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TRIM46 aggravated high glucose-induced 
hyper permeability and inflammatory response 
in human retinal capillary endothelial cells 
by promoting IκBα ubiquitination
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Abstract 

Background: Diabetic retinopathy (DR) as a severe diabetic complication contributes to blindness. The increased 
permeability of retinal capillary endothelial cells (RCECs) as well as the production of inflammatory markers are closely 
related to DR occurrence. We recently revealed that TRIM46 promotes high glucose (HG)-caused ferroptosis in human 
RCECs (HRCECs). The current study aims to explore the molecular mechanism of how TRIM46 plays its role in DR 
progression.

Methods: Western blot was utilized to determine protein expression. The cell counting kit-8 assay was used to 
observe cell viability. The permeability of the cell layer was determined by measuring the transepithelial electrical 
resistance and fluorescein isothiocyanate (FITC)-dextran leak. Enzyme-linked immunosorbent assay was used to 
quantify the protein level of pro-inflammatory cytokines and co-immunoprecipitation was employed to verify the 
relationship between TRIM46 and IκBα.

Results: HG dramatically upregulated TRIM46 protein expression in a dose-dependent way. Silencing TRIM46 
effectively reversed HG-induced cell growth inhibition, cell cycle arrest, hyper permeability and pro-inflammatory 
cytokines secretion in HRCECs, while overexpression of TRIM46 exhibited an opposite effect. Furthermore, TRIM46 was 
able to interact with IκBα and promote the ubiquitination and degradation of IκBα. IκBα overexpression recovered the 
effects of TRIM46 overexpression in HRCECs. Furthermore, inhibiting the activation of NF-κB partially recovered HG-
induced HRCEC injury, whereas TRIM46 overexpression reversed these effects.

Conclusion: This study demonstrates that TRIM46 interacts with IκBα to activate the NF-κB signaling pathway, 
thereby enhancing cell proliferation inhibition, hyper permeability and the inflammatory response of HRCECs in a HG 
state.

Keywords: Diabetic retinopathy, TRIM46, IκBα, Ubiquitination, NF-κB

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
Diabetes as a common chronic disease causes blood 
glucose levels to rise. The International Diabetes Fed-
eration (IDF) revealed that the population of suffer-
ers diagnosed with diabetics will elevate by 54.7% by 
2040 [1]. Persistent hyperglycemia contributes to sys-
temic microvascular disease, thereby leading to chronic 
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complications of diabetes including neuropathy, kidney 
disease and diabetic retinopathy (DR) [2, 3]. DR is iden-
tified as the leading cause of blindness in the middle-
aged and the elderly, and is a hallmark of microvascular 
complications associated with diabetes [4, 5]. Macular 
edema in non-proliferative DR is one of the vital causes 
of early vision loss. Once proliferative DR develops, 
visual function is often severely impaired. Although 
anti-neovascularization drugs, laser therapy and sur-
gical treatment reduce morbidity, DR still seriously 
impacts vision and patients’ quality of life. Patients with 
DR typically have a low cure rate, high rate of blindness 
and poor postoperative visual function recovery [6, 
7]. Therefore, it is critical to uncover the complicated 
pathogenesis of DR to prevent and treat DR.

The blood-retinal barrier (BRB) protects the retina by 
removing toxic substances and nerve components. High 
glucose (HG) stimulation contributes to a variety of 
pathologies in the retina such as oxidative stress, inflam-
matory response and damage to the BRB, which allow 
lipids and fluids to penetrate the retina and aggravate DR 
[8–11].

Nuclear factor kappa B (NF-κB) is a vital transcription 
factor involved in a diverse range of cellular activities 
including inflammation and carcinogenesis [12]. When 
the NF-κB signaling pathway is stimulated, inhibitory κB 
(IκB) kinase (IKK) is activated. The activated IKK is able 
to phosphorylate IκB, leading to ubiquitination and deg-
radation of IκBα [13]. NF-κB is then released from IκB in 
the cytoplasm, and further translocate into the nucleus 
to activate transcription of downstream genes includ-
ing inflammatory markers, tumor necrosis factor alpha 
(TNF-α), interleukin (IL)-1β as well as IL-6 [13–15]. Pre-
vious studies indicated that the NF-κB pathway is tightly 
interlinked with the progression of DR [16, 17], however, 
the proteins associated with the ubiquitination of IκBα in 
DR pathogenesis has not been uncovered.

The E3-ligase tripartite motif (TRIM) family exerts 
vital effects on multiple biological activities. For example, 
it was reported that TRIM52 regulates NF-κB signaling 
pathway [18]. TRIM67 inhibited colorectal cancer devel-
opment by mediating tumor protein p53 [19]. Besides, 
TRIM46 as a member of TRIM family is associated with 
various cellular functions such as cancer cell prolif-
eration, cell cycle and serum uric acid levels [20–22]. In 
addition, it was reported that TRIM46 facilitates growth 
and reduces the rate of apoptosis in osteosarcoma cells 
by modulating the NF-κB pathway [21]. Our recently 
published study also revealed that TRIM46 promotes 
HG-caused ferroptosis and cell proliferation suppression 
in human retinal capillary endothelial cells (HRCECs) 
through the acceleration of glutathione peroxidase 4 
(GPX4) degradation [7]. However, whether and how 

TRIM46 affects the BRB, inflammatory response and 
NF-κB signaling pathway is unclear.

Here, we explored the role of TRIM46 in DR progres-
sion. The data illustrates that TRIM46 accelerated the 
ubiquitination of IκBα and activated the NF-κB signal-
ing pathway, which further inhibited the cell viability and 
upregulated permeability and inflammation response of 
HRCECs in a high glucose environment. These findings 
also provide a fundamental basis for TRIM46 as a thera-
peutic target in the treatment of DR.

Materials and methods
Cell culture
HRCECs bought from the Type Culture Collection of the 
Chinese Academy of Science were maintained in Dulbec-
co’s Modified Eagle Medium (10566024, Thermo Scien-
tific, USA) containing 10% fetal bovine serum (10099141, 
Thermo Scientific, USA) in a 37 °C culture incubator sup-
plemented with 5%  CO2.

High glucose‑induced model
HRCECs (2 ×  105/well) were plated in 6-well plates. The 
cells were then treated with 10, 15 or 25 mM glucose for 
24 h. The control cells were treated using 5.5 mM glucose 
and mannitol (M2069, Sigma Aldrich, USA) to control 
osmotic pressure.

Quantitative real‑time PCR (qRT‑PCR)
TRIzol (10,296,010, Thermo Scientific, USA) was used to 
isolate the total RNA in HECECs following the manufac-
turer’s protocol. The qRT-PCR analysis was conducted 
using  SYBR®Green PCR Master Mix (4309155, Thermo 
Scientific, USA) on the ABI 7300 instrument (Applied 
Biosystems) and β-actin was used as the reference gene. 
The relative expression level of a specific gene was calcu-
lated by employing  2−ΔΔCt method. The primers used are 
listed here:

TRIM46-Forward-5′-CTG CTT GAG AAC CCC GAC 
A-3′,

TRIM46-Reverse-5′GCT CGC TGG TCC TTG CTG -3′;
IκBα-Forward-5′-CAC CAA CCA GCC AGA AAT-3′,
IκBα-Reverse-5′-ACC CAA GGA CAC CAA AAG -3′;
β-actin-Forward-5′-TGG CAT TGC CGA CAGG-3′,
β-actin-Reverse-5′-GCA TTT GCG GTG GACG-3′.

Western blot
Total protein was harvested using the radio-immuno-
precipitation assay (RIPA) lysis and extraction buffer 
(89901, Thermo Scientific, USA) containing proteinase 
inhibitor cocktail (87786, Thermo Scientific, USA). The 
NE-PER™ Nuclear and Cytoplasmic Extraction Reagents 
(78835, Thermo Fisher Scientific, USA) was then used 
to isolate cytoplasmic and nuclear proteins following 
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manufacturer’s protocol. Proteins were separated using 
sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis and transferred into polyvinylidene fluoride 
membrane (PVDF membrane, 88518, Thermo Fisher 
Scientific, USA). After blocking with 5% skim milk in 
phosphate buffer saline (PBS), specific primary antibod-
ies were used to incubate with above PVDF membrane 
at 4  °C. After incubation overnight, the membrane was 
washed for 3 times using PBS and was incubated with 
appropriate Horseradish peroxidase (HRP)-conjugated 
secondary antibodies (A0208, Beyotime, China) for 2 h. 
The protein bands were detected using HRP chemilu-
minescence substrate (A38555, Thermo Scientific, USA) 
with the iBright imaging system (iBright CL1500, Inv-
itrogen, USA). The primary antibodies are as follows: 
TRIM46 (21026-1-AP, Proteintech, USA, 1:1000), IκBα 
(Ab76429, Abcam, UK, 1:1000), zona occludens 1 (ZO-
1) (Ab96587, Abcam, UK, 1:1000), Occludin (Ab167161, 
Abcam, UK, 1:1000), NF-κB (Ab16502, Abcam, UK, 
1:1000), H3 (17168-1-AP, Proteintech, USA, 1:1000), and 
β-actin (66009-1-lg, Proteintech, USA, 1:1000).

Short hairpin RNA (shRNA)‑mediated interference
ShRNA oligonucleotides paired with TRIM46 were 
cloned into the pLKO.1 plasmid (10878, Addgene, USA). 
The successful construction of plasmids was verified via 
DNA sequencing. The targeted sequences are as listed 
here:

shTRIM46-1-GGA GAG CAA GCU UCA AGA ATT;
shTRIM46-2-CAU GGU UUA UAA ACA AUA ATT;
shTRIM46-3-GGG CUG UGC UGG AGG AGA ATT.
Then, 293  T cells were transfected using the above 

plasmids containing shTRIM46-1, shTRIM46-2, or 
shTRIM46-3, and the packaging plasmids psPAX2 and 
pMD2G by employing Lipofectamine 2000 (11668019, 
Invitrogen, USA). After incubation for 48–72 h, the gen-
erated lentiviruses were harvested for subsequent assays.

Overexpression of TRIM46 and IκBα
The complementary DNA (cDNA) of TRIM46 or IκBα 
was constructed into pcDNA3.1 vector (Life Tech-
nologies). The successful construction of plasmids was 
verified via DNA sequencing. Then, HRCECs were 
transfected with the plasmids using Lipofectamine 2000 
(11668019, Invitrogen, USA).

Cell counting kit‑8 (CCK‑8) assay
Briefly, 10 µL CCK-8 solution (96992, Sigma-Aldrich, 
USA) was utilized to incubate with HRCECs as described 
in the manufacturer’s protocol for 4 h. Finally, a Multis-
kan™ FC microplate tester (51119180ET, Thermo Scien-
tific, USA) was used to read the absorbance at 450 nm.

Cell cycle analysis
HRCECs treated as indicated were collected and fixed with 
ice-cold ethanol at 4 °C overnight. After labelling with pro-
pidium iodine (PI, Sigma-Aldrich), cell cycle was analyzed 
with flow cytometry (BD Biosciences, Franklin Lakes, NJ, 
USA) following the manufacturer’s instructions.

Determination of TNF‑α, IL‑6 and IL‑1β
The protein levels of TNF-α, IL-6 and IL-1β secreted 
via HRCECs was measured using specific enzyme-
linked immunosorbent assay (ELISA) kits (BMS223HS, 
BMS213-2 and BMS224-2, Invitrogen, USA) according 
to the manufacturer’s protocol.

Transepithelial electrical resistance (TEER) assay 
and fluorescein isothiocyanate (FITC)‑dextran assay
HRCECs (1 ×  104 cells/well) were cultured in Transwell 
filters (pore size, 0.4  µm, CLS3396, Corning, USA) in 
a cell incubator at 37  °C supplemented with 5%  CO2. 
After the cells grew to confluence, and were treated 
as indicated, TEER was determined utilizing the Mil-
licell-ERS2 Volt-Ohm Meter (Millipore, USA) accord-
ing to the manufacturer’s instructions. The TEER value 
(Ω  cm2) was obtained by removing the resistance of the 
base filter and correcting for the surface area (0.6  cm2). 
Normalized TEER was determined as the ratio of the 
treated group’s TEER to the control group’s TEER.

After the cells grew to confluence, the cells were 
treated as indicated for 0 and 24  h. FITC-conjugated 
dextran (1  μg/μL, MW 70 000; 53471, Sigma-Aldrich, 
USA) was added to the upper chamber for 2 h. Then, a 
100 μL mixture in the lower chamber was harvested 
and were detected using a spectrofluorometer (970CRT, 
YiTian, China). A permeability coefficient (PC) for FITC-
dextran was determined as follows: PC (cm/min) = V/
(SA × C0) × (Ct/T) [23], where V is the volume of 
medium in the lower chamber, SA is the surface area 
(0.6  cm2), C0 is the concentration of FITC-conjugated 
dextran in the upper chamber at time 0, and Ct is the 
concentration of FITC-conjugated dextran in the lower 
chamber at sampling time T.

Co‑immunoprecipitation (Co‑IP)
Cell lysates were incubated with antibodies TRIM46 
(21026-1-AP, Proteintech, USA, 1:500), IκBα (Ab76429, 
Abcam, UK, 1:500) or IgG (sc-69786, Santa Cruz Bio-
tech, USA, 1:500) for 1 h. The mixture was then incu-
bated with Pierce Protein A/G Plus Agarose (20423, 
Thermo Scientific, USA) for another 3 h. All incubation 
processes were carried out at 4 °C. Finally, the precipi-
tate was washed using washing buffer for three times 
and then analyzed via Western blotting.
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Dual‑luciferase reporter gene assay
The sequence of the TRIM46 promoter was cloned into a 
pGL3 vector (Promega, USA). HRCECs were transfected 
with the pGL3-TRIN46 promoter and pRL-SV40 vec-
tor using Lipofectamine 2000, and then exposed to high 
glucose (HG, 25 mM) and 10 μM NF-κB inhibitor pyrro-
lidine dithiocarbamate (PDTC) (HY-18738, MedChem-
Express, USA) for 24 h. Luciferase activity was detected 
using the Luciferase Reporter Gene Detection Kit (LUC1, 
Sigma-Aldrich, USA) and a Multiskan™ FC microplate 
tester (51119180ET, Thermo Scientific, USA).

Statistical analysis
Statistical data analysis was performed using Graph-
Pad Prism 8 (GraphPad, USA). All data are presented 
in mean ± standard deviation (SD) and were compared 
utilizing one-way ANOVA followed by Tukey’s post hoc 
test. *P < 0.05, **P < 0.01 and ***P < 0.001 represent statisti-
cally significant differences. All experiments were con-
ducted in at 3 biological replicates.

Results
TRIM46 enhanced HG‑induced cell growth inhibition, 
hyper permeability and secretion of pro‑inflammatory 
factors in HRCECs
A HG-induced cell injury model in HRCECs was used; 
different concentrations of glucose were employed as 
described in our previous study [7]. qRT-PCR and West-
ern blot analysis showed that HG treatment increased 
the mRNA and protein levels of TRIM46 in a dose-
dependent manner, especially at a concentration of 
25 mM (Fig. 1a). To explore the role of TRIM46 in HG-
induced cell proliferation, permeability and inflammatory 
response in HRCECs, we transfected HRCECs with a vec-
tor overexpressing TRIM46 (oeTRIM46) and determined 
the successful overexpression efficiency compared with 
a blank vector (Additional file  1: Fig. S1a). Additionally, 
we introduced a lentivirus carrying with shTRIM46-1, 
shTRIM46-2 or shTRIM46-3 to reduce TRIM46 expres-
sion. As expected, all three shRNAs decreased TRIM46 
protein levels, especially shTRIM46-1 (Additional file  1: 
Fig. S1b). Therefore, we employed HRCEC-shTRIM46-1 
cell lines for the following experiments.

We next explored whether TRIM46 affected HRCECs 
growth. HG combined with the control vector dramati-
cally inhibited cell proliferation and induced G1 arrest. 
Overexpression of TRIM46 further inhibited cell pro-
liferation and cell cycle progression, while silencing of 
TRIM46 recovered cell proliferation remarkably (Fig. 1b, 
c). Moreover, HG significantly lower TEER at 12 h, 24 h 
and 48  h, especially at 48  h compared with 0  h. Mean-
while, FITC-dextran leak was upregulated at 24  h by 
HG treatment compared to basal conditions. TRIM46 

overexpression further decreased TEER, whereas 
TRIM46 knockdown effectively eliminated the reduction 
of TEER at different times. Besides, silencing of TRIM46 
reversed the increase of FITC-dextran leak induced by 
HG but overexpression TRIM46 aggravated it at 24  h 
remarkably (Fig. 1d, e; Additional file 1: Fig. S2a). Next, 
the levels of tight junction proteins (TJPs), ZO-1 and 
Occludin, were measured to determine the integrity of 
the BRB. As indicated by Western blot and immunofluo-
rescence staining, HG significantly decreased the protein 
levels of ZO-1 and Occludin. Overexpression of TRIM46 
further downregulated their expression levels, while 
TRIM46 inhibition elevated ZO-1 and Occludin expres-
sion (Fig.  1f; Additional file  1: Fig. S3a). These results 
suggest that TRIM46 impaired the stability of cell–cell 
junctions and contributes to the hyper permeability of 
HRCECs.

Subsequently, to investigate the effects of TRIM46 on 
inflammation, we quantified the levels of pro-inflam-
matory cytokines released including TNF-α, IL-6 and 
IL-1β. The data showed that TRIM46 knockdown recov-
ered the production of pro-inflammatory induced by HG 
treatment, whereas TRIM46 overexpression enhanced 
it significantly (Fig.  1g). Taken together, all these find-
ings suggested that TRIM46 enhanced HG-induced cell 
growth inhibition, and induced hyper permeability and 
the production of pro-inflammatory factors.

TRIM46 interacted with IκBα and promotes IκBα 
ubiquitination in HRCECs
Given that the NF-κB signaling pathway exerts vital roles 
in DR and the inflammatory response, we assumed that 
TRIM46 is the mediator of the NF-κB signaling pathway. 
To verify the hypothesis, we detected whether TRIM46 
affected the protein levels of IκBα and NF-κB. As shown 
in Fig.  2a, TRIM46 overexpression further reduced the 
protein levels of IκBα in a HG state, while TRIM46 silence 
restored IκBα expression. Meanwhile, HG treatment 
downregulated the protein expression of NF-κB in the 
cytoplasm, but significantly increased its expression in 
the nucleus. Overexpression of TRIM46 enhanced these 
effects while knockdown of TRIM46 notably reversed them 
(Fig. 2a). These findings indicated that TRIM46 overexpres-
sion could further enhance the activated NF-κB pathway 
induced by HG treatment but silencing of TRIM46 inhib-
ited the activation of this pathway. As the essential inhibitor 
of NF-κB, we wondered whether TRIM46 regulated IκBα 
directly. The results demonstrated that TRIM46 was able 
to co-precipitate with IκBα and vice versa (Fig. 2b). When 
TRIM46 expression was knocked down, TRIM46 antibody 
could not precipitate IκBα and vice versa (Fig. 2c). To elu-
cidate how TRIM46 influenced IκBα expression, we meas-
ured the protein and mRNA levels of IκBα. Overexpression 
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Fig. 1 TRIM46 enhanced HG-induced cell growth inhibition, hyper permeability and pro-inflammatory factors secretion in HRCECs. a 100% 
confluent HRCECs were treated with different concentrations of glucose (10, 15, 25 mM). Normal glucose concentration (5.5 mM) and mannitol 
were used to control the osmotic pressure of control cells. Western blot and qRT-PCR were used to detect the expression of TRIM46 after 24 h of 
treatment. b–f In HRCECs, TRIM46 was interfered with or overexpressed for 24 h, and then treated with HG (25 mM). Control osmotic pressure was 
controlled with normal glucose concentration of 5.5 mM and mannitol. Proliferation and cell cycle was detected with the CCK-8 assay (b) and flow 
cytometry (c), respectively. Cell permeability was analyzed by transmembrane electrical resistance (TEER) (d) and FITC-dextran leak assay were 
performed after the cells grew to confluence (e). f Western blot show TRIM46, Occludin and ZO-1 expression levels. g The levels of TNF-α, IL-1β and 
IL-6 in the supernatant was determined by ELISA. *P < 0.05, **P < 0.01, ***P < 0.001. CCK, cell counting kit; ELISA, enzyme-linked immunosorbent assay; 
FITC, fluorescein isothiocyanate; HG, high glucose; HRCECs, human retinal capillary endothelial cells; qRT-PCR, quantitative real-time PCR; TRIM, 
tripartite motif
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of TRIM46 reduced the protein expression of IκBα protein 
level while silencing TRIM46 had the opposite effect. How-
ever, the consistent results were not observed at the mRNA 
level (Fig.  2d). Moreover, after cells were treated with 
MG132, a commonly used proteasome inhibitor, TRIM46 

overexpression could not decrease IκBα expression 
(Fig. 2e). TRIM46 was also shown to significantly increase 
IκBα ubiquitination (Fig. 2f). These findings suggested that 
TRIM46 promoted IκBα ubiquitination and proteasome-
dependent degradation.

Fig. 2 TRIM46 interacts with IκBα and promotes IκBα ubiquitination in HRCECs. a Interference or overexpression of TRIM46 for 24 h was followed 
by treatment with HG (25 mM). Control osmotic pressure was controlled with a normal glucose concentration of 5.5 mM and mannitol. Western 
blot detected the protein level of NF-κB in the nucleus and plasma and of IκBα. b, c The interaction between TRIM46 and IκBα detected by Co-IP 
assay. d After interference or overexpression of TRIM46 in HRCECs, the protein and mRNA levels of IκBα were detected by Western and qRT-PCR. e 
HRCECs were transfected with oeTRIM46 or Vector and the expression of IκBα was detected by Western blot after treatment with 10 μmol/L MG132 
or Vehicle (DMSO) for 4 h. f The ubiquitination of IκBα was detected by IP assay. CCK, cell counting kit; HG, high glucose; HRCECs, human retinal 
capillary endothelial cells; NF-κB, nuclear factor kappa B; qRT-PCR, quantitative real-time PCR; TRIM, tripartite motif
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IκBα overexpression reversed the effects of TRIM46 on cell 
growth inhibition, enhancement of hyper permeability 
and inflammatory response in HRCECs
To verify whether TRIM46 inhibited cell prolifera-
tion and increased permeability and the inflammatory 
response in HRCECs by facilitating IκBα degradation, we 
transfected HRCECs using a vector expressing IκBα and 
confirmed its transfection efficiency (Fig. 3a). Subsequent 
assays suggested that overexpression of IκBα recovered 
the effects of TRIM46 overexpression on cell viability, cell 
cycle progression, TEER, FITC-dextran leak, and ZO-1 
and Occludin expression levels remarkably (Fig.  3b–f; 
Additional file 1: Figs. S2b, S3a). Additionally, IκBα over-
expression effectively reduced the amount of increased 
inflammatory cytokines, and increased NF-κB nuclear 
translocation activated by the overexpression of TRIM46 
(Fig. 3g, h). Collectively, these data indicate that TRIM46 
regulated proliferation, permeability and the inflamma-
tory response of HRCECs at least partly by promoting 
the degradation of IκBα.

NF‑κB mediated TRIM46 expression and was involved 
in the effects of TRIM46 on HRCECs
To explore the effects of NF-κB signaling pathway inac-
tivation on the roles of TRIM46 in HRCECs, we intro-
duced PDTC to inhibit the activation of NF-κB. PDTC 
significantly reduced TRIM46 expression increased by 
HG treatment at 12 h, 24 h, and 48 h at the protein and 
mRNA levels especially at 48  h (Fig.  4a). Consistently, 
luciferase reporter gene analysis illustrated that PTDC 
suppressed the transcriptional activity of TRIM46 that 
was significantly upregulated under a HG state (Fig. 4b). 
Functional analysis showed that PDTC effectively coun-
teracted the roles of HG in cell viability, cell cycle pro-
gression, TEER, FITC-dextran leak, and ZO-1 and 
Occludin expression, whereas TRIM46 overexpression 
partly reversed these effects (Fig. 4c–g; Additional file 1: 
Figs. S2c, S3c). Further investigation indicated that PDTC 
decreased the levels of pro-inflammatory cytokines 
(TNF-α, IL-6 and IL-1β) secretion and TRIM46 over-
expression partially recovered the production of these 
markers (Fig.  4h). Therefore, these findings suggest that 
NF-κB inactivation was tightly associated with the roles 
of TRIM46 in HRCECs.

Discussion
This investigation revealed for the first time that overex-
pression of TRIM46, a member of the TRIM family, can 
further inhibit proliferation and cell cycle progression, as 
well as increase permeability and the production of pro-
inflammatory factors in HRCECs under a HG state. In 
terms of molecular mechanisms, TRIM46 interacted with 
IκBα and promoted the ubiquitination and degradation 

of IκBα. Overexpression of IκBα effectively reversed the 
effects of TRIM46 overexpression on HRCECs. Addition-
ally, inactivating NF-κB via PDTC also partially offset the 
effects of HG on HRCECs, which could be reversed by 
TRIM46 overexpression.

Although controlling blood sugar and blood pressure 
could alleviate diabetes, vascular-related complications 
caused by diabetes are still common [24, 25]. DR is iden-
tified as the most frequent complication of diabetes with 
a complex pathogenesis. It was reported that chronic 
HG might cause BRB injury and DR [26], and thus it is 
important to confirm the detailed biomarkers during DR 
progression. Our previous study verified that TRIM46 
accelerates HG-caused ferroptosis in HRCECs by reg-
ulating ubiquitination and degradation of GPX4 [7]. 
Consistently, the current study suggested that TRIM46 
overexpression aggravated HRCECs proliferation inhi-
bition induced by HG. Increased vascular permeability 
in the early period of DR leads to later macular edema 
and is associated with the release of pro-inflammatory 
cytokines [27]. Besides, Huang et  al. found that inflam-
matory maker TNF-α exerts damaging effects on BRB 
resolution [28]. Interestingly, our study indicated that 
overexpression of TRIM46 dramatically upregulated 
Occludin and ZO-1 expression and increased pro-inflam-
matory factors production, thereby further enhancing the 
HG-induced hyper permeability in HRCECs. Contrary 
results were observed after silencing TRIM46. These 
results provide a potential molecular basis for TRIM46 to 
regulate DR processes.

The NF-κB signaling pathway is associated with diverse 
biological activities including the inflammatory response 
and DR [29, 30]. IκBα as the strongest inhibitor of NF-κB 
ensures the activation and closure of the NF-κB pathway 
[31]. Previous findings have uncovered that some members 
of the TRIM family like TRIM52 [32] and TRIM38 [33] were 
involved in regulating the NF-κB signaling pathway. To our 
knowledge, our study was the first to suggest that TRIM46 
overexpression notably reduced the expression of IκBα and 
promoted the activation of the NF-κB pathway. As a RING 
finger E3 ligase, TRIM46 possesses the potential to mediate 
ubiquitin modification by directly binding to substrate pro-
teins [34, 35]. Here, we confirmed that TRIM46 interacted 
with IκBα and overexpression of TRIM46 facilitated IκBα 
degradation by increasing its ubiquitination. Further study 
suggested that IκBα overexpression effectively recovered the 
effects of TRIM46 overexpression on HRCECs, which con-
firmed that TRIM46 aggravated the injury of HRCECs in a 
HG condition by promoting the degradation of IκBα.

Furthermore, NF-κB inactivation effectively decreased 
HG-induced transcription and expression of TRIM46. 
Meanwhile, suppressing NF-κB activity also partially 
recovered HG-induced HRCEC injury. However, NF-κB 
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Fig. 3 IκBα overexpression reversed the effects of TRIM46 on cell growth inhibition, hyper permeability and inflammatory response in HRCECs. 
a Protein level of IκBα in HRCECs transfected with oeTRIM46 or Vector. b–g HRCECs transfected with oeTRIM46 or Vector with overexpression of 
IκBα (oeIκBα). Cell proliferation and cell cycle was detected with CCK-8 assay (b) and flow cytometry (c), respectively. d Transmembrane electrical 
resistance and (e) FITC-dextran leak assay was conducted after the cells grew to confluence. f Western blot was used to detect the protein levels of 
Occludin and ZO-1. g The levels of TNF-α, IL-1β and IL-6 in supernatant were determined by ELISA. h Western blot was used to detect the protein 
level of NF-κB in the nucleus and plasma and of IκBα. *P < 0.05, **P < 0.01, ***P < 0.001. CCK, cell counting kit; ELISA, enzyme-linked immunosorbent 
assay; FITC, fluorescein isothiocyanate; HRCECs, human retinal capillary endothelial cells; NF-κB, nuclear factor kappa B; TRIM, tripartite motif
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Fig. 4 NF-κB mediated TRIM46 expression and is involved in the effects of TRIM46 on HRCECs. a TRIM46 expression in HRCECs was detected by 
Western blot and qRT-PCR after treatment with HG (25 mM) and 10 μM NF-κB inhibitor PDTC at different time points. b HRCECs were treated with 
HG (25 mM) and treated with 10 μM NF-κB inhibitor PDTC for 24 h. Transcriptional activity of TRIM46 promoter was analyzed by the luciferase 
reporter gene assay. c–h HRCECs were transfected with oeTRIM46 or Vector and were administered with NF-κB inhibitor PDTC (10 μM) and 
HG (25 mM). Cell proliferation and cell cycle was detected with CCK-8 assay (c) and flow cytometry (d), respectively. Transmembrane electrical 
resistance assay (e) and FITC-dextran leak assay (f) for analyzing cell permeability were performed after the cells grew to confluence. g Western 
blot showing the expression levels of TRIM46, Occludin and ZO-1. h ELISA used for the detection of TNF-α, IL-1β and IL-6 levels in supernatant 
of cells. *P < 0.05, **P < 0.01, ***P < 0.001. HG, high glucose; CCK, cell counting kit; ELISA, enzyme-linked immunosorbent assay; FITC, fluorescein 
isothiocyanate; HRCECs, human retinal capillary endothelial cells; NF-κB, nuclear factor kappa B; PDTC, pyrrolidine dithiocarbamate; TRIM, tripartite 
motif
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inhibitors reversed these effects partly by TRIM46 over-
expression, which suggested that TRIM46 functions in 
HRCECs at least in part by modulating the NF-κB signaling 
pathway. Our current work not only enriched the molecu-
lar network of TRIM46 affecting DR process, but also pro-
vided substantial theoretical basis for the role of TRIM46 in 
other cellular activities.

Limitations exist for the current study. First, only in vitro 
experiments with one cell line were performed to investigate 
the functions of TRIM46. Whether TRIM46 is able to affect 
DR process by modulating IκBα and NF-κB pathway in vivo 
still needs to be explored in the future. Second, both long-
term [36] and short-term exposure [7] to HG decreased cell 
viability in rat retinal endothelial cells. Persistent hypergly-
cemia is closely related with DR, and thus it is worthwhile 
to explore the possible functions of TRIM46 during longer-
term stimulation with HG. Additionally, how TRIM46 
mediates ubiquitination of IκBα needs further study.

Conclusion
In summary, the current study suggested that TRIM46 
promoted the ubiquitination and degradation of IκBα and 
induced the activation of the NF-κB signaling, thereby 
exacerbating HG-induced growth inhibition, cytokine 
storms and hyper permeability in HRCECs. Our study 
revealed a fundamental molecular mechanism by which 
TRIM46 regulates the progression of DR, and also provided 
a potential therapeutic target for the treatment of DR.

Abbreviations
IDF: International Diabetes Federation; DR: Diabetic retinopathy; BRB: Blood-
retinal barrier; HG: High glucose; NF-κB: Nuclear factor kappa B; PDTC: Pyr-
rolidine dithiocarbamate; GPX4: Glutathione peroxidase; IκB: Inhibitory κB; IKK: 
IκB kinase; TNF-α: Tumor necrosis factor alpha; IL: Interleukin; TRIM: Tripartite 
motif; HRCECs: Human retinal capillary endothelial cells; ZO-1: Zona occludens 
1; CCK-8: Cell counting kit-8; ELISA: Enzyme-linked immunosorbent assay; 
qRT-PCR: Quantitative real-time PCR; TEER: Transepithelial electrical resistance; 
FITC: Fluorescein isothiocyanate; RIPA: Radio-immunoprecipitation assay; IP: 
Immunoprecipitation; SD: Standard deviation; PBS: Phosphate buffer saline; 
HRP: Horseradish peroxidase.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40662- 022- 00305-2.

Additional file 1: Fig. S1 TRIM46 overexpression and short hairpin 
RNA (shRNA)-mediated interference of TRIM46 in HRCECs. a Protein 
expression of TRIM46 in HRCECs transfected with oeTRIM46 or Vector. b 
Protein expression of TRIM46 in HRCECs transduced with TRIM46 shRNAs 
(shTRIM46-1, shTRIM46-2 and shTRIM46-3) or control shRNA (shNC). 
HRCECs, human retinal capillary endothelial cells; TRIM, tripartite motif. 
Fig. S2. The images of the monolayers are shown (scale bar: 25 μm). a In 
HRCECs, TRIM46 was interfered with or overexpressed for 24 h. After the 
cells grew to confluence, the cells were then treated with HG (25 mM). 
Control osmotic pressure was controlled with normal glucose concen-
tration of 5.5 mM and mannitol. b HRCECs transfected with oeTRIM46 
or Vector with overexpression of IκBα (oeIκBα). After the cells grew to 

confluence, cell permeability analysis was performed (Figure 3d-e). c 
HRCECs were transfected with oeTRIM46 or Vector. After the cells grew 
to confluence, cells were administered with the NF-κB inhibitor PDTC (10 
μM) and HG (25 mM). Cell permeability analysis was then performed (Fig-
ure 4e-f ). HG, high glucose; HRCECs, human retinal capillary endothelial 
cells; NF-κB, nuclear factor kappa B; PDTC, pyrrolidine dithiocarbamate; 
TRIM, tripartite motif. Fig. S3. Immunofluorescence staining of tight 
junction proteins ZO-1 and Occludin. Blue: DAPI, Green: ZO-1 or Occludin. 
Scale bar: 50 μm. a In HRCECs, TRIM46 was interfered with or overex-
pressed for 24 h. After the cells grew to confluence, the cells were then 
treated with HG (25 mM). Control osmotic pressure was controlled with 
normal glucose concentration of 5.5 mM and mannitol. b HRCECs trans-
fected with oeTRIM46 or Vector with overexpression of IκBα (oeIκBα). After 
the cells grew to confluence, cell permeability analysis was performed 
(Figure 3d-e). c HRCECs were transfected with oeTRIM46 or Vector. After 
the cells grew to confluence, cells were administered with the NF-κB 
inhibitor PDTC (10 μM) and HG (25 mM). Cell permeability analysis was 
then performed (Figure 4e-f ). HG, high glucose; HRCECs, human retinal 
capillary endothelial cells; NF-κB, nuclear factor kappa B; PDTC, pyrrolidine 
dithiocarbamate; TRIM, tripartite motif.

Acknowledgements
Not applicable.

Author contributions
HQS, JFZ and DWL conceived the experiments. HQS, QYG, JTZ and HYW 
performed the experiments. HQS and QHQ performed statistical analysis. HQS 
and QYG wrote and edited the manuscript. DWL and JFZ supervised the study. 
All authors have read and approved the final version of the manuscript.

Funding
This study was founded by grants from the National Natural Science Founda-
tion of China (Grant Nos. 81970810, 82171062, 82101132, 81970811 and 
81870666), National Key R&D Program of China (Grant Nos. 2016YFC0904800 
and 2019YFC0840607), and National Science and Technology Major Project of 
China (Grant No. 2017ZX09304010).

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article and its supplementary information.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 10 February 2022   Accepted: 15 August 2022

References
 1. Ogurtsova K, da Rocha Fernandes JD, Huang Y, Linnenkamp U, 

Guariguata L, Cho NH, et al. IDF Diabetes Atlas: global estimates for 
the prevalence of diabetes for 2015 and 2040. Diabetes Res Clin Pract. 
2017;128:40–50.

 2. Imperatore G, Boyle JP, Thompson TJ, Case D, Dabelea D, Hamman RF, 
et al. Projections of type 1 and type 2 diabetes burden in the U.S. popula-
tion aged < 20 years through 2050: dynamic modeling of incidence, 
mortality, and population growth. Diabetes Care. 2012;35(12):2515–20.

 3. Cizza G, Brown RJ, Rother KI. Rising incidence and challenges of child-
hood diabetes. A mini review. J Endocrinol Invest. 2012;35(5):541–6.

https://doi.org/10.1186/s40662-022-00305-2
https://doi.org/10.1186/s40662-022-00305-2


Page 11 of 11Shen et al. Eye and Vision            (2022) 9:35  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 4. Wong TY, Cheung CM, Larsen M, Sharma S, Simó R. Diabetic retinopathy. 
Nat Rev Dis Primers. 2016;2:16012.

 5. Laiginhas R, Madeira C, Lopes M, Neves JS, Barbosa M, Rosas V, et al. 
Risk factors for prevalent diabetic retinopathy and proliferative diabetic 
retinopathy in type 1 diabetes. Endocrine. 2019;66(2):201–9.

 6. Wang N, Xu X, Zou H, Zhu J, Wang W, Ho PC. The status of diabetic 
retinopathy and diabetic macular edema in patients with type 2 diabetes: 
a survey from Beixinjing District of Shanghai city in China. Ophthalmo-
logica. 2008;222(1):32–6.

 7. Zhang J, Qiu Q, Wang H, Chen C, Luo D. TRIM46 contributes to high 
glucose-induced ferroptosis and cell growth inhibition in human retinal 
capillary endothelial cells by facilitating GPX4 ubiquitination. Exp Cell Res. 
2021;407(2): 112800.

 8. Cunha-Vaz JG. The blood–retinal barriers system. Basic concepts and 
clinical evaluation. Exp Eye Res. 2004;78(3):715–21.

 9. Csősz É, Deák E, Kalló G, Csutak A, Tőzsér J. Diabetic retinopathy: prot-
eomic approaches to help the differential diagnosis and to understand 
the underlying molecular mechanisms. J Proteomics. 2017;150:351–8.

 10. Luo DW, Zheng Z, Wang H, Fan Y, Chen F, Sun Y, et al. UPP mediated dia-
betic retinopathy via ROS/PARP and NF-κB inflammatory factor pathways. 
Curr Mol Med. 2015;15(8):790–9.

 11. Zhang Y, Lv X, Hu Z, Ye X, Zheng X, Ding Y, et al. Protection of Mcc950 
against high-glucose-induced human retinal endothelial cell dysfunc-
tion. Cell Death Dis. 2017;8(7): e2941.

 12. Zhao Y, Ma G, Yang X. HDAC5 promotes Mycoplasma pneumoniae-
induced inflammation in macrophages through NF-kappaB activation. 
Life Sci. 2019;221:13–9.

 13. Hayden MS, Ghosh S. Shared principles in NF-kappaB signaling. Cell. 
2008;132(3):344–62.

 14. Zhang Q, Lenardo MJ, Baltimore D. 30 years of NF-kappaB: a blossoming 
of relevance to human pathobiology. Cell. 2017;168(1–2):37–57.

 15. Lawrence T. The nuclear factor NF-kappaB pathway in inflammation. Cold 
Spring Harb Perspect Biol. 2009;1(6): a001651.

 16. Liang WJ, Yang HW, Liu HN, Qian W, Chen XL. HMGB1 upregulates NF-kB 
by inhibiting IKB-alpha and associates with diabetic retinopathy. Life Sci. 
2020;241:117146.

 17. Zhang T, Ouyang H, Mei X, Lu B, Yu Z, Chen K, et al. Erianin alleviates dia-
betic retinopathy by reducing retinal inflammation initiated by microglial 
cells via inhibiting hyperglycemia-mediated ERK1/2-NF-kappaB signaling 
pathway. FASEB J. 2019;33(11):11776–90.

 18. Fan W, Liu T, Li X, Zhou Y, Wu M, Cui X, et al. TRIM52: a nuclear TRIM 
protein that positively regulates the nuclear factor-kappa B signaling 
pathway. Mol Immunol. 2017;82:114–22.

 19. Wang S, Zhang Y, Huang J, Wong CC, Zhai J, Li C, et al. TRIM67 activates 
p53 to suppress colorectal cancer initiation and progression. Cancer Res. 
2019;79(16):4086–98.

 20. Zhang L, Li X, Dong W, Sun C, Guo D, Zhang L. Mmu-miR-1894-3p inhibits 
cell proliferation and migration of breast cancer cells by targeting Trim46. 
Int J Mol Sci. 2016;17(4):609.

 21. Jiang W, Cai X, Xu T, Liu K, Yang D, Fan L, et al. Tripartite motif-containing 
46 promotes viability and inhibits apoptosis of osteosarcoma cells by 
activating NF-B signaling through ubiquitination of PPAR. Oncol Res. 
2020;28(4):409–21.

 22. Giri AK, Banerjee P, Chakraborty S, Kauser Y, Undru A, Roy S, et al. Genome 
wide association study of uric acid in Indian population and interaction 
of identified variants with type 2 diabetes. Sci Rep. 2016;6:21440.

 23. Yang E, Cai Y, Yao X, Liu J, Wang Q, Jin W, et al. Tissue plasminogen activa-
tor disrupts the blood–brain barrier through increasing the inflammatory 
response mediated by pericytes after cerebral ischemia. Aging (Albany 
NY). 2019;11(22):10167–82.

 24. Cheung N, Mitchell P, Wong TY. Diabetic retinopathy. The Lancet. 
2010;376(9735):124–36.

 25. Liang Z, Gao KP, Wang YX, Liu ZC, Tian L, Yang XZ, et al. RNA sequenc-
ing identified specific circulating miRNA biomarkers for early 
detection of diabetes retinopathy. Am J Physiol Endocrinol Metab. 
2018;315(3):E374–85.

 26. Hua R, Li Q, Wong IY, Ning H, Wang H. Choroidal microvascular prolifera-
tion secondary to diabetes mellitus. Oncotarget. 2017;8(2):2034–6.

 27. Funatsu H, Noma H, Mimura T, Eguchi S, Hori S. Association of vitreous 
inflammatory factors with diabetic macular edema. Ophthalmology. 
2009;116(1):73–9.

 28. Huang H, Gandhi JK, Zhong X, Wei Y, Gong J, Duh EJ, et al. TNFalpha is 
required for late BRB breakdown in diabetic retinopathy, and its inhibition 
prevents leukostasis and protects vessels and neurons from apoptosis. 
Invest Ophthalmol Vis Sci. 2011;52(3):1336–44.

 29. Lee GS, Choi KC, Han HJ, Jeung EB. The classical and a non-classical 
pathways associated with NF-kappaB are involved in estrogen-mediated 
regulation of calbindin-D9k gene in rat pituitary cells. Mol Cell Endocrinol. 
2007;277(1–2):42–50.

 30. Liao YR, Li ZJ, Zeng P, Lan YQ. TLR7 deficiency contributes to attenuated 
diabetic retinopathy via inhibition of inflammatory response. Biochem 
Biophys Res Commun. 2017;493(2):1136–42.

 31. Li W, Shen X, Wang Y, Zhang J. The effect of Shengpuhuang-tang on reti-
nal inflammation in streptozotocin-induced diabetic rats by NF-kappaB 
pathway. J Ethnopharmacol. 2020;247:112275.

 32. Yang W, Liu L, Li C, Luo N, Chen R, Li L, et al. TRIM52 plays an oncogenic 
role in ovarian cancer associated with NF-kB pathway. Cell Death Dis. 
2018;9(9):908.

 33. Kim K, Kim JH, Kim I, Seong S, Kim N. TRIM38 regulates NF-kappaB activa-
tion through TAB2 degradation in osteoclast and osteoblast differentia-
tion. Bone. 2018;113:17–28.

 34. Jung J, Kim J, Huh TL, Rhee M. Trim46 contributes to the midbrain devel-
opment via Sonic Hedgehog signaling pathway in zebrafish embryos. 
Anim Cells Syst (Seoul). 2021;25(1):56–64.

 35. Ji J, Ding K, Luo T, Zhang X, Chen A, Zhang D, et al. TRIM22 activates 
NF-kappaB signaling in glioblastoma by accelerating the degradation of 
IκBα. Cell Death Differ. 2021;28(1):367–81.

 36. Leal EC, Aveleira CA, Castilho AF, Serra AM, Baptista FI, Hosoya K, et al. 
High glucose and oxidative/nitrosative stress conditions induce apopto-
sis in retinal endothelial cells by a caspase-independent pathway. Exp Eye 
Res. 2009;88(5):983–91.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	TRIM46 aggravated high glucose-induced hyper permeability and inflammatory response in human retinal capillary endothelial cells by promoting IκBα ubiquitination
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Cell culture
	High glucose-induced model
	Quantitative real-time PCR (qRT-PCR)
	Western blot
	Short hairpin RNA (shRNA)-mediated interference
	Overexpression of TRIM46 and IκBα
	Cell counting kit-8 (CCK-8) assay
	Cell cycle analysis
	Determination of TNF-α, IL-6 and IL-1β
	Transepithelial electrical resistance (TEER) assay and fluorescein isothiocyanate (FITC)-dextran assay
	Co-immunoprecipitation (Co-IP)
	Dual-luciferase reporter gene assay
	Statistical analysis

	Results
	TRIM46 enhanced HG-induced cell growth inhibition, hyper permeability and secretion of pro-inflammatory factors in HRCECs
	TRIM46 interacted with IκBα and promotes IκBα ubiquitination in HRCECs
	IκBα overexpression reversed the effects of TRIM46 on cell growth inhibition, enhancement of hyper permeability and inflammatory response in HRCECs
	NF-κB mediated TRIM46 expression and was involved in the effects of TRIM46 on HRCECs

	Discussion
	Conclusion
	Acknowledgements
	References


