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Abstract 
Background  Vascular endothelial cell-derived 
exosomes are thought to mediate disease progression 
by regulating macrophage polarization. However, its 
mechanism in diabetes mellitus (DM)-related athero-
sclerosis (AS) progress is unclear.
Methods  High-glucose (HG) and oxLDL were used 
to induce human cardiac microvascular endothelial 
cells (HCMECs) to mimic DM-related AS model. 
The conditioned medium (CM) from HG+oxLDL-
induced HCMECs was incubated with THP1-M0 
monocytes treated with LPS or oxLDL. The mRNA 
levels of macrophage M1/M2 polarization mark-
ers, NEDD4L, IκBα and PPARγ were determined 
by qRT-PCR. Flow cytometry was used to analyze 
macrophage marker. Dil-labeled oxLDL and oil red O 

staining were performed to assess oxLDL uptake by 
THP1-M0 cells. The levels of inflammatory factors 
were examined using ELISA. Transmission electron 
microscope was used for observing foam cell forma-
tion and exosome morphology. The protein levels of 
p-Smad1/Smad1, p-Smad2/Smad2, p-IκBα/IκBα, 
p-P65/P65, anti-lipid metabolism-related markers, 
and NEDD4L were tested by western blot. The inter-
action between NEDD4L and IκBα or PPARγ was 
assessed by Co-IP assay.
Results  The CM of HG+oxLDL-induced HCMECs 
could promote macrophage M1 polarization, oxLDL 
uptake and foam cell formation, and exosome inhib-
iter GW4869 eliminated these effects. NEDD4L 
was overexpressed in exosomes from HG+oxLDL-
induced HCMECs, which could be taken up by 
THP1-M0 cells. Exosomal NEDD4L knockdown 
inhibited macrophage M1 polarization, oxLDL 
uptake and foam cell formation by reducing the pro-
tein levels of p-Smad1/Smad1, p-Smad2/Smad2, 
p-IκBα/IκBα and p-P65/P65. NEDD4L could reduce 
IκBα and PPARγ expression through ubiquitination.
Conclusion  HG+oxLDL-induced HCMECs-
derived exosomal NEDD4L could enhance the 
ubiquitination of IκBα and PPARγ to facilitate mac-
rophage M1 polarization and oxLDL uptake, thus 
accelerating DM-related AS.
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Introduction

Atherosclerosis (AS) is a major complication of dia-
betes mellitus (DM), among which DM combined 
with coronary artery disease (CAD), myocardial 
infarction and cerebrovascular disease are the main 
causes of death (Ye et  al. 2022; Malahfji and Mah-
marian 2018; Heather et al. 2022; Sattar et al. 2023). 
The increase of blood glucose, blood pressure, and 
cholesterol lipids in DM patients can promote the 
damage of vascular endothelial cells, accelerate the 
formation of local atherosclerotic plaques, and then 
aggravate AS progress (Yang et al. 2024; Ding et al. 
2024). Epidemiological statistics show that the risk of 
AS and other cardiovascular complications in patients 
with DM is several times higher than that in normal 
people (Mamudu et al. 2018; Liu et al. 2023). There-
fore, elucidation of the underlying molecular mecha-
nisms affecting DM-related AS is important to miti-
gate disease progression.

Exosomes are extracellular vesicles that regulate a 
variety of biological processes, which mediate inter-
cellular communication by delivering RNA or pro-
tein to surrounding cells (Krylova and Feng 2023; 
Isaac et al. 2021). Exosomes have excellent stability 
and the detection of plasma exosomes can contribute 
to the early diagnosis of diseases and provide new 
treatment methods (Cai et al. 2022; Nila et al. 2022). 
Exosomes play a vital function in the process of DM 
and AS (Wang et  al. 2021; Yang and Fan 2021). In 
AS, exosomes can serve as carriers for tight junc-
tions between macrophages, smooth muscle cells, 
and endothelial cells (Raman and Khanal 2021). 
Hypoxic HUVECs-derived exosomes could pro-
mote the switch from M1 to M2 macrophages, thus 
accelerating wound healing in diabetics (Cheng et al. 
2024). However, whether endothelial cells mediate 
macrophage activity through exosomes to affect DM-
associated AS progression remain unclear.

NEDD4L is an E3 ubiquitin ligase, which partici-
pates in the regulation of cell biological functions by 
mediating the fate of substrate proteins (Lodes et al. 
2022; Chen et al. 2023). NEDD4L promoted diabetic 
retinopathy progression by accelerating inflamma-
tion in retinal vascular endothelial cells (Cui and Ma 
2024). In diabetic nephropathy, NEDD4L enhanced 
high-glucose (HG)-induced podocyte inflammatory 
injury (Zhang et  al. 2024). Besides, overexpression 
of NEDD4L accelerated angiogenesis, migration and 

proliferation in HUVECs, so NEDD4L might facili-
tate the development of AS and other cardiovascular 
disease (Liu et  al. 2024a). Song et al. reported that 
NEDD4L knockdown inhibited oxLDL uptake and 
M1/M2 ratio in oxLDL-induced macrophages (Song 
et  al. 2021). Therefore, NEDD4L may paly vital 
role in the progression of DM-related disease and 
AS. This study found that NEDD4L was upregu-
lated in the exosomes from HG+oxLDL-induced 
human cardiac microvascular endothelial cells 
(HCMECs), but whether exosomal NEDD4L derived 
from HG+oxLDL-induced HCMECs regulates mac-
rophage activity to mediate DM-related AS is unclear. 
Our study revealed the molecular mechanism of exo-
somal NEDD4L derived from HG+oxLDL-induced 
HCMECs in macrophage polarization and oxLDL 
uptake to provide potential molecular targets for treat-
ing DM-associated AS.

Materials and methods

Cell culture, treatment and transfection

HCMECs (Procell, Wuhan, China) were cultured at 
37°C with 5% CO2 in specific medium (Procell). To 
mimic DM-related AS model, HCMECs were treated 
with 25 mmol/L HG and 50 μg/mL oxLDL (Yeasen, 
Shanghai, China) for 24 h, with 25 mmol/L man-
nitol and 50 μg/mL native LDL (nLDL) as control. 
To explore whether exosome mediated macrophage 
polarization, HG+oxLDL-induced HCMECs were 
additionally treated with exosome inhibitor GW4869 
(20 μM). For transfection, HCMECs were transfected 
with NEDD4L shRNA (sh-NEDD4L) or sh-NC 
using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, 
USA).

Human monocytes (THP-1, Procell) were grown 
in RPMI-1640 and treated with 100 ng/mL PMA 
(Sangon, Shanghai, China) to induce THP1-M0 mac-
rophages. For detecting the effect of NEDD4L knock-
down on the expression of IκBα and PPARγ, THP1-
M0 cells were transfected with NEDD4L siRNA 
(si-NEDD4L) or si-NC using Lipofectamine 3000.

Co‑culture system

The culture medium (containing FBS) of HCMECs 
under different treatment conditions were collected 
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and mixed with RPMI-1640 to prepare conditioned 
medium (CM) for the incubation of THP1-M0 cells 
24 h. In addition, the exosomes of HCMECs under 
different treatment conditions was collected and then 
incubated with THP1-M0 cells for 24 h. The medium 
for THP1-M0 cell culture was additionally supple-
mented with 1 μg/mL LPS or 50 μg/mL oxLDL/Dil-
oxLDL for macrophage activation or foam cell forma-
tion, respectively.

qRT‑PCR

Total RNA was isolated from THP1-M0 cells using 
TRIzol Reagent (Invitrogen), followed by reverse-
transcribed into cDNA using PrimeScript RT Mas-
ter Mix (Takara, Dalian, China). SYBR Green 
(Takara) was used for qRT-PCR with specific prim-
ers (Table  1). Relative expression was examined by 
2−ΔΔCt methods.

Flow cytometry

After co-culturing, LPS/oxLDL-induced THP1-
M0 cells were collected and then incubated with 

anti-CD80 (ab234229, Abcam, Cambridge, CA, 
USA) or anti-CD206 (ab270682, Abcam) for 1 
h. Finally, the positive cells of CD80 and CD206 
were analyzed by a flow cytometer with Cell Quest 
software.

ELISA

The levels of IL-6, TNF-α, IL-1β and IL-10 in the 
medium of LPS/oxLDL-induced THP1-M0 cells 
were measured using corresponding ELISA Kit (Bey-
otime, Shanghai, China) according to kit instructions.

Dil‑oxLDL uptake staining

After incubated with Dil-oxLDL for 24 h, the uptake 
of Dil-oxLDL in co-cultured THP1-M0 cells was 
observed under a fluorescence microscope. Cell 
nuclei were stained with DAPI. Fluorescence inten-
sity was analyzed using ImageJ software.

Oil red O staining

After culturing, oxLDL-induced THP1-M0 cells were 
fixed with 4% paraformaldehyde and stained with 
oil red O solution (Beyotime) for 10 min. Oil red O 
intensity was observed under a microscope.

Transmission electron microscope (TEM) analysis

Co-cultured oxLDL-induced THP1-M0 cells or 
exosomes were fixed with glutaraldehyde solution 
and dehydrated with a graded series of ethanol. Cells 
or exosomes were embedded in propylene oxide and 
solidified for 48 h, and the sections were analyzed 
under a TEM.

Extraction of exosomes and identification

Cell medium was centrifuged at 800 g for 10 min, 
12,000 g for 30 min, and 100,000 g for 2 h. Finally, 
the exosome sediments from cell culture medium 
were resuspended with PBS. Western blot (WB) was 
used for detecting exosome marker protein expres-
sion, and NTA analysis was performed for assessing 
the diameter and concentration of exosomes.

Table 1   Primer sequences used for qRT-PCR

Name Primers for PCR (5’−3’)

NEDD4L Forward AAC​TTG​CTG​GTA​TTC​CCC​CG
Reverse AGT​GTT​CAG​CTG​GAC​TAG​CG

CD206
(MRC1)

Forward GCC​TCG​TTG​TTT​TGC​GTC​TT
Reverse GAG​AAC​AGC​ACC​CGG​AAT​GA

CD80 Forward GGG​AAA​TGT​CGC​CTC​TCT​GAA​
Reverse CCT​GGG​TCT​CCA​AAG​GTT​GT

iNOS
(NOS2)

Forward ACA​GGA​GGG​GTT​AAA​GCT​GC
Reverse GAG​GCT​CCG​ATC​AAT​CCA​GG

IL-6 Forward CTT​CGG​TCC​AGT​TGC​CTT​CT
Reverse TGG​AAT​CTT​CTC​CTG​GGG​GT

NFKBIA Forward AAG​TGA​TCC​GCC​AGG​TGA​AG
Reverse CTG​CTC​ACA​GGC​AAG​GTG​TA

PPARG​ Forward GGG​ATC​AGC​TCC​GTG​GAT​CT
Reverse TGC​ACT​TTG​GTA​CTC​TTG​AAGTT​

Arg1 Forward TTC​ACA​CCA​GCT​ACT​GGC​AC
Reverse CCC​AGG​GAT​GGG​TTC​ACT​TC

IL-10 Forward TTG​CCT​GGT​CCT​CCT​GAC​TG
Reverse TCA​CTC​TGC​TGA​AGG​CAT​CTC​

GAPDH Forward CAA​ATT​CCA​TGG​CAC​CGT​CA
Reverse GAC​TCC​ACG​ACG​TAC​TCA​GC
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WB

After electrophoresed, extracted proteins were trans-
ferred to PVDF membrane. Then, membrane was 
incubated with anti-NEDD4L (1:10000, 67276-1-
Ig, Proteintech, Rosemont, IL, USA), anti-Smad1 
(1:1000, #6944, CST, Danvers, MA, USA), anti-p-
Smad1 (1:1000, #5753, CST), anti-Smad2 (1:1000, 
#5339, CST), anti-p-Smad2 (1:1000, #3108, CST), 
anti-IκBα (1:500, ab76429, Abcam), anti-p-IκBα 
(1:1000, ab133462, Abcam), anti-P65 (1:10000, 
ab32536, Abcam), anti-p-P65 (1:10000, ab86299, 
Abcam), anti-PPARγ (1:1000, ab178860, Abcam), 
anti-ABCG1 (1:1000, 13578-1-AP, Proteintech), 
anti-ABCA1 (1:1000, 26564-1-AP, Proteintech), 
anti-LDLR (1:1000, ab52818, Abcam), anti-GAPDH 
(1:200000, 60004-1-Ig, Proteintech), anti-Calnexin 
(1:20000, 10427-2-AP, Proteintech), anti-CD63 
(1:1000, 25682-1-AP, Proteintech), anti-CD81 
(1:2000, 27855-1-AP, Proteintech), anti-TSG101 
(1:8000, 28283-1-AP, Proteintech), and secondary 
antibody. Finally, protein bands were detected by 
ECL reagent (Beyotime).

Exosome uptake assay

The isolated exosomes for HCMECs treated with 
Mannitol+nLDL or HG+oxLDL (ExoMannitol+nLDL 
or ExoHG+oxLDL) were incubated with 10 μM Dil 
solution. Then, Dil-labeled ExoMannitol+nLDL or 
ExoHG+oxLDL were co-cultured with THP1-M0 cells, 
and cell nuclei were stained with DAPI. The uptake 
of Dil-Exo by THP1-M0 cells was visualized under a 
fluorescence microscope.

Cycloheximide (CHX) treatment

THP1-M0 cells transfected with si-NC/si-NEDD4L 
were incubated with CHX solution (50 mg/mL). At 
each time point (0, 2, 4, and 8 h), cells were collected 
for WB analysis to detect IκBα and PPARγ protein 
expression.

Co‑IP assay

The lysates of THP1-M0 cells were incubated with 
anti-IgG, anti-NEDD4L, anti-IκBα and anti-PPARγ 

with rotation. After incubated with Protein A/G 
agarose beads, immunoprecipitated proteins were 
detected by WB.

Ubiquitination assay

THP1-M0 cells were co-transfected with si-NC/si-
NEDD4L and Myc-Ub expression vectors, followed 
by incubated with Myc-tag magnetic beads. WB was 
used for measuring the ubiquitination level of IκBα 
and PPARγ in immunoprecipitated proteins.

Statistical analysis

Data were expressed as mean ± SD and analyzed by 
GraphPad Prism 9.0 software. Statistical differences 
were assessed by Student’s t-test or ANOVA. P<0.05 
was denoted statistically significant.

Results

Exosomes from HG+oxLDL‑induced HCMECs 
promoted macrophage M1 polarization

LPS treatment enhanced CD80, iNOS, and IL-6 
mRNA levels, while reduced IL-10 mRNA level 
in THP-1-M0 cells (Supplementary Fig.  1A-B). 
LPS increased CD80 positive cells, IL-6, TNF-α 
and IL-1β levels, while decreased CD206 posi-
tive cells and IL-10 level in THP-1-M0 cells (Sup-
plementary Fig.  1C-H). These data suggested that 
LPS could induce macrophage M1 polarization. To 
determine the role of exosomes from HG+oxLDL-
treated HCMECs on macrophage polarization, CM 
from HCMECs treated with HG+oxLDL as well as 
GW4869 were collected and incubated with LPS-
induced THP1-M0 cells (Fig. 1A). Through detecting 
the mRNA levels of M1 markers (CD80, iNOS and 
IL-6) and M2 markers (CD206, Arg-1 and IL-10), 
we found that HG+oxLDL treatment enhanced 
CD80, iNOS and IL-6 levels, while reduced CD206, 
Arg-1 and IL-10 levels in LPS-induced THP1-M0 
cells. However, these effect could be abolished by 
exosome inhibitor GW4869 (Fig.  1B-C). Similarly, 
HG+oxLDL treatment promoted CD80 positive 
cells and decreased CD206 positive cells in LPS-
induced THP1-M0 cells, while GW4869 treatment 
also eliminated these effect (Fig. 1D-E). Furthermore, 
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Fig. 1   Exosomes from HG+oxLDL-induced HCMECs medi-
ated macrophage M1 polarization. A Flow chart of cell treat-
ment and co-incubation. B-C qRT-PCR for detecting CD80, 
iNOS, IL-6, CD206, Arg-1 and IL-10 mRNA levels in LPS-
induced THP1-M0 cells. D-E Flow cytometry for analyzing 

CD80 and CD206 positive cells in LPS-induced THP1-M0 
cells. F-I ELISA was used to test the levels of IL-6, TNF-α, 
IL-1β and IL-10 in LPS-induced THP1-M0 cells. All experi-
ments were performed in triplicate and P<0.05 was denoted 
statistically significant
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HG+oxLDL increased IL-6, TNF-α, IL-1β and 
decreased IL-10 levels, while GW4869 reversed this 
effect (Fig. 1F-I). These data suggested that exosome 
derived from HG+oxLDL-induced HCMECs might 
accelerate macrophage M1 polarization.

Exosomes from HG+oxLDL‑induced HCMECs 
promoted oxLDL uptake and foam cell formation

To determine whether exosomes from HG+oxLDL-
treated HCMECs regulated oxLDL uptake and 
foam cell formation, CM from treated HCMECs 
were incubated with THP1-M0 cells induced with 
oxLDL or Dil-oxLDL (Fig.  2A). Through analyz-
ing, we observed that the CM of HG+oxLDL-
induced HCMECs promoted oxLDL uptake and 
enhanced lipid accumulation in oxLDL-induced 
THP1-M0 cells, while these effects were eliminated 
by GW4869 (Fig.  2B-C). Under TEM, the CM of 
HG+oxLDL-induced HCMECs increased lipid 
droplets and foam cell formation in oxLDL-induced 
THP1-M0 cells, and GW4869 treatment could abol-
ish this effect (Fig. 2D). Thus, exosome derived from 
HG+oxLDL-induced HCMECs could promote foam 
cell formation.

NEDD4L was upregulated in exosomes from 
HG+oxLDL‑induced HCMECs

To carry out further analysis, exosomes were iso-
lated from the CM of HCMECs treated with 
Mannitol+nLDL or HG+oxLDL, and their micro-
morphology was observed under TEM (Fig.  3A). 
Besides, the levels of CD63, CD81 and TSG101 were 
analyzed by WB to confirm the successful extrac-
tion of exosomes (Fig.  3B). NTA was used for ana-
lyzing the diameter and concentration of exosomes 
(Fig.  3C). The detection of NEDD4L mRNA level 
confirmed that NEDD4L expression was higher in 
HG+oxLDL-induced HCMECs (Fig.  3D), and this 
trend was also detected in exosomes (Fig. 3E). After 

Dil-labeled exosome was incubated with THP1-M0 
cells, we confirmed the exosome uptake by THP1-
M0 cells through observing fluorescent signal under 
TEM (Fig.  3F). After incubation, exosomes derived 
from HG+oxLDL-induced HCMECs could increase 
NEDD4L mRNA and protein levels in THP1-M0 
cells (Fig. 3G-H).

Exosomal NEDD4L knockdown inhibited 
macrophage M1 polarization mediated by 
HG+oxLDL‑induced HCMECs

To confirm the role of exosomal NEDD4L derived 
from HG+oxLDL-induced HCMECs on macrophage 
M1 polarization, ExoHG+oxLDL+sh-NC/sh-NEDD4L was 
incubated with THP-1/M0 cells treated with LPS 
(Fig. 4A). Compared to ExoHG+oxLDL+sh-NC treatment, 
NEDD4L levels were decreased in LPS-induced 
THP-1/M0 cells treated with ExoHG+oxLDL+sh-NEDD4L 
(Fig.  4B-C). Further analysis revealed that 
ExoHG+oxLDL+sh-NEDD4L reduced CD80, iNOS and 
IL-6 levels, while enhanced CD206, Arg-1 and IL-10 
levels in LPS-induced THP1-M0 cells (Fig.  4D-E). 
Besides, ExoHG+oxLDL+sh-NEDD4L decreased CD80 
positive cells, IL-6, TNF-α and IL-1β levels, while 
increased CD206 positive cells and IL-10 level in 
LPS-induced THP1-M0 cells (Fig.  4F-K). In addi-
tion, ExoHG+oxLDL+sh-NEDD4L could inhibit the protein 
levels of p-Smad1/Smad1, p-Smad2/Smad2, p-IκBα/
IκBα and p-P65/P65 in LPS-induced THP1-M0 cells 
(Fig. 4L).

Exosomal NEDD4L knockdown from 
HG+oxLDL‑induced HCMECs reduced oxLDL 
uptake and foam cell formation

Then, we assessed exosomal NEDD4L knock-
down derived from HG+oxLDL-induced HCMECs 
on foam cell formation by incubating with 
ExoHG+oxLDL+sh-NC/sh-NEDD4L and THP-1/M0 cells 
treated with Dil-oxLDL or oxLDL (Fig.  5A). The 
measuring of NEDD4L mRNA and protein lev-
els suggested that NEDD4L expression indeed 
downregulated in oxLDL-induced THP1-M0 cells 
co-cultured with ExoHG+oxLDL+sh-NEDD4L (Fig.  5B-
C). ExoHG+oxLDL+sh-NEDD4L decreased oxLDL 
uptake, lipid accumulation and foam cell forma-
tion in oxLDL-induced THP1-M0 cells (Fig.  5D-
F). Additionally, we detected the levels of anti-lipid 

Fig. 2   Exosomes from HG+oxLDL-induced HCMECs medi-
ated oxLDL uptake and foam cell formation. A Flow chart 
of cell co-incubation. B Fluorescence microscope was used 
to observe Dil-labeled oxLDL in THP1-M0 cells. C Oil red 
O staining to evaluate lipid deposition in oxLDL-induced 
THP1-M0 cells. D TEM for observing foam cell formation. 
All experiments were performed in triplicate and P<0.05 was 
denoted statistically significant

◂
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Fig. 3   NEDD4L expression in exosomes from HG+oxLDL-
induced HCMECs. A TEM for observing the microstructure 
of exosomes from HCMECs treated with Mannitol+nLDL 
or HG+oxLDL. B WB for testing TSG101, CD81, CD63 
and Calnexin protein expression in exosomes from HCMECs 
treated with Mannitol+nLDL or HG+oxLDL. C NTA for 
detecting the particle sizes and concentrations of exosomes 
from HCMECs treated with Mannitol+nLDL or HG+oxLDL. 
D NEDD4L mRNA level was tested by qRT-PCR in HCMECs 
treated with Mannitol+nLDL or HG+oxLDL. E NEDD4L 

mRNA level in exosomes from HCMECs treated with 
Mannitol+nLDL or HG+oxLDL was measured by qRT-PCR. 
F Fluorescence microscope was used to observe Dil-labeled 
Exo in THP1-M0 cells after co-culturing with ExoMannitol+nLDL 
or ExoHG+oxLDL. G-H qRT-PCR and WB for testing NEDD4L 
mRNA and protein levels in THP1-M0 cells after co-culturing 
with ExoMannitol+nLDL or ExoHG+oxLDL. All experiments were 
performed in triplicate and P<0.05 was denoted statistically 
significant



Cell Biol Toxicol           (2025) 41:23 	 Page 9 of 16     23 

Vol.: (0123456789)

metabolism-related proteins using WB, and con-
firmed that ExoHG+oxLDL+sh-NEDD4L enhanced PPARγ, 
ABCG1, ABCA1 and LDLR protein levels in 
oxLDL-induced THP1-M0 cells (Fig. 5G).

NEDD4L mediated the ubiquitination of IκBα and 
PPARγ

After decreasing NEDD4L mRNA and protein 
expression using the transfection of si-NEDD4L 
in THP1-M0 cells, IκBα and PPARγ protein levels 
were upregulated by NEDD4L knockdown, while 
the mRNA level was unaffected (Fig.  6A-B). CHX 
treatment assay results revealed that silencing of 
NEDD4L enhanced the protein stability of IκBα and 
PPARγ (Fig. 6C-D). Further Co-IP assay was used to 
evaluate the interaction between NEDD4L and IκBα 
or PPARγ. As shown in Fig.  6E-F, NEDD4L could 
interact with IκBα and PPARγ, respectively. Further-
more, NEDD4L knockdown inhibited the ubiquitina-
tion level of IκBα and PPARγ (Fig. 6G-H). The above 
results confirmed that NEDD4L might promote IκBα 
and PPARγ ubiquitination to suppress their expres-
sion. Thus, we believed that exosomal NEDD4L 
derived from HG+oxLDL-induced HCMECs pro-
moted macrophage M1 polarization, oxLDL uptake 
and foam cell formation by ubiquitinating IκBα/
PPARγ and phosphorylating Smad1/Smad2 (Fig. 7).

Discussion

Mannitol, a commonly used osmotic regulator, has 
a molecular structure similar to that of glucose but 
is not metabolized by cells. Cells may face changes 
in osmotic pressure in HG environment, and the use 
of mannitol as a control can model the changes in 
osmotic pressure caused by HG while excluding the 
effects of glucose metabolism on cells. In addition, 
mannitol does not participate in intracellular glucose 
metabolic pathways and therefore does not interfere 
with processes such as glycolysis, gluconeogenesis, 
or tricarboxylic acid cycle in cells. This makes man-
nitol an ideal control to assess the cell-specific effects 
of HG environment, especially in studies where meta-
bolic interference needs to be excluded. nLDL is the 
product of oxidative modification of LDL, which has 

undergone significant changes in its structure and 
function. The use of nLDL as a control for oxLDL 
allows for the simulation of the oxidative modifica-
tion of LDL in vivo and the assessment of the effect 
of the test substances under oxidative stress condi-
tions. By comparing the effects of the test substances 
in the presence of nLDL and oxLDL, the potential 
mechanism of action in the environment of LDL with 
different degrees of oxidation can be revealed.

As a major complication of diabetes, AS is still an 
important cause of death in patients with DM. Mac-
rophage polarization and pro-inflammatory activity 
are associated with the development of DM-related 
AS (Huang et  al. 2023; Zhang et  al. 2023). Studies 
have shown that insulin resistance in DM patients 
may accelerate vulnerable plaque formation by pro-
moting macrophage inflammation and foam cell for-
mation, leading to the occurrence of AS (Ward et al. 
2018; Park et  al. 2018). Therefore, exploring the 
analytical mechanisms affecting macrophage func-
tion may provide new ideas for treating DM-related 
AS. Vascular endothelial cell injury is considered to 
be one of the main causes of AS development (Shen 
et  al. 2023). According to the report, endothelial 
cells-derived exosomes may regulate the AS pro-
gress (Bai et al. 2020). However, whether endothelial 
cells-derived exosomes regulate macrophage activity 
to mediate DM-related AS remains to be studied. In 
this, we cultured THP1-M0 cells with the CM from 
HG+oxLDL-induced HCMECs treated with or with-
out exosome inhibitor GW4869. Our data indicated 
that co-cultured with the CM from HG+oxLDL-
induced HCMECs could promote macrophage M1 
polarization, oxLDL uptake and foam cell forma-
tion, while these effects were abolished by the treat-
ment of GW4869. This information clearly suggested 
that exosomes derived from HG+oxLDL-induced 
HCMECs might promote macrophage M1 polariza-
tion, oxLDL uptake and foam cell formation, thus 
accelerating AS progression.

It had been reported that vascular smooth muscle 
cell-derived exosomal miR-221/222 from diabetic 
sources promoted inflammation and M1 polarization 
to accelerate AS plaque development (Yu et al. 2023). 
Therefore, exploring the effective RNA and pro-
tein in exosomes derived from HG+oxLDL-induced 
HCMECs is necessary. NEDD4L (also known as 
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NEDD4-2), a member of the NEDD4 family of ubiq-
uitin ligases, acts on the epithelial Na(+) channel to 
help maintain sodium balance and cellular homeo-
stasis (Goel et  al. 2015). Recently, NEDD4L roles 
in various human diseases have been demonstrated, 
such as diabetic kidney disease (Han et al. 2024) and 
skin cancer (Liu et  al. 2024b). Given the positive 
role of NEDD4L in DM-related complications and 
AS (Cui and Ma 2024; Zhang et al. 2024; Liu et al. 
2024a; Song et  al. 2021), NEDD4L was chosen for 
this study. Here, NEDD4L was detected to be highly 
expressed in HG+oxLDL-induced HCMECs and 
their derived exosomes, which could be uptaken by 
THP1-M0 cells. Through further analysis, we deter-
mined that exosomal NEDD4L knockdown derived 
from HG+oxLDL-induced HCMECs could inhibit 
macrophage M1 polarization, oxLDL uptake and 
foam cell formation, revealing that endothelial cells-
derived exosomes probably mediated macrophage 
activity via transferring NEDD4L, thus regulating 
DM-related AS process.

Previous study indicated that NEDD4L knock-
down inhibited the ubiquitination of PPARγ, 
reduced the phosphorylation of Smad1/2, and 
promoted anti-lipid metabolism-related proteins 
(ABCA1, ABCG1 and LDLR) to repress oxLDL 
uptake and M1/M2 ratio in macrophages, thereby 
alleviating AS process (Song et al. 2021). Besides, 
NEDD4L had been confirmed to enhance the ubiq-
uitination of IκBα to accelerate diabetic retinopathy 
progression (Cui and Ma 2024). In this, we detected 
that exosomal NEDD4L knockdown derived from 
HG+oxLDL-induced HCMECs decreased the 

phosphorylation of Smad1/2 and IκBα/P65, while 
increased PPARγ, ABCA1, ABCG1 and LDLR pro-
tein levels. Consistent with previous studies (Song 
et al. 2021; Cui and Ma 2024), we pointed out that 
NEDD4L inhibited IκBα and PPARγ expression 
through ubiquitination.

Of course, there are some limitations to this study. 
Although we have revealed the value of NEDD4L 
as a potential diagnostic marker for DM-associated 
AS, the feasibility of its clinical translation remains 
a great challenge. At present, due to resource limita-
tions, we have not yet involved animal experiments. 
Further animal experiments are necessary, which 
may provide a rationale for the clinical application of 
NEDD4L. Targeted inhibition of NEDD4L may be 
a potential strategy for treating DM-associated AS, 
which also needs to be verified by further studies. 
In the future, we will further explore the regulatory 
role of NEDD4L in other potential downstream mol-
ecules or pathways in macrophages to further reveal 
the comprehensive mechanism of NEDD4L affect-
ing inflammatory response and lipid metabolism. In 
addition, comparison with traditional biomarkers is 
an important part of assessing the diagnostic poten-
tial of NEDD4L. However, in the current study, our 
main goal was to initially validate the feasibility of 
exosome NEDD4L as a novel biomarker and lay the 
foundation for its subsequent studies. We have con-
sidered the comparison of NEDD4L with other tradi-
tional biomarkers in future plans to more fully evalu-
ate its diagnostic value. Also, we are already in the 
process of collecting more detailed clinical informa-
tion and plan to stratify patients according to disease 
severity in future studies to explore the relationship 
between NEDD4L expression levels and disease 
progression.

In conclusion, the increased expression of 
NEDD4L in HG+oxLDL-induced HCMECs-derived 
exosomes accelerated macrophage M1 polarization, 
oxLDL uptake and foam cell formation by ubiquit-
inating IκBα/PPARγ and phosphorylating Smad1/2. 
These data support targeted therapies to reduce 
NEDD4L levels in endothelial cells to alleviate the 
development of DM-related AS by altering mac-
rophage activity.

Fig. 4   Effect of exosomal NEDD4L knockdown from 
HG+oxLDL-induced HCMECs on macrophage M1 polariza-
tion. A Flow chart of cell treatment and co-incubation. B-C 
qRT-PCR and WB for detecting NEDD4L mRNA and protein 
levels in LPS-induced THP1-M0 cells. D-E qRT-PCR for test-
ing CD80, iNOS, IL-6, CD206, Arg-1 and IL-10 mRNA lev-
els in LPS-induced THP1-M0 cells. F-G CD80 and CD206 
positive cells were analyzed by flow cytometry in LPS-induced 
THP1-M0 cells. H-K The levels of IL-6, TNF-α, IL-1β and 
IL-10 in LPS-induced THP1-M0 cells was analyzed by ELISA. 
L Protein levels of p-Smad1/Smad1, p-Smad2/Smad2, p-IκBα/
IκBα and p-P65/P65 in LPS-induced THP1-M0 cells were 
examined by WB. All experiments were performed in triplicate 
and P<0.05 was denoted statistically significant

◂
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Fig. 5   Effect of exosomal NEDD4L knockdown from 
HG+oxLDL-induced HCMECs on oxLDL uptake and foam 
cell formation. A Flow chart of cell co-incubation. B-C 
NEDD4L mRNA and protein levels in oxLDL-induced THP1-
M0 cells were examined by qRT-PCR and WB. D Dil-labeled 
oxLDL in THP1-M0 cells was observed using fluorescence 

microscope. E Lipid deposition in oxLDL-induced THP1-M0 
cells was assessed by Oil red O staining. F Foam cell forma-
tion was observed under TEM. G Protein levels of PPARγ, 
ABCG1, ABCA1 and LDLR in oxLDL-induced THP1-M0 
cells were tested by WB. All experiments were performed in 
triplicate and P<0.05 was denoted statistically significant
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Fig. 6   Effect of NEDD4L on the ubiquitination of IκBα and 
PPARγ. A-B The mRNA and protein levels of NEDD4L, IκBα 
and PPARγ were detected by qRT-PCR and WB in THP1-M0 
cells transfected with si-NC/si-NEDD4L. C-D WB was used 
for detected IκBα and PPARγ protein levels in THP1-M0 cells 
transfected with si-NC/si-NEDD4L and treated with CHX for 

indicated time points. E-F Co-IP for assessing the interaction 
between NEDD4L and IκBα or PPARγ. G-H Detection of 
ubiquitination levels of IκBα and PPARγ in THP1-M0 cells 
transfected with si-NC/si-NEDD4L. All experiments were per-
formed in triplicate and P<0.05 was denoted statistically sig-
nificant
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Fig. 7   The mechanism diagram of this study. Exosomal 
NEDD4L derived from HG+oxLDL-induced HCMECs could 
ubiquitinate IκBα/PPARγ and phosphorylate Smad1/Smad2, 

thus promoting macrophage M1 polarization, oxLDL uptake 
and foam cell formation
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