipogenesis following miR-24-3p overexpression or inhibition throughout 3T3-L1 differentiation. Oil Red O staining 
showed lipid droplets. D–G Changes in miR-24-3p expression with continuous aldosterone stimulation from the preadipocyte stage of 3T3-L1 (D) 
and WT-1 (E) to mature adipocytes; changes in miR-24-3p expression with aldosterone stimulation applied after maturation in white adipocytes 
(F) and brown adipocytes (G). H–K. H Changes in adipocyte phenotypes with continuous aldosterone stimulation from the preadipocyte stage 
of 3T3-L1 to mature white adipocytes; I changes in adipocyte phenotypes with aldosterone stimulation applied after maturation in white 
adipocytes; J changes in adipocyte phenotypes with continuous aldosterone stimulation from the preadipocyte stage of WT-1 to mature brown 
adipocytes; K changes in adipocyte phenotypes with aldosterone stimulation applied after maturation in brown adipocytes. (A, B: vs D0), *p < 0.05, 
**p < 0.01, ***p < 0.001, n ≥ 3
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Fig. 3  (See legend on previous page.)
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aldosterone stimulation applied after maturation 
significantly increased miR-24-3p expression in both 
white and brown adipocytes (Fig. 3F, G).

Furthermore, during continuous exposure of 3T3-
L1 to aldosterone starting at D0, we observed notable 
elevations in the protein levels of the adipogenesis 
marker (Cebpα), and the inflammatory and oxidative 
stress markers (IL-6, Nrf2, Ho-1) in the aldosterone 
group, with no significant changes in Pgc1α (Fig.  3H). 
Treating mature white adipocytes with aldosterone 
significantly elevated protein levels associated with 
adipogenesis and oxidative stress (Fig.  3I). In addition, 
continuous aldosterone stimulation throughout WT-1 
differentiation and applied merely after maturation both 
resulted in increased adipogenesis, inflammation, and 
oxidative stress (Fig. 3J, K).

Comprehensive effects of miR‑24‑3p and aldosterone 
on adipocytes and subsequent impact on HUVEC
In white adipocytes, miR-24-3p overexpression 
significantly increased adipogenesis, whereas its 
inhibition substantially reduced adipogenesis and 
inflammation (Fig. 4A). MiR-24-3p played a similar role 
in brown adipocytes (Fig. 4B).

White adipocytes were treated with aldosterone 
and the miR-24-3p inhibitor (or inhibitor NC). 
Consistent with previous results, adipogenesis, 
oxidative stress and insulin resistance were greater 
in the aldosterone + inhibitor NC group than in the 
control group, while miR-24-3p inhibition tended to 
ameliorate these phenotypes (Fig. 4C). Similar treatment 
in brown adipocytes showed that aldosterone increased 
adipogenesis and oxidative stress, whereas miR-24-3p 
inhibition mitigated these phenotypes to some degree 
(Fig. 4D).

ROS levels were detected in the aforementioned 
subgroups of white adipocytes. MiR-24-3p inhibition 
significantly reduced aldosterone-mediated increase 
in ROS levels (Fig.  4E). The results of the quantitative 
ROS staining experiments with a microplate reader were 
similar to those of the qualitative experiments (Fig. 4F). 
Brown adipocytes subjected to the same treatment 
exhibited similar results (Fig. 4E, G).

Furthermore, we established a unidirectional co-culture 
model of HUVEC and adipocytes under aldosterone and 

miR-24-3p intervention (Supplementary material, Figure 
S1). HUVEC cultured in conditioned medium (CM) from 
white adipocytes treated with aldosterone and inhibitor 
NC showed significant upregulation of the intercellular 
adhesion molecule ICAM1 and angiogenic factor VEGFA 
transcript expressions, along with increased expression 
of inflammatory markers (PTGS2, TNF-α, and IL-6). The 
transcript levels of senescence markers (P53 and P21) 
and an apoptosis marker (BAX) were also significantly 
increased. These phenotypes were markedly ameliorated 
in HUVEC cultured in CM from white adipocytes treated 
with aldosterone and the miR-24-3p inhibitor (Fig. 4H).

In HUVEC cultured with CM from brown adipocytes 
treated with aldosterone and inhibitor NC, adhesion, 
inflammation, oxidative stress, and senescence were 
exacerbated. In comparison, CM from brown adipocytes 
treated with aldosterone and the miR-24-3p inhibitor 
significantly downregulated PTGS2 and HO-1, whereas 
other markers tended to decrease without statistical 
significance (Fig. 4I).

Identification and validation of Top1 as a target gene 
of miR‑24‑3p
The ENCORI database was used to identify common 
miR-24-3p target genes in human and murine sources 
(Fig. 5A). This analysis revealed 88 genes, from which we 
focused on 10 genes (Rbp4, Kat6a, Fzd5, Ctnnb1, Top1, 
Rala, Sp1, Rap1b, Rab4b, and Pak4) on the basis of the 
literature and gene annotations. The transcript levels of 
these genes were examined in miR-24-3p-intervened 
adipocytes and the perirenal fat from patients with PA. 
In brown adipocytes transfected with the miR-24-3p 
mimic, Kat6a, Fzd5, Top1, and Pak4 expressions were 
downregulated (Fig. 5B). In white adipocytes treated with 
aldosterone and the miR-24-3p mimic, Kat6a, Ctnnb1, 
Top1, Rala, and Rab4b levels were decreased (Fig.  5C). 
In white adipocytes exposed to aldosterone and the 
miR-24-3p inhibitor, Kat6a, Fzd5, Top1, and Pak4 were 
elevated (Fig. 5D). In the perirenal fat of patients with PA, 
the TOP1 and PAK4 transcript levels were significantly 
reduced (Fig.  5E). Since transcript level changes across 
all four models were consistent with the regulatory role 
of miR-24-3p, we focused subsequent investigations on 
Top1.

Fig. 4  Comprehensive effects of miR-24-3p and aldosterone on adipocytes and their subsequent impact on HUVEC. A, B Effects of miR-24-3p 
intervention on white (A) and brown adipocytes (B). C, D Effects of miR-24-3p inhibition on aldosterone-induced white (C) and brown adipocyte 
phenotypes (D). E ROS staining in white and brown adipocytes treated with aldosterone and inhibited by miR-24-3p. F, G Quantitative ROS levels 
in white (F) and brown adipocytes (G) treated with aldosterone and inhibited by miR-24-3p. H, I Effects of aldosterone and the miR-24-3p inhibitor 
in CM from white (H) and brown adipocytes (I) on HUVEC. *p < 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, n ≥ 3

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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Fig. 5  Identification and validation of Top1 as a target gene of miR-24-3p. A Venn diagram of common target genes of miR-24-3p in humans 
and mice according to TargetScan and miRanda. B The transcript levels of target genes in brown adipocytes transfected with the miR-24-3p 
mimic. C The transcript levels of target genes in white adipocytes treated with aldosterone and the miR-24-3p mimic. D The transcript levels 
of target genes in white adipocytes exposed to aldosterone and the miR-24-3p inhibitor. E The transcript levels of target genes in the perirenal fat 
of patients with PA. F, G The protein levels of Top1 after transfection of the miR-24-3p mimic (F) or the miR-24-3p inhibitor (G) into adipocytes. H 
Sequences of the Top1 3ʹUTR containing the miR-24-3p binding sites and the constructed mutant sequences. I Determination of luciferase activity 
after co-transfection with the miR-24-3p mimic and reporter plasmids in 3T3-L1. *p < 0.05, **p < 0.01, ***p < 0.001, n ≥ 3
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The protein level of Top1 was significantly 
downregulated after the transfection of the miR-
24-3p mimic into adipocytes (Fig.  5F), whereas the 
miR-24-3p inhibitor markedly upregulated the Top1 
protein level (Fig.  5G). WT-1 were co-transfected with 
a dual-luciferase vector containing the wild-type Top1 
3ʹ-UTR target site and the miR-24-3p mimic (Fig.  5H). 
Co-transfection of the miR-24-3p mimic and the wild-
type Top1 3ʹ-UTR vector decreased luciferase activity 
by approximately 40%, whereas mutation of the miR-
24-3p seed region within the Top1 3ʹ-UTR abrogated the 
repressive effect of the miRNA (Fig. 5I). Thus, miR-24-3p 
directly binds the 3ʹ-UTR of Top1 and plays an inhibitory 
role, confirming Top1 as a target of miR-24-3p.

Effects of miR‑24‑3p and Top1 modulation on adipocytes 
and subsequent impact on HUVEC
Adipocytes were co-transfected with the miR-24-3p 
mimic and Top1 overexpression plasmid (and their 
controls mimic NC and Top1 NC). Compared with the 
aldosterone + mimic NC + Top1 NC group, the protein 
levels of Ucp1, IL-6, Ho-1, and Nox4 were significantly 
upregulated in the aldosterone + mimic + Top1 NC 
group, whereas these levels were downregulated in 
the aldosterone + mimic + Top1 group (Fig.  6A). ROS 
staining revealed a significantly higher proportion of 
staining-positive cells under a fluorescence microscope 
in the aldosterone + mimic + Top1 NC group compared 
with the aldosterone + mimic NC + Top1 NC group. 
In contrast, the aldosterone + mimic + Top1 group 
had a notably lower proportion of ROS-positive 
cells than the aldosterone + mimic + Top1 NC group 
(Fig.  6B). Quantitative analysis via a microplate 
reader revealed that the fluorescence intensity in the 
aldosterone + mimic + Top1 group was significantly lower 
than that in the aldosterone + mimic + Top1 NC group 
(Fig. 6C).

The Top1 inhibitor Camptothecin (CPT) significantly 
upregulated the transcript levels of inflammatory 
markers (IL-6 and TNF-α), oxidative stress markers 
(Nox4, Nrf2, and Ho-1), and an apoptosis marker (Bax) 
in adipocytes (Fig.  6D), as well as the protein levels of 
IL-6 and Nox4 (Fig.  6E). Furthermore, IL-6 levels in 

the adipocyte supernatant were significantly increased 
after Top1 inhibition (Fig. 6F). CM from Top1-inhibited 
adipocytes was used in a unidirectional co-culture with 
HUVEC, resulting in significantly elevated transcript 
levels of enhanced adhesion (ICAM1), inflammation 
(PTGS2, IL-6, and TNF-α), and oxidative stress (HO-1 
and Nox4), as well as protein levels of PTGS2, IL-6, and 
HO-1 (Fig. 6G, H).

Discussion
In this study, we identified increased miR-24-3p 
expression, inflammation and oxidative stress in perirenal 
fat in patients with PA. The significant difference in both 
IL-6 and GSH levels between the affected adrenal vein 
and peripheral blood in patients with unilateral APA 
indicates that perirenal fat may be the origin of circulating 
inflammation, thereby exacerbating endothelial damage. 
This is closely associated with the elevated CVD risk in 
patients with PA. The overall mechanism of the findings 
is illustrated in Fig. 7.

Previous studies have shown that miR-24-3p targets 
CYP11B2 in APA, affecting aldosterone synthesis [14]. In 
a myocardial ischemic mouse model, miR-24 expression 
is upregulated in endothelial cells, targeting GATA2 and 
PAK4 to induce apoptosis [15]. Circulating miR-24 levels 
are reduced in patients with type 2 diabetes mellitus 
[16], while miR-24 expression in subcutaneous fat is 
elevated in patients with HIV [17]. We observed elevated 
miR-24-3p expression in the perirenal fat of patients 
with PA, correlating with an increased CVD risk, which 
prompted an investigation of miR-24-3p in adipocytes. 
Two previous studies have demonstrated changes in 
miR-24 expression during 3T3-L1 differentiation [26, 
27]. Jin et  al. reported significant upregulation of miR-
24 during 3T3-L1 differentiation, with overexpression 
inhibiting MAPK7 and promoting adipogenesis [27]. 
Our results show that miR-24-3p expression gradually 
increases during differentiation of 3T3-L1 or WT-1. 
The overexpression of miR-24-3p significantly promotes 
adipogenesis. This may explain the positive correlation 
between miR-24-3p expression and BMI, as well as 
between miR-24-3p expression and PRFT, suggesting 
that dysregulation of miR-24-3p in perirenal fat is closely 

Fig. 6  Effects of miR-24-3p and Top1 modulation on adipocytes and subsequent impact on HUVEC. A Effects of co-transfection of the miR-24-3p 
mimic with the Top1 overexpression plasmid on aldosterone-stimulated adipocytes at the protein levels. B ROS staining in adipocytes treated 
with aldosterone, the miR-24-3p mimic, and the Top1 overexpression plasmid. C Quantitative ROS levels in adipocytes treated with aldosterone, 
the miR-24-3p mimic, and the Top1 overexpression plasmid. D Effects of Top1 inhibition on adipocytes at the transcript levels. E Effects of Top1 
inhibition on adipocytes at the protein levels. F IL-6 levels in supernatants of adipocytes with Top1 inhibition. G, H Effects of Top1 inhibition 
in adipocytes on HUVEC at the transcript levels (G) and protein levels (H). M-NC: mimic NC; mimic: miR-24-3p mimic; T-NC: pCMV-Top1-NC; Top1: 
pCMV-Top1. *p < 0.05, **p < 0.01, ***p < 0.001, n ≥ 3

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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linked to an increased incidence of metabolic syndromes 
such as obesity in patients with PA [28]. In addition, the 
ROC curve of total PRFT in patients with PA with and 
without CVD was analyzed, revealing an AUC of 0.79 
and an optimal cutoff value of 28.07 mm, which suggests 
PRFT as a biomarker for early CVD risk detection in 
patients with PA (see Supplementary material, Figure S2), 
although further validation with larger sample sizes and 
prospective cohorts will be required.

Aldosterone promotes adipogenesis [29, 30], induces 
inflammation [31, 32], inhibits insulin-induced glucose 
uptake, and influences the expression and secretion of 
serum adipokines such as IL-6, chemerin and apelin, 
which exacerbate inflammation, vascular dysfunction, 
and atherosclerosis by modulating the immune 
response, insulin sensitivity, lipid metabolism, and 
vascular function, ultimately accelerating metabolic 
dysfunction and the development of CVD [8]. These 
findings suggest that aldosterone may impact CVD 
and metabolic abnormalities through adipose tissues 
or adipokines [33]. In PA, excessive aldosterone may 
affect both mature adipocytes and the differentiation 

of preadipocytes, altering perirenal fat properties. Our 
results indicated that aldosterone-induced changes in 
the adipocyte phenotype were consistent with previous 
reports, with upregulated miR-24-3p expression. 
RESCUE experiments confirmed that miR-24-3p 
inhibition could reverse the effects of aldosterone on 
adipocytes. Our study provides another important 
pathway by which aldosteronism induces inflammation 
and oxidative stress.

The crosstalk between adipocytes and vascular 
endothelial cells under excessive aldosterone may 
contribute to the high risk of CVD in patients with PA. 
We constructed an adipocyte-HUVEC unidirectional 
co-culture system. We avoided using commonly 
employed transwell bilayer chambers to prevent 
HUVEC-secreted small molecules from influencing 
adipocytes, ensuring accurate assessment of the effects 
of adipocytes on HUVEC. Several previous studies 
have highlighted interactions between adipocytes and 
HUVEC. Tang et al. demonstrated that co-culturing 3T3-
L1 overexpressing miR-27b-3p with HUVEC upregulated 
inflammatory markers in HUVEC [34]. Lai et al. reported 

Fig. 7  Proposed mechanism of miR-24-3p/Top1 in the regulation of adipose properties and CVD risk in PA
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that HUVEC enhanced the differentiation of co-cultured 
3T3-L1 through VEGFR2 signaling [35]. Pourdashti et al. 
reported that hypoxia-treated adipocytes significantly 
increased HUVEC proliferation and tubule formation 
[36]. These studies suggest that the crosstalk between 
adipocytes and endothelial cells may play an important 
role in the high risk of CVD.

In this study, we further focused on Top1, the target 
gene of miR-24-3p, which encodes DNA topoisomerase 
I. The first topoisomerase inhibitor, CPT [37, 38], blocks 
topoisomerase repair, causing DNA damage [39]. CPT 
derivatives, such as topotecan and irinotecan, have been 
developed and are widely used in antitumor therapy 
[40–42]. Wan et  al. treated the breast cancer cell line 
ZR-75-1 with topotecan, which significantly increased 
cellular inflammatory indices and the expression of 
cytokines such as IL-6 and TNF-α [18]. Similarly, Kitai 
et  al. reported that supernatants from topotecan-
stimulated mouse breast cancer cell line E0771 increased 
the production of pro-inflammatory cytokines IL-6, 
CXCL10, and interferon in mouse bone marrow 
dendritic cells [19]. In tumor cells, Top1 inhibition 
severely disrupts DNA replication and transcription, 
damages DNA, and releases inflammatory mediators, 
harming tumor cell survival. On the other hand, some 
researchers have suggested that Top1 inhibition during 
lethal inflammation can protect the organism. Rialdi 
et  al. found that therapeutic inhibition of Top1 during 
severe infections prevents local and systemic tissue 
damage caused by excessive pro-inflammatory factor 
activation, as validated in cellular and mouse models 
[20]. Such damage may be more potent than that caused 
by pathogen infection and may become the direct cause 
of death [43]. For example, during the early COVID-
19 outbreak, many critically ill patients died from 
cytokine storms triggered by severe viral infections 
[44, 45]. Similarly, Ho et  al. reported that topotecan 
inhibited SARS-CoV-2-induced lethal inflammation 
in a hamster model [21], and Yang et  al. suggested that 
Top1 inhibitors increased the production of the anti-
inflammatory cytokine IL-10 in endotoxemic mice, 
significantly reducing mortality [22]. We believe that 
different modeling conditions lead to varying effects of 
Top1 inhibition. Our model mainly involves aldosterone-
stimulated adipocytes, which do not belong to either 
of the two previously mentioned models, and their 
relationship with Top1 has not been reported. We found 
that Top1-inhibited adipocytes released more IL-6 and 
directly impaired the function of co-cultured HUVEC. 
These findings suggest that circulating inflammatory 
factors may originate mainly from localized inflammation 
in perirenal fat, potentially increasing the risk of CVD in 
patients with PA.

The present study has several limitations. First, 
perirenal fat surrounds the adrenal gland and most 
adrenal veins, while the superior and middle perinephric 
veins communicate with veins derived from the ipsilateral 
adrenal gland [46]. The adrenal venous blood drains from 
not only perinephric fat but also adrenal cortical cells 
[47, 48]. Second, our study focused on adipocytes and 
endothelial cells in co-culture experiments. However, 
cardiac tissue consists mainly of cardiomyocytes, 
fibroblasts, and endothelial cells, and CVD may involve 
heart impairment in addition to vascular dysfunction. 
To fully explore the influence of adipocytes on CVD 
risk, attention should also be given to cardiomyocytes 
and fibroblasts. Furthermore, we did not validate the 
role of aldosterone and miR-24-3p in adrenocortical 
cells, nor the effects of adrenocortical cells on CVD-
related cells. Future studies should consider expanding 
the analysis to additional cellular models. Third, the lack 
of animal experiments is another limitation, as animal 
models are crucial for validating inter-organ crosstalk. 
The complex in vivo hormonal and cellular environment 
may significantly influence experimental outcomes, 
and animal models will be the focus of our subsequent 
research.

Conclusion
In conclusion, the upregulation of miR-24-3p in perirenal 
fat, which induces adipogenesis, inflammation, and 
oxidative stress by targeting Top1, may contribute to 
vascular endothelial damage and be involved in the high 
risk of CVD in patients with PA.
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