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Background: Ubiquitin-fold modifier-1 (Ufm1) is a recently identified ubiquitin-like pro-

tein. We previously confirmed that Ufm1 expression was increased in diabetic mice.

However, its role in the development of diabetes remains undefined.

Methods: Lentivirus-mediated gene knockdown and overexpression techniques were

used to observe the effect of Ufm1 on the expression of inflammatory factors, adhesion

molecules and chemokines, as well as the transcriptional activity of nuclear factor

kappa-B (NF-κB) in macrophages. Western blot and immunofluorescence analyses

were used to analyse the mechanism by which Ufm1 affects the transcriptional activity

of NF-κB. Finally, the effects of Ufm1 on inflammation and pancreatic, renal and

myocardial damage were observed in db/db mice.

Results: Knockdown of Ufm1 by lentivirus shRNA targeting Ufm1 (Lv-shUfm1) led to

decreased secretion of IL-6, IL-1β, ICAM-1, VCAM-1, MCP-1 and CXCL2 in

RAW264.7 cells that were exposed to LPS and TNF-α, while lentiviral overexpression

of Ufm1 (Lv-Ufm1) caused the opposite effect. Interestingly, further investigation

indicated that Ufm1 induced NF-κB p65 nuclear translocation in RAW264.7 cells via

increasing the ubiquitination and degradation of IκBα. In an in vivo experiment,

pretreatment of db/db mice with Lv-shUfm1 reduced the mRNA levels of TNF-α, IL-

6, IL-1β, ICAM-1, VCAM-1, MCP-1 and CXCL2 in resident peritoneal macrophages

(RPMs) and decreased the plasma levels of TNF-α, IL-6, IL-1β, ICAM-1, VCAM-1,

MCP-1 and CXCL2. Additionally, in Lv-Ufm1-treated mice, the inverse results were

observed. Following treatment with Lv-shUfm1 and Lv-Ufm1, NF-κB p65 nuclear

translocation in RPMs was decreased and increased, respectively. Importantly, we

observed that Lv-shUfm1 injection led to a decrease in plasma glycaemia,

a reduction in urinary albuminuria and cardiomyocyte hypertrophy and an improvement

in the histopathological appearance of pancreatic, kidney and myocardial tissue.

Pretreatment of the mice with Lv-shUfm1 inhibited macrophage infiltration in the

pancreas, kidney and myocardial tissue.

Conclusion: Our data elucidate a new biological function of Ufm1 that mediates inflam-

matory responses. Ufm1-mediated p65 nuclear translocation occurs by modulating the

ubiquitination and degradation of IκBα. Moreover, downregulating Ufm1 is an effective

strategy to prevent the development of type 2 diabetes and its complications.
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Introduction
Diabetes is a life-threatening metabolic disease that affects

5% of the world’s population. Over 90% of the diabetic

population is diagnosed with type 2 diabetes (T2D).1,2 It is

well accepted that diabetic complications, such as diabetic

nephropathy (DN) and diabetic cardiomyopathy (DC), are

the major causes of high mortality.3 In recent years, many

pathological factors have been shown to facilitate T2D

development, including obesity, insulin resistance, oxida-

tive stress and the inflammatory response.4 Macrophages,

the most plastic cells of the haematopoietic system, exhibit

great functional diversity and play important roles in

homeostasis, tissue repair, the inflammatory response and

immunity. Circulating monocytes continuously infiltrate

obese adipose tissue, and due to stimulation with inflam-

matory cytokines, the recruited cells differentiate into pro-

inflammatory macrophages.5,6 It is recognized that

a chronic low-grade inflammation and an activation of

the immune system are involved in the pathogenesis of

T2D.7 Macrophage activation has been confirmed to con-

tribute to chronic inflammation in T2D.8 Prospective stu-

dies have identified elevated levels of pro-inflammatory

cytokines, including tumor necrosis factor (TNF)-α inter-

leukin (IL)-1β and IL-6, chemokines, including monocyte

chemotactic protein (MCP)-1 and C-X-C motif chemokine

ligand (CXCL) 2, and several adhesion molecules such as

intercellular adhesion molecule (ICAM)-1 and vascular

cell adhesion molecule (VCAM-1), associate with

increased risk of T2D.9 Moreover, pancreatic macrophages

may facilitate β-cell regeneration in vivo.10 To better

understand the macrophage-mediated inflammatory

response in T2D, it will be useful to explore the molecular

mechanism and provide potential therapeutic targets to

block the onset of diabetes.

The nuclear factor kappa-B (NF-κB) pathway is

a pro-inflammatory signalling cascade that regulates pro-

inflammatory gene expression, including cytokines, che-

mokines and adhesion molecules.11 The stimulation of

pro-inflammatory cytokines leads to activation of IκB

kinase β (IKKβ) and promotes the phosphorylation of

inhibitory κB (p-IκB), which releases NF-κB from the

cytoplasm to the nucleus11 and regulates target gene

transcription, including cytokines (TNF-α, IL-1β, and

IL-6), chemokines (MCP-1 and CXCL2) and adhesion

molecules (ICAM-1 and VCAM-1).

Ubiquitin-like proteins (Ubls) perform diverse func-

tions on their target proteins. Ubls are involved in various

biological processes, including DNA replication, signal

transduction, cell cycle control, embryogenesis, cytoske-

letal regulation, metabolism, stress response, homeostasis

and mRNA processing.12 Ubiquitin-fold modifier-1

(Ufm1) is a recently identified Ubl. Similar to ubiquitina-

tion, Ufm1 (ufmylation) modifies protein by using

a three-enzyme cascade system.13 However, the detailed

biofunctions of Ufm1 are poorly understood, except that

it affects cell differentiation and participates in endoplas-

mic reticulum stress (ERS) in myocardial cells, islet beta

cells and tumour cells.14 Notably, we previously found

that Ufm1 is dramatically upregulated under athero-

sclerotic conditions both in vivo and in vitro.15

Moreover, we recently found that Ufm1 expression is

increased in the resident peritoneal macrophages

(RPMs) of diabetic mice, as well as in RAW264.7 cells

subjected to ERS.16 Our findings suggest that Ufm1 may

be closely related to the development of diabetes.

Moreover, some previously identified Ubls have been

confirmed to regulate the activity of NF-κB, such as

small ubiquitin-like modifiers (SUMOs) and the ubiqui-

tin-like protein FAT10.17,18 Therefore, the current study

aimed to explore the role of Ufm1 in the macrophage-

mediated inflammatory response and in the development

of T2D and its complications.

Materials and Methods
Cell Culture
The human embryonic kidney 293T (HEK293T) cell line

and mouse macrophage cell line RAW264.7 were obtained

from the American Type Culture Collection (ATCC;

Rockville, MD, USA). All cells were cultured in

Dulbecco’s modified Eagle’s medium (HyClone; GE

Healthcare Life Sciences, Logan, UT, USA) supplemented

with 10% foetal bovine serum (HyClone; GE Healthcare

Life Sciences) at 37°C in a 5% CO2 incubator.

Construction of Recombinant Lentivirus

and Cell Infection
Lentivirus shRNA targeting Ufm1 (Lv-shUfm1), lenti-

virus expressing Ufm1 (Lv-Ufm1), negative shRNA con-

trol lentivirus (Lv-shNC) and negative control of

lentivirus (Lv-NC) were prepared as previously

described.16 Briefly, lentiviruses were generated by

transfection of 80% confluent HEK293T cells with mod-

ified pFU-GW-RNAi plasmid and pHelper 1.0 and

pHelper 2.0 helper plasmids (Genechem Co., Ltd.,
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Shanghai, China) using Lipofectamine 2000 according to

the manufacturer’s instructions. Lentiviruses were har-

vested 72 h after transfection and purified using ultra-

centrifugation. RAW264.7 cells were infected with either

Lv-shUfm1 or the negative control Lv-shNC lentivirus.

Moreover, we obtained the Ufm1 gene from GenBank

(NM_026435), and RAW264.7 cells were infected with

either Lv-Ufm1 or the negative control Lv-NC.

Cytokine, Adhesion Molecule and

Chemokine Expression
Stably transfected cells were seeded in plates at a density of

5×105 per well, and then the cells were treated with lipo-

polysaccharide (LPS, 1000 ng/mL, Sigma Chemical Co., St

Louis, MO, USA) and TNF-α (20 ng/mL, PeproTech,

Rocky Hill, NJ, USA) for 24 h. The cell supernatants

were collected, and the levels of IL-6, IL-1β, ICAM-1,

VCAM-1, MCP-1 and CXCL2 were measured by ELISA

kits according to the manufacturer’s protocol (BD

Biosciences, San Jose, CA).

RNA Isolation and Quantitative Reverse

Transcription-Polymerase Chain Reaction

(qRT-PCR)
Total RNAwas isolated from the cells using TRIzol reagent

(Invitrogen Life Technologies) according to the instructions.

SYBRGreen master mix or a TaqMan gene expression assay

system (Applied Biosystems) was used. mRNA expression

was quantified using the ΔΔCt method, and GAPDH served

as the internal control. The following primers for each target

gene were used: Ufm1 forward, 5ʹ-TTCCTG CAGCTAC

AAGTGCG-3ʹ and reverse, 5ʹ-TCCAACTCGGT CTCTAG

GAATGAT-3ʹ; TNF-α forward, 5ʹ- TGACCCCCATTACTC

TGACC-3ʹ and reverse, 5ʹ- TTCAGCGTCTCGTGTG

TTTC-3ʹ; IL-1β forward, 5ʹ-GAGCAACAAGTGGTGTTC

TCC-3ʹ and reverse, 5ʹ- AACACGCAGGACAGGTACAG-

3ʹ; IL-6 forward, 5ʹ- GGGCTGCGATGGAGTCAGAG-3ʹ

and reverse, 5ʹ-TCCCTCACACAGGGCTCGAC-3ʹ; ICA

M-1 forward, 5ʹ-AACGACGCTTCTTTTGCTCTG-3ʹ and

reverse, 5ʹ- TCTTGCCAGGTCCAGTTCC-3ʹ; VCAM-1

forward, 5ʹ-GGATGCCGGAGTATACGAGTGTG-3ʹ and

reverse, 5ʹ-CAATGGCGGGTATTACCAAGGA-3ʹ; MCP-1

forward, 5ʹ- AAGATCTCAGTGCAGAGGCTCG-3ʹ and

reverse, 5ʹ- CCA GGGGTAGAACTGTGGTTCAA-3ʹ; CX

CL2 forward, 5ʹ-GAACTGCGCTGTCAATGCCT-3ʹ and

reverse, 5ʹ-CCGCCCTTGAGAGTGGCTAT-3ʹ; and GAP

DH forward, 5ʹ-TGGTGAAGGT CGGTGTGAAC-3ʹ and

reverse, 5ʹ-GCTCCTGGAAGATGGTGATGG-3ʹ.

Western Blotting Analysis
Nuclear and cytoplasmic proteins were prepared from the

cells using NE-PER nuclear and cytoplasmic extraction

reagent kits (ThermoFisher Scientific). The proteins were

resolved by 12% SDS-PAGE and transferred to polyviny-

lidene fluoride membranes (Amersham Pharmacia, NJ,

USA). The membranes were preincubated with 5%

skimmed milk and then incubated with primary antibodies

against Ufm1 (1:10,000; Abcam, Cambridge, MA, USA),

NF-κB p65 (1:3000, Santa Cruz Biotechnology, Santa

Cruz, CA), p-IKKβ (1:3000; Abcam, Cambridge, MA,

USA), p-IκBα (1:3000; Abcam, Cambridge, MA, USA),

and IκBα (1:5000; Abcam, Cambridge, MA, USA) at 4°C

overnight. After washing, the membranes were stained

with ECL detection reagents (Millipore Inc.). The results

were detected using a ChemiDoc image analyser

(FluorChemo M FM0488, Protein Simple) and are

expressed as density values normalized to GAPDH, α-
tubulin or histone. Immunoreactive bands were quantified

using Gel-Pro 32 software (Media Cybernetics, Inc.,

Rockville, MD, USA).

NF-κB Transcriptional Activity
Stably transfected cells were stimulated with LPS (1000

ng/mL) and TNF-α (20 ng/mL) for 24 h. The levels of NF-

κB p65, IκBα, p-IκBα and p-IKKβ were measured by

Western blotting.

Immunofluorescence Analysis
Following treatment with LPS (1000 ng/mL) and TNF-α
(20 ng/mL), stably transfected cells were fixed with 95%

ethanol for 15 min at −20°C and incubated with antibodies

against NF-κB p65, followed by incubation with Alexa

Fluor 488 or Alexa Fluor 568-labelled secondary antibo-

dies. Cell nuclei were labelled with DAPI, and images

were acquired by laser confocal microscopy (TCS SP8,

Leica, Germany).

Animals Study
The current animal experiment was approved by the

Committee on Animal Experimentation of Bengbu

Medical College and was carried out in accordance with

the European Communities Council Directive of

24 November 1986 (86/609/EEC) for the care and use of

animals. Six-week-old male db/db mice and db/+ mice
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were purchased from the Model Animal Research Centre

of Nanjing University (Nanjing, China). The mice were

housed in cages with standard conditions of 22±2°C, 50%

±5% humidity, and a 12 h light-dark cycle. The db/db mice

were randomly divided into five groups (n=6). Prior to the

injection, 0.1 mL PBS solutions containing 50 μg Lv-

shUfm1, Lv-shNC, Lv-Ufm1 and Lv-NC were injected

into the mice. The db/+ mice were used as the control

group. Finally, the plasma was prepared from the mice at

0, 2, 6 and 12 weeks after injection. Then, the levels of

fasting blood glucose (FBG) were detected by an auto-

matic biochemical analyser, and the levels of TNF-α, IL-6,
IL-1β, ICAM-1, VCAM-1, MCP-1, and CXCL2 were

measured by ELISA kits.

Urine Measurements
Urine was collected for 24 h using metabolism cages.

Urinary albuminuria was determined with a commercially

available ELISA kit (Exocell, Philadelphia, PA, USA).

Isolation and Culture of Mouse RPMs
RPMs were isolated and cultured according to a previously

described method.16 The mRNA levels of TNF-α, IL-6,
IL-1β, ICAM-1, VCAM-1, MCP-1, and CXCL2 were

measured by RT-PCR. The protein levels of cytoplasmic

and nuclear NF-κB p65 were tested by Western blotting.

Histological Analysis
At the end of the study, the mice were anaesthetized and

killed. The kidney, heart and pancreatic tissue were removed.

The tissues were fixed in 4% paraformaldehyde and

embedded in paraffin, and 5-μm sections were stained with

haematoxylin-eosin. Pathological scores were recorded

based on the following criteria: for the pancreatic tissue,19

the severity of pancreatic islets was scored using a scale of

0–4, where 0 referred to no sign of pathological changes in

the pancreatic islets, 1 referred to peri-insulitis (observed

pathological infiltration changes only restricted to the sur-

roundings of islets) and a slight reduction in islet area, 2

referred to mild insulitis (less than 25% of the islets showed

signs of pathological infiltration changes) and a reduction in

islet area, 3 referred to severe evidence of insulitis (between

25 and 75% of the islets showed signs of pathological infil-

tration changes) and a significant decrease in the area, and 4

corresponded to apparent destructive insulitis (more than

75% of the islets showed signs of pathological infiltration

changes). For renal tissues,20 the mesangial expansion index

was scored in four levels from 0 to 3: 0, normal glomeruli; 1,

matrix expansion appeared in up to 50% of the glomerulus; 2,

matrix expansion occurred in 50 to 75% of the glomerulus;

and 3, matrix expansion occurred in 75 to 100% of the

glomerulus. Micrographs of 10 glomeruli were randomly

analysed in each slide. For the myocardial tissues,21 cardio-

myocyte hypertrophy was evaluated by measuring cell size,

which is usually represented by the short-axis diameters. The

short-axis diameters were determined by observation and

measurement of the shortest diameters that passed through

the cell nucleus. Short-axis diameters of cardiomyocytes

were assayed for 10 myocytes per section at 400-fold mag-

nification using an inverted microscope (Olympus, Tokyo,

Japan) equipped with an ocular micrometre and then aver-

aged based on the data from 10 myocytes. All pathological

evaluations were performed by two independent observers

who were blinded to the experimental conditions.

Immunohistochemical Staining
Murine renal, myocardial and pancreatic tissue tissues from

each group were fixed for immunohistochemical staining in

10% neutral formalin and processed in the standard manner.

Following deparaffinization, all sectionswere placed in citrate-

buffered solution (pH 6.0) and heated for antigen retrieval. The

sections were incubated with primary antibody against F4/80

(Santa Cruz Biotechnology, Santa Cruz, CA) overnight at 4°C.

After washing, a secondary antibody was added for 30 min at

37°C; the slideswere thenwashed and incubatedwithDAB for

2 min. F4/80-positive cells were counted and averaged in each

sample, which was evaluated in 10 fields by using Image Pro

Plus (IPP, Media Cybernetics, Inc., USA).

Statistical Analysis
The data collected are presented as the mean±standard

deviation (S.D.). Statistical analysis was tested by one-

way ANOVA followed by Tukey’s test (SPSS 16.0,

Chicago, IL, USA). A value of P< 0.05 was regarded as

statistically significant.

Results
Ufm1 Expression in RAW264.7 Cells

Transfected with Lv-Ufm1 and Lv-shUfm1
In order to construct Ufm1 knockdown and overexpressed

macrophages, Ufm1 expression were detected in

RAW264.7 cells transfected with Lv-shUfm1 and Lv-

Ufm1. As shown in Figure 1, the mRNA and protein levels

of Ufm1 were both knocked down by Lv-shUfm1 trans-

fection (P<0.001). Moreover, the level of Ufm1 was
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upregulated in Lv-Ufm1-transfected RAW264.7 cells

(P<0.001). All the cells were applied in the following

studies.

Effects of Ufm1 on the Levels of

Inflammatory Cytokines, Chemokines

and Adhesion Molecules in RAW264.7

Cells
We further investigated inflammatory cytokine, chemokine

and adhesion molecule levels in each group of RAW264.7

cells by treatment with LPS and TNF-α. As shown in

Figure 2, no differences in the levels of IL-6, IL-1β,

ICAM-1, VCAM-1, MCP-1 and CXCL2 were observed

in the control and Lv-NC (or Lv-shNC) groups. However,

the production of IL-6, IL-1β, ICAM-1, VCAM-1, MCP-1,

and CXCL2 was significantly increased in the Lv-Ufm1

group compared with that in the Lv-NC group (P<0.01).

Analogously, the levels of these mediators were signifi-

cantly decreased in the Lv-shUfm1 group compared with

those of the Lv-shNC group (P<0.05). These observations

indicate that Ufm1 regulates the release of inflammatory

cytokines, chemokines and adhesion molecules in

RAW264.7 cells.

Figure 1 Ufm1 expression in RAW264.7 cells. (A) Relative mRNA levels of Ufm1 in the control, Lv-NC, Lv-Ufm1, Lv-shNC and Lv-shUfm1 groups were measured by qRT-

PCR. (B) The protein levels of Ufm1 in the control, Lv-NC, Lv-Ufm1, Lv-shNC and Lv-shUfm1 groups were assayed by Western blot analysis, and GAPDH was used as an

internal control. (C) Relative protein levels of Ufm1 in the control, Lv-NC, Lv-Ufm1, Lv-shNC and Lv-shUfm1 groups were measured by Western blot analysis. The data are

presented as the mean±SD, n=3. ***P<0.001 compared to the Lv-NC group, ###P<0.001 compared to the Lv-shNC group, ΔΔΔP<0.001 compared to the Lv-Ufm1 group.

Figure 2 Effects of Ufm1 on the levels of IL-6, IL-1β, ICAM-1, VCAM-1, MCP-1, and CXCL2 in RAW264.7 cells. RAW264.7 cells were transfected with lentivirus carrying

Lv-shUfm1, Lv-shNC, Lv-Ufm1, and Lv-NC and treated with LPS (1000 ng/mL) and TNF-α (20 ng/mL) for 24 h. The levels of the mediators were assayed by commercial

ELISA kits. (A) IL-1β; (B) IL-6; (C) ICAM-1; (D) MCP-1; (E) VCAM-1; and (F) CXCL2. The data are presented as the mean±SD, n=3. **P<0.01, ***P<0.001 compared to the

Lv-NC group; #P<0.05, ##P<0.01 compared to the Lv-shNC group; ΔΔΔP<0.001 compared to the Lv-Ufm1 group.
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Effects of Ufm1 on NF-κB p65 Nuclear

Translocation in RAW264.7 Cells
NF-κB mediates the expression of pro-inflammatory genes,

including cytokines, chemokines, and adhesion molecules,11

and therefore, we further investigated cytoplasmic and

nuclear NF-κB p65 expression in Lv-Ufm1- and Lv-

shUfm1-pretreated RAW264.7 cells. Western blot analysis

of nuclear extracts revealed that the cytoplasmic levels of the

p65 subunit in all groups were decreased time-dependently

(P<0.01, Figure 3A), In contrast, the nuclear levels of the

p65 subunit in all groups were increased time-dependently

(P<0.01, Figure 3B). These data suggest that LPS and TNF-

α activate NF-κB p65 by promoting its nuclear translocation.

More specifically, we found that Lv-Ufm1 led to an increase

in nuclear p65 (P<0.01, Figure 3B2) and a decrease in

cytoplasmic NF-κB p65 compared with those of Lv-NC-

treated cells (P<0.01, Figure 3B1). Additionally, there was

an opposite pattern for NF-κB p65 expression with Lv-

shUfm1 treatment compared to that of the Lv-shNC group

at the cytoplasmic (P<0.01, Figure 3A1) and nuclear levels

(P<0.01, Figure 3A2). We performed immunofluorescence

staining to investigate the distribution of NF-κB p65 in

RAW264.7 cells. As shown in Figure 4, p65 and its phos-

phorylated product p-p65 were predominately found in the

cytoplasm of the Lv-shUfm1 group, while NF-κB p65 stain-

ing was partially observed in the nucleus. Moreover, p65 and

p-p65 increased in the nucleus of Lv-Ufm1-treated cells

compared with those of Lv-NC-treated cells, suggesting

that Ufm1 promoted the translocation of p65.

Effects of Ufm1 on the NF-κB Signalling

Pathway in RAW264.7 Cells
Activation of the NF-κB pathway includes phosphorylation

of IKKβ and IκBα and ubiquitination and degradation of

IκBα. NF-κB is a heterodimer (composed of p50 and p65

subunits) and is retained in the cytoplasm in an inert form

Figure 3 Effects of Ufm1 on NF-κB p65 expression in RAW264.7 cells. Immunoblotting results showing cytoplasmic (A) and nuclear (B) NF-κB p65 expression in Lv-

shUfm1-, Lv-shNC-, Lv-Ufm1- and Lv-NC-treated RAW264.7 cells. LPS: 1000 ng/mL; TNF-α: 20 ng/mL. The levels of cytoplasmic (A1-A2) and nuclear (B1-B2) p65 were

quantified and are shown as the fold change compared to the control (0 min). The data are presented as the mean±SD, n=3. ***P<0.001 compared to the Lv-shNC group;
##P<0.01 compared to the Lv-NC group.
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through the interaction of p65 with IκBα.22 In response to

various stimuli, IκBα is phosphorylated by an upstream

IKK, which in turn triggers ubiquitination and degradation

of IkBα, thereby facilitating the nuclear translocation of NF-

κB p65.23 To examine how Ufm1 affects NF-κB activation

and p65 nuclear translocation, we further studied the cyto-

plasmic levels of p-IKKβ and p-IκBα. The results showed

that the levels of p-IKKβ and p-IκBα in each group were all

increased with increasing LPS and TNF-α incubation times

(Figure 5A). However, we did not observe any difference in

the expression of p-IKKβ and p-IκBα between the Lv-

shUfm1 and Lv-shNC groups. The same results were

obtained in the groups treated with Lv-Ufm1 and Lv-NC

(Figure 5A). Accordingly, to determine whether Ufm1-

mediated NF-κB p65 nuclear translocation was due to the

ubiquitination and degradation of IκBα, we used the protea-

some inhibitor N-acetyl-leucylleucyl-norleucinal (ALLN) to

block the degradation of IκBα. As shown in Figure 5B, IκBα

ubiquitination was suppressed in Lv-shUfm1 cells compared

with that of Lv-shNC cells and was increased in Lv-Ufm1

cells compared with that of the Lv-NC group. Moreover,

IκBα degradation in RAW264.7 cells was enhanced in Lv-

Ufm1 cells compared with that in Lv-NC cells and was

weakened in Lv-shUfm1 cells compared with that in Lv-

shNC cells (P<0.01, Figure 5C).

Effects of Ufm1 on the Levels of

Inflammatory Mediators and NF-κB p65

Nuclear Translocation in the RPMs of Db/

Db Mice
As shown in Figure 6A, treatment of db/db mice with Lv-

Ufm1 and Lv-shUfm1 effectively increased and decreased

the levels of Ufm1 in the RPMs, respectively. To further

investigate the function of Ufm1 in T2D macrophages

in vivo, we determined inflammatory cytokines, chemokines

and adhesion molecules in RPMs from db/db mice and

littermate controls. As shown in Figure 6B, db/db mice

displayed high mRNA levels of TNF-α, IL-1β, IL-6, MCP-

1, ICAM-1, VCAM-1 and CXCL2 compared with those of

control mice (P<0.01). Likewise, in mice pretreated with Lv-

Ufm1, the mRNA levels of TNF-α, IL-1β, IL-6, MCP-1,

ICAM-1, VCAM-1 and CXCL2 were significantly higher

than those of Lv-NC-treated mice (P<0.01, Figure 6B).

Accordingly, in mice pretreated with Lv-shUfm1, the

mRNA levels of TNF-α, IL-1β, IL-6, MCP-1, ICAM-1 and

Figure 4 Effects of Ufm1 on NF-κB p65 and p-p65 nuclear translocation in RAW264.7 cells. Immunocytochemical images of NF-κB p65 (A) and p-p65 (B) showing its

expression and nuclear translocation in cells treated with LPS and TNF-α for 60 min. LPS: 1000 ng/mL; TNF-α: 20 ng/mL. Green fluorescence indicates localization of the

NF-κB p65 or p-p65 subunit, while blue fluorescence indicates nuclear DAPI staining. Magnification: 400×. Representative images of three independent experiments are

shown.
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CXCL2 were significantly reduced compared with those of

the Lv-shNC group (P<0.01, Figure 6B). As shown in Figure

6C, there were no significant differences in the levels of

cytoplasmic and nuclear NF-κB p65 expression between

the control and Lv-shNC (Lv-NC) groups. However,

increased levels of cytoplasmic NF-κB p65 were found in

Lv-shUfm1 cells compared with those of Lv-shNC cells, and

decreased expression of the nuclear p65 was observed in Lv-

shUfm1 cells compared to that of Lv-shNC cells (P<0.01,

Figure 6C). Moreover, a similar result was also found in the

Lv-NC and Lv-Ufm1 groups (P<0.01, Figure 6C).

Effects of Ufm1 on Diabetic Performance

and Plasma Inflammatory Cytokines in db/

db Mice
Changes in the body weights and plasma glucose of all

mice studied during the ten-week period are shown in

Figure 7A and B. We found significant differences in

glycaemic control and body weight between the db/+

mice and db/db mice (P<0.01, Figure 7A and B). As

expected, we noticed that there were no significant dif-

ferences in glycaemic control and body weight between

the db/db mice and db/db mice that received Lv-shNC or

Lv-NC. FBG levels and body weight in the db/db mice

receiving Lv-shUfm1 were lower than those in the Lv-

shNC-treated mice (P<0.01, Figure 7A and B).

Moreover, compared with the levels in Lv-NC-treated

mice, FBG levels in the db/db mice receiving Lv-Ufm1

were significantly increased (P<0.01, Figure 7A).

Moreover, we found no significant differences in TNF-

α, IL-1β, IL-6 and MCP-1 levels in the db/db mice and

db/db mice that received Lv-shNC or Lv-NC. However,

knockdown of Ufm1 by Lv-shUfm1 led to decreased

levels of TNF-α, IL-1β, IL-6 and MCP-1, and

Figure 5 Ufm1 promotes TNF/LPS-dependent NF-κB activation by promoting the ubiquitination and degradation of IκBα. (A) Effects of Ufm1 on p-IKK and p-IκBα levels in

RAW264.7 cells; (B) Effects of Ufm1 on the ubiquitination of IκBα. The cells were incubated with 50 µg/mL ALLN for 30 min and then treated with LPS (1000 ng/mL) and

TNF-α (20 ng/mL). Cytoplasmic extracts were fractionated and then subjected to Western blot analysis using specific anti-IκBα antibodies. (C) Effects of Ufm1 on the

degradation of IκBα. IκBα levels were quantified and are shown as the fold change compared to the control at 0 min. The data are presented as the mean±SD, n=3. **P<0.01
compared to the Lv-shNC group; ##P<0.01 compared to the Lv-NC group.
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overexpression of Ufm1 in the mice caused an increase in

the production of TNF-α, IL-1β and MCP-1 (P<0.01,

Figure 7C).

Effects of Ufm1 on the Inflammatory

Response in the Pancreas of db/db Mice
As shown in Figure 8, the wild-type mice displayed reg-

ular islet integrity and a larger islet area compared to those

of db/db mice (P<0.01), while the mice that were pre-

treated with Lv-shNC or Lv-NC showed similar patholo-

gical performances to that of the control db/db mice.

However, Figure 8A3–6 shows that mice treated with Lv-

Ufm1 exhibited more disrupted islet integrity with uneven

boundaries compared with that of Lv-NC-treated mice

(P<0.01), and mice treated with Lv-shUfm1 showed sig-

nificant improvement in pancreatic pathology compared

with that of Lv-shNC -treated mice (P<0.01). The statis-

tical evaluation of pancreatic islet pathological scores in

all groups are shown in Figure 8A7. Moreover, we found

that the numbers of macrophages in db/db mice were

similar to those in the Lv-shNC and Lv-NC groups.

However, Lv-Ufm1-treated mice exhibited a significant

increase in macrophage infiltration, while the Lv-shNC

group displayed the opposite results (Figure 8B, P<0.01).

Effects of Ufm1 on Renal and Myocardial

Damage in db/db Mice
We monitored urinary albuminuria to evaluate the renal

function of db/db mice. Twenty-four-hour urinary protein

excretion significantly increased in db/db mice compared

with that of control mice (P<0.01, Figure 9A). Furthermore,

the level of urinary albuminuria in db/db mice was similar

Figure 6 Effects of Ufm1 on the levels of inflammatory mediators and NF-κB p65 nuclear translocation in the RPMs of db/db mice. (A). Levels of Ufm1 in RPMs from each

group; (B). mRNA expression of pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6), chemokines (MCP-1 and CXCL2) and adhesion molecules (ICAM-1 and VCAM-1)

were quantified by using qRT-PCR. For each gene, the mean level was divided by the respective mean of the wild-type; (C). Immunoblotting results showing cytoplasmic and

nuclear NF-κB p65 expression in RPMs of the con, Lv-shUfm1, Lv-shNC, Lv-Ufm1 and Lv-NC groups. The expression of cytoplasmic (C1) and nuclear (C2) p65 was

quantified and is shown as the fold change compared to the internal control (histone). The data are represented as the mean±SD, n=6. **P<0.01 compared to the control

(wild type) group; #P<0.05, ##P<0.01 compared to the Lv-NC group; ΔΔP<0.01 compared to the Lv-shNC group.
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to that of the Lv-NC and Lv-shNC groups. However, Lv-

shUfm1 pretreatment markedly attenuated urinary protein

excretion in db/db mice, whereas Lv-Ufm1 showed the

opposite effects (P<0.01, Figure 9A). Moreover, renal

structures and the inflammatory response were examined

by H&E staining and immunohistochemistry, respectively.

As shown in Figure 9B, the kidneys of untreated db/db mice

showed obvious glomerular epithelial hyperplasia and tub-

ular dilatation. In the mice treated with Lv-shUfm1 and Lv-

Ufm1, the pathological scores were markedly decreased

and increased, respectively (P<0.01, Figure 9B).

Interestingly, we noticed that deficiency in Ufm1 by Lv-

shUfm1 led to reduced macrophage infiltration (P<0.01,

Figure 9C). As shown in Figure 9A–C, diabetes-induced

myocardial damage and myocardial inflammation in db/db

mice were almost completely abrogated in Ufm1 knock-

down mice compared to those of the control group

(P<0.01). Similarly, there was a higher cardiac index,

obvious cardiomyocyte hypertrophy and more macrophage

infiltration in the db/db mice than in the control group.

Furthermore, in the mice treated with Lv-shUfm1 and Lv-

Ufm1, the cardiac index, cardiomyocyte hypertrophy and

macrophage infiltration were markedly decreased and

increased, respectively (P<0.01, Figure 10A–C).

Discussion
Ufm1 is a newly identified Ubl that shares 16% sequence

identity with ubiquitin.13 At present, little is known about

the biological function of Ufm1, although it has been

previously reported that Ufm1 affects cell differentiation

and participates in ERS in myocardial cells, islet beta cells

and tumour cells.14 We have previously found that Ufm1 is

dramatically upregulated under atherosclerotic conditions

both in vivo and in vitro.15 Moreover, we recently found

that Ufm1 expression is increased in RPMs of diabetic

mice and in RAW264.7 cells subjected to ERS.16 Our

previous findings suggest that Ufm1 may be closely

related to the development of diabetes. In the present

study, overexpression of Ufm1 in LPS- and TNF-α-

treated RAW264.7 cells promoted the secretion of IL-6,

IL-1β, ICAM-1, VCAM-1, MCP-1, and CXCL2, while

knockdown of Ufm1 by Lv-shUfm1 led to the opposite

results. Moreover, our data clearly indicate that Ufm1

promotes the expression of inflammatory cytokines, che-

mokines and adhesion molecules in RAW264.7 cells in an

inflammatory environment.

NF-κB plays key roles in regulating the expression of

pro-inflammatory genes, including cytokines, chemokines

and adhesion molecules, which has been extensively

Figure 7 Effects of Ufm1 on diabetic performance and plasma inflammatory cytokines in db/db mice. (A) At 0, 2, 6 and 12 weeks after injection, blood glucose was detected

using a Roche automatic biochemical analyser; (B) Body weight, **P<0.01 compared to the Lv-shNC or Lv-NC group, ##P<0.01 compared to the wild-type group, NS: not

significant; (C) The plasma levels of TNF-α, IL-1β, IL-6 and MCP-1 were assayed by commercial ELISA kits. The data are presented as the mean±SD, n=6. **P<0.01 compared

to the wild-type group; #P<0.05, ##P<0.01 compared to the Lv-NC group; ΔP<0.05, ΔΔP<0.01 compared to the Lv-shNC group, NS: not significant.
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reviewed elsewhere.11 It is well accepted that translocation of

NF-κB from the cytoplasm into the nucleus induces the

expression of a broad spectrum of genes.24 Our results

showed that overexpression of Ufm1 in RAW264.7 cells

enhanced NF-κB p65 nuclear translocation, whereas

a reduction in Ufm1 expression inhibited translocation.

Moreover, we found that LPS and TNF-α stimulation

increased the phosphorylation of IKKβ and IκBα and the

ubiquitination and degradation of IκBα, which is in agree-

ment with previous results.24,25 However, altering Ufm1 in

RAW264.7 cells by Lv-shUfm1 and Lv-Ufm1 did not affect

the phosphorylation of IKKβ or IκBα. Interestingly, over-
expression of Ufm1 by Lv-Ufm1 caused enhanced levels of

ubiquitination and degradation of IκBα, indicating that Ufm1

mediated NF-κB activation by modulating the total expres-

sion of the inhibitory protein IκBα. In a previous study, we

Figure 8 Effects of Ufm1 on pancreatic pathology and macrophage infiltration in db/db mice. H&E staining of pancreatic tissue from db/db mice, and islet size was measured

by ImageJ analysis software on alternating pancreatic sections spaced 50 μm apart. Representative pathological pictures of the wild-type (A1), db/db (A2), Lv-NC (A3), Lv-
shNC (A4), Lv-Ufm1 (A5), and Lv-shUfm1 groups (A6) and the statistical analysis (A7) are shown. Immunohistochemical analysis of pancreatic sections stained with anti-F4

/80 antibody is shown in (B). Representative pictures are provided of the wild-type (B1), db/db (B2), Lv-NC (B3), Lv-shNC (B4), Lv-Ufm1 (B5) and Lv-shUfm1 groups

(B6). The statistical results are shown in (B7). The data are presented as the mean±SD, n=6. **P<0.01 compared to the wild-type group; ΔP<0.05, ΔΔP<0.01 compared to the

Lv-NC group; #P<0.05, ##P<0.01 compared to the Lv-shNC group.
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reported that Ufm1 increased macrophage cholesterol efflux

via increased expression of ATP-binding cassette transpor-

ters A1 (ABCA1) andG1 (ABCG1).15 It should be noted that

the ABC family member ABCB1, which is expressed on

a variety of immune cells, such as monocytes, dendritic

cells, T and B cells and macrophages, is involved in the

efflux of inflammatory cytokines.26 Activation of the NF-

κB pathway induces enhanced biological functions and

increases the expression of ABCB1.27 Accordingly, whether

the effects of Ufm1 on inflammatory mediator release in

RAW264.7 cells depends on ATP-binding cassette transpor-

ters remains unclear and needs to be studied in future works.

Diabetes is an inflammatory metabolic disease. We

previously found increased Ufm1 expression in the

RPMs of diabetic mice. To further support the results of

the in vitro study, we investigated the effects of Ufm1 on

the inflammatory response in diabetic mice. The present

report confirmed that Lv-shUfm1- and Lv-Ufm1-

pretreated db/db mice effectively reduced and increased

the nuclear translocation of NF-κB p65, respectively. More

strikingly, in mice injected with Lv-shUfm1, the serum

levels of TNF-α, IL-6, IL-1β, MCP-1, CXCL2, ICAM-1

and VCAM-1 were reduced. The opposite effect was

observed in Lv-Ufm1-pretreated mice. Our findings sug-

gest that Ufm1 regulates NF-κB pathway-mediated inflam-

matory reactions. Of note, our results were similar to and

consistent with those of previously described studies.

Huang et al28 reported that SUMOs activate NF-κB signal-

ling via sumoylation and ubiquitination of IκBα in inflam-

mation and other diseases under oxidative stress, osmotic

pressure, heat shock, ischaemia and infection. Therefore,

similar to SUMOs, we hypothesise that Ufm1 plays an

Figure 9 Effects of Ufm1 on spontaneous renal damage in db/db mice. (A). Urinary protein excretion; the data are presented as the mean±SD, n=6, ΔΔP<0.01 compared to

the wild-type group; **P<0.01 compared to the Lv-Ufm1 group; ##P<0.01 compared to the Lv-shUfm1 group; (B) Representative renal pathological pictures of the wild-type

(B1), db/db (B2), Lv-NC (B3), Lv-shNC(B4), Lv-Ufm1 (B5) and Lv-shUfm1 groups (B6); (B7) shows the pathological scores of each group; (C) Representative renal

immunohistochemical pictures of the wild-type (C1), db/db (C2), Lv-NC (C3), Lv-shNC (C4), Lv-Ufm1 (C5) and Lv-shUfm1 groups (C6); (C7) shows the numbers of

positive macrophages. The data are presented as the mean±SD, n=6. **P<0.01 compared to the wild-type group, ΔP<0.05, ΔP<0.01 compared to the Lv-NC group; ##P<0.01
compared to the Lv-shNC group.
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important role in regulating protein activity, stability and

cellular localization related to immune responses.

Growing evidence has shown that diabetes mellitus,

especially diabetic complications, such as diabetic cardio-

myopathy and diabetic nephropathy, are the major causes of

high mortality.3 Db/db mice are a spontaneous mutation in

the 129 C57BL/Ks mouse colony that induces moderate

hyperphagia and obesity, accompanied by severe fasting

hyperglycaemia that increases with age and a marked

increase in plasma insulin concentration.29 Moreover, fol-

lowing the onset of overt diabetes, db/db mice develop

progressive kidney disease and diabetic cardiomyopathy,

and spontaneous syndromes are extremely similar to those

observed in human DN and DC.30,31 Therefore, db/db mice

have been widely used to study pathological mechanisms.

A number of studies have demonstrated that the activation

of macrophages contributes to chronic inflammation in

T2D,4 and pro-inflammatory cytokines, chemokines and

adhesion molecules positively promote the development

of diabetes as well as its subsequent complications. It

has been previously shown that macrophages control

inflammation in the pancreas, which is characterized by

a loss of β-islet cells and decreased insulin production.

Hyperglycaemia-induced overproduction of IL-1β by β-
cells triggers IL-1β secretion by islet macrophages, result-

ing in β-cell cytotoxicity and dysfunction.10 TNF-α causes

direct cytotoxicity to renal cells, inducing direct renal

injury, apoptosis and necrotic cell death.1 Db/db mice with

genetic deficiency in ICAM-1 were found to have an 85%

reduction in albuminuria compared with that of equally

diabetic wild-type controls. MCP-1 is a major chemokine

for monocytes/macrophages, and db/db mice that are defi-

cient in MCP-1 have a reduced number of CD68+ macro-

phages in the glomeruli (48% reduction) and interstitium

(78% reduction) compared with that of wild-type mice with

diabetes.32,33 Continuous overexpression of both IL-6 and

the IL-6 receptor in double transgenic mice is associated

with cardiac myocyte hypertrophy.34 As we described

Figure 10 Effects of Ufm1 on diabetic cardiomyopathy in db/db mice. (A). Ventricular index; (B) Representative myocardial pathological pictures of the wild-type (B1), db/
db (B2), Lv-NC (B3), Lv-shNC (B4), Lv-Ufm1 (B5) and Lv-shUfm1 groups (B6); (B7) shows the pathological scores of each group; (C) Representative renal

immunohistochemical pictures of the wild-type (C1), db/db (C2), Lv-NC (C3), Lv-shNC (C4), Lv-Ufm1 (C5) and Lv-shUfm1 groups (C6); (C7) shows the numbers of

positive macrophages in each group. The data are presented as the mean±SD, n=6. **P<0.01 compared to the wild-type group; ΔΔP<0.01 compared to the Lv-NC group;
#P<0.05, ##P<0.01 compared to the Lv-shNC group.
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before, knockdown of Ufm1 effectively reduced the immu-

nogenicity of macrophages as well as the levels of pro-

inflammatory factors. However, whether downregulation

of Ufm1 effectively prevents the development of diabetes

mellitus, DC and DN remains unknown. At present, our

data are the first to show that blockade of Ufm1 in db/db

mice significantly inhibits the spontaneous progression of

diabetes and diabetic damage in the kidney and heart. It is

worth pointing out that knockdown of Ufm1 also led to

a reduced number of infiltrating macrophages in the pan-

creas, kidney and myocardial tissue. Accordingly, we con-

sider that Ufm1 may be a promising drug target for the

treatment of T2D and its complications.

Conclusion
Taken together, our results demonstrate that Ufm1 facil-

itates NF-κB p65 nuclear translocation not by affecting the

expression of p-IKKβ and p-IκBα but increasing the ubi-

quitination and degradation of IκBα under inflammatory

stimuli (Figure 11). Our data support the regulation of the

NF-κB-mediated inflammatory response as a new function

of Ufm1. Moreover, reducing Ufm1 expression is an effec-

tive strategy to prevent the development of T2D and its

complications, and Ufm1 could serve as a promising drug

target for the design of new anti-diabetic medicines.
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