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Abstract 

Background:  The TM4 (UBAC2) protein, which contains 4 transmembrane domains and one ubiquitin binding 
domain, is mainly expressed in cell and nuclear membranes. The current research aimed to explore the role of TM4 in 
metabolic inflammation and to examine whether the ubiquitin–proteasome inhibitor PS-341 could regulate the func-
tion of TM4.

Methods:  The metabolic phenotypes of TM4 knockout (KO) mice were studied. We next explored the association 
between the polymorphisms of TM4 and obesity in a Chinese Han population. TM4 expression in the visceral fat of 
obese patients who underwent laparoscopic cholecystectomy was also analysed. Finally, the effect of PS-341 on the 
degradation and function of the TM4 protein was investigated in vivo and in vitro.

Results:  TM4 KO mice developed obesity, hepatosteatosis, hypertension, and glucose intolerance under a high-fat 
diet. TM4 counterregulated Nur77, IKKβ, and NF-kB both in vivo and in vitro. The TM4 SNP rs147851454 is significantly 
associated with obesity after adjusting for age and sex (OR 1.606, 95% CI 1.065–2.422 P = 0.023) in 3394 non-diabetic 
and 1862 type 2 diabetic adults of Han Chinese. TM4 was significantly downregulated in the visceral fat of obese 
patients. PS-341 induced TM4 expression through inhibition of TM4 degradation in vitro. In db/db mice, PS-341 admin-
istration led to downregulation of Nur77/IKKβ/NF-κB expression in visceral fat and liver, and alleviation of hypergly-
caemia, hypertension, and glucose intolerance. The hyperinsulinaemic-euglycaemic clamp demonstrated that PS-341 
improved the glucose infusion rate and alleviated insulin resistance in db/db mice.

Conclusions:  PS-341 alleviates chronic low-grade inflammation and improves insulin sensitivity through inhibition of 
TM4 degradation.
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Introduction
Previous studies have shown that proteasome inhibitors 
may have anti-inflammatory effects [1–5]. For example, 
the proteasome inhibitor MG262 inhibited interleukin 
(IL)-1β/tumour necrosis factor (TNF)-α-induced activa-
tion of nuclear factor (NF)-κB in nasal polyp fibroblasts 
[3]. Reduction of proteasome activity either by partial 
inhibition with bortezomib or by specifically target-
ing the immunoproteasome subunit LMP7 limited the 
secretion of multiple proinflammatory cytokines and 
chemokines [4]. Chronic renal failure rabbits treated 
with the proteasome inhibitor MG132 showed decreased 
NF-κB DNA binding activity and TNF-α expression [1]. 
Short-term pretreatment with MG-132 reduced TNF-α-
induced IL-6 secretion via inhibition of IκBα degradation 
and the NF-κB pathway in human airway smooth muscle 
cells [2]. Additionally, ubiquitin–proteasome hyperactiv-
ity is associated with enhanced inflammatory reactions 
and NF-κB expression in diabetic plaques [5].

Obesity is one of the most significant risk factors for 
multiple nutrition-related disorders, including type 2 dia-
betes, nonalcoholic fatty liver disease and atherosclerosis 
[6–8]. Obesity is associated with increased infiltration 
of macrophages into adipose tissue, causing a cluster of 
chronic low-grade inflammatory diseases [6]. The effi-
cacy of anti-inflammatory therapy for chronic low-grade 
inflammatory diseases such as type 2 diabetes and ath-
erosclerosis has been validated in several studies [9, 10]. 
A clinical trial showed that an interleukin-1-receptor 
antagonist improved glycaemia and beta-cell secretory 
function and reduced markers of systemic inflamma-
tion in type 2 diabetes [10]. In another study involving 
10,061 patients with a history of myocardial infarction, 
anti-inflammatory therapy targeting the interleukin-1β 
innate immunity pathway with canakinumab significantly 
reduced the rate of recurrent cardiovascular events com-
pared to placebo, independent of lipid-levels [9].

The ubiquitin–proteasome pathway is responsible for 
the degradation of most intracellular proteins in eukary-
otes. It may also play a role in the modulation of chronic 
low-grade inflammation and insulin resistance, and 
participate in the pathogenesis of metabolic disorders 
including obesity and type 2 diabetes [11]. However, the 
relationship between the ubiquitin–proteasome pathway 
and chronic low-grade inflammatory diseases has not 
been clearly demonstrated. Our previous work sought 
to elucidate the pathogenesis of obesity and metabolic 
inflammation. Tibetan macaques were fed a high-fat 
diet and injected with low-dose streptozotocin to induce 

diabetes. Differential gene expression profiles were estab-
lished in aortic tissues of diabetic Tibetan macaques 
versus healthy controls using gene chips. An expressed 
sequence tag (EST), which was identified as GKCFIE07 
in our previous study [12], was found to be the most 
downregulated tag in the aortic tissue of diabetic Tibetan 
macaques. This EST did not match with any known gene 
after blasting in dbEST and other databases. Finally, a 
novel full-length cDNA containing a complete open-
reading frame was cloned and analysed using bioinfor-
matic methods reported previously [12]. We provisionally 
named this novel gene TM4 since its protein structurally 
contained four transmembrane domains.

Since TM4 was the most downregulated gene in the 
aorta tissue of diabetic Tibetan macaques, we hypoth-
esized that TM4 might exert an important and pro-
tective role against metabolic inflammation. In our 
previous work, bioinformatics analysis showed that the 
TM4 (UBAC2) protein contains four transmembrane 
domains and a ubiquitin binding domain. Hence, we 
hypothesized that the ubiquitin–proteasome inhibitor 
PS-341 could alleviate metabolic inflammation through 
inhibition of TM4 degradation. Ubiquitin–proteasome 
inhibitors such as PS-341 may serve as a novel therapy 
for obesity and related disorders, including type 2 diabe-
tes, nonalcoholic fatty liver disease, and atherosclerosis. 
In the current research, we explored the role of TM4 in 
metabolic inflammation and examined whether PS-341 
could regulate the degradation and function of TM4 pro-
tein both in vitro and in vivo and be a candidate for the 
treatment of metabolic disorders.

Methods
Participants of the TM4 polymorphism study
The present study included 3394 nondiabetic adults and 
1862 adults with type 2 diabetes (age ≥ 19) of Han Chi-
nese ancestry who participated in the community-based 
Shanghai Diabetes Study [13]. The detailed inclusion and 
exclusion criteria for all subjects have been described 
previously [13]. The 3394 nondiabetic adults had nor-
mal glucose regulation, no family history of diabetes, and 
were over 40  years old. Normal glucose tolerance was 
defined as a fasting plasma glucose level < 6.1 mmol/l and 
a 2-h plasma glucose level of 75 g OGTT < 7.8 mmol/l.

BMI was used to assess generalised obesity accord-
ing to Chinese criteria, which classified the nondiabetic 
individuals into two groups: nonobese (BMI < 28  kg/m2, 
n = 2375) and obese (BMI ≥ 28 kg/m2, n = 1019).[13, 14] 
All study participants gave written informed consent, 
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and study protocols were approved by the Institutional 
Review Board of Shanghai Sixth People’s Hospital, 
Shanghai Jiaotong University.

Clinical measurement of the TM4 polymorphism study
All participants underwent detailed clinical investiga-
tion as described in a previous publication [13]. In brief, 
anthropometric parameters, including height, weight, 
and waist and hip circumference, were measured for 
all subjects. BMI was calculated as weight in kilograms 
divided by the square of height in metres, while the 
waist-to-hip ratio (WHR) was calculated as waist cir-
cumference in centimetres divided by hip circumfer-
ence in centimetres. For the present study, we selected 
rs147851454 as the tagging single nucleotide polymor-
phism (SNP) in TM4.

Study on TM4 expression in human visceral fat
Patients who underwent laparoscopic cholecystectomy 
at Huashan Hospital Fudan University in 2016 were 
recruited. All participants underwent OGTT except 
those who had previously been diagnosed with diabetes. 
In the end, 12 participants were included in the current 
study. They were divided into 3 groups according to BMI 
and OGTT: control group (nonobese participants with 
normal glucose tolerance, n = 4), obesity group (obesity 
with normal glucose tolerance, n = 4), and obesity + DM 
group (obesity with type 2 diabetes, n = 4). Adipose tis-
sues were taken from omental tissue during laparoscopic 
cholecystectomy. All study participants gave written 
informed consent, and study protocols were approved 
by the Institutional Review Board of Huashan Hospital 
Fudan University.

Mice
TM4−/− mice were purchased from the Shanghai 
Research Center for Model Organisms (SRCMO, 
Shanghai, China), where they were generated by gene 
trap technology. We obtained 2 heterozygous breeding 
pairs and used them to generate WT and TM4-/- mice, 
which were then given free access to a high-fat diet 

(Shanghai SLAC Mouse Diet, containing 16.2% fat by 
weight). Male TM4 knockout (KO) mice and wild-type 
(WT) controls were fed a high-fat diet for 24  weeks. 
Food intake was measured every day, and weekly 
weight gain was determined. The metabolic profiles of 
TM4 KO and WT mice were documented.

Additionally, weight-matched 4-week-old db/db male 
mice were also obtained from SRCMO and used in the 
PS-341 intervention experiment. The db/db mice were 
given PS-341 or PBS (intravenously or by gavage, 4 
groups) from the age of 5 weeks. Food consumption was 
recorded daily, and body weight was monitored weekly. 
All animal procedures were approved by the Institu-
tional Animal Care and Use Committee of Huashan 
Hospital Fudan University.

The detailed methods of animal phenotype research 
and molecular biology experiments are provided in the 
Supplementary materials.

Statistical analysis
SPSS 17.0 (SPSS, Chicago, IL) was used for statistical 
analysis. For both in  vivo and in  vitro studies, values 
are presented as the mean ± SEM. The results were 
compared using one-way ANOVA, followed by Tukey–
Kramer post hoc test and independent samples t test. 
P < 0.05 was considered statistically significant.

For the clinical study, the χ2 test was performed to 
estimate Hardy–Weinberg equilibrium for each vari-
ant before association analysis (Table  S1). The allelic 
and haplotype frequencies were compared using the χ2 
test between obese and nonobese subjects. Odds ratios 
(ORs) with 95% confidence intervals (CIs) were calcu-
lated, and associations of SNPs with obesity-related 
measurements were assessed under a recessive model. 
A nonparametric approach of rank transformation 
was taken to assess the results among three genotypes. 
Unevenly distributed quantitative traits, including BMI, 
waist circumference, hip circumference, and WHR, 
were log transformed to approximate normality before 
analysis.

Table 1  Association of TM4 SNP rs147851454 with obesity

NGT Obesity CC/CT/TT C allele 
frequency

Risk allele (T) Genotype (unadjusted) Adjusted with age and 
gender

Over weight Normal Cases Controls OR (95% CI) P OR (95%CI) P OR (95%CI) P

HRM 981/37/1 2320/53/2 0.981 0.988 1.6063 (1.0653,2.4220) 0.0225 1.571 (1.051,2.347) 0.0275 1.547 (1.032,2.319) 0.0347
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Results
Association between TM4 polymorphism and the risk 
of obesity
As shown in Table  1, the TM4 SNP rs147851454 was 
significantly associated with obesity after adjusting for 
age and sex (OR 1.606, 95% CI 1.065–2.422 P = 0.023).

TM4 expression in the visceral fat tissue of patients 
with obesity
TM4 was significantly downregulated in the visceral fat 
tissue of patients with obesity when analysed by by west-
ern blot (Fig.  1a). TM4 expression in the visceral fat of 
the obesity + DM group was also lower than that of the 
control group. However, the difference was not statisti-
cally significant.

The metabolic phenotypes of the TM4 knockout mice
The expression of TM4 in knockout and wild-type mice 
was examined by western blot. Additional file  1: Figure 
S4A shows that TM4 knockout was successful.

The body weights of male KO mice started to devi-
ate from those of wild-type mice after 3–4  months 
on a high-fat diet and were 25% higher than WT 
body weights at the age of 24  weeks (53.2 ± 8.61 vs 
38.7 ± 6.22 g, P < 0.05, Fig. 1c). Visceral fat mass meas-
ured by dual-energy X-ray absorptiometry was mark-
edly increased in male KO mice (10.2 ± 3.32% vs 
2.6 ± 0.78%, P < 0.05, Fig.  1e, Additional file  1: Figure 
S4B). TM4 KO mice also manifested increased food 
intake (5.24 ± 0.66 vs 3.42 ± 0.38  g, P < 0.05, Fig.  1b) 

and impaired glucose tolerance (Fig.  1d). Compared 
with WT mice, male KO mice had more severe liver fat 
deposition (Additional file  1: Figure S3A, S3B, under 
microscopy; Figure S3C, S3D, under transmission elec-
tron microscopy), larger visceral adipocytes (Additional 
file  1: Figure S3E, S3F) and more macrophage infiltra-
tion in visceral adipose tissue (Additional file 1: Figure 
S3G, S3H). Furthermore, although both groups of mice 
developed an increased systolic blood pressure (SBP), 
the SBP elevation of the KO group was greater. The KO 
mice also exhibited impaired vasodilatation (data not 
shown).

At the age of 24  weeks, an oral glucose tolerance test 
(OGTT) was performed. Glucose measurements were 
taken for fasting levels, as well as 15 min, 45 min, 60 min, 
90  min, and 120  min post challenge. The blood glucose 
levels of TM4 KO mice at 45 min, 60 min, 90 min, and 
120  min post challenge were significantly higher than 
those of the WT mice (Fig. 1d, all P < 0.05).

The mean systolic blood pressure of homozygous TM4 
KO male mice was dramatically higher than that of male 
WT mice (Fig.  1f, 112.7 ± 5.41 vs. 103.1 ± 4.12  mmHg, 
P = 0.002). The difference in diastolic blood pressure 
was not significant (74.6 ± 6.25 vs. 72.3 ± 7.81  mmHg, 
P = 0.116).

Nur77 as an interacting protein of TM4
We identified Nur77, RNF-5, and USP-19 as TM4-inter-
acting proteins by yeast two-hybrid screening.

Fig. 1  Expression of TM4 in human visceral fat and the metabolic characteristics of TM4 knockout mice. a TM4 was significantly downregulated 
in human visceral fat of patients with obesity when analysed by western blot. b–g: Metabolic characteristics of TM4 knockout mice. b Daily food 
consumption. c Weight gain curve. d Oral glucose tolerance test at the age of 24 weeks. e Body fat content by DEXA. f Systolic blood pressure. g 
Serum lipid profiles
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The eukaryotic expression plasmid for Nur77 was 
transfected into Hela cells using Lipofectamine 2000 
to induce Nur77 overexpression. Cells were harvested 
48 h later, lysed with IP lysis buffer, and incubated with 
Nur77 antibodies. Protein A/G beads were then applied 
to obtain a compound body. After elution and purifi-
cation, the protein obtained was further examined by 
western blot analysis. TM4 was present (Fig. 2a) in the 
group using Nur77 antibodies for specific precipitation.

The TM4/Nur77 interaction was verified with a pull-
down assay (Fig.  2b, c). To circumvent issues associ-
ated with a self-prepared antibody, such as low titer, 
we constructed eukaryotic EGFP-C2-TM4, Flag-TM4, 
and other plasmids, confirmed by sequencing and cell 
expression. First, EGFP-C2-TM4 and Flag-TM4 were 
overexpressed in eukaryotic cells. Forty-eight hours 
later, the cells were harvested, lysed, incubated with the 
recombinant Nur77 protein obtained from prokaryotic 
expression, eluted and purified. The product was exam-
ined by SDS-PAGE electrophoresis using GFP and flag 
antibodies (Fig. 2d).

TM4 counterregulates Nur77, IKKβ, and NF‑κB: in vitro 
studies
The TM4 lentiviral vector was packaged and verified, 
and then the changes in the expression levels of the 

interacting protein Nur77 were examined through west-
ern blot after TM4 interference (Fig.  2e). TM4 interfer-
ence increased Nur77 protein expression (Fig.  2f ), and 
the regulation was not at the transcriptional level. Addi-
tionally, TM4 interference with siRNA increased IKK-β 
expression (Fig. 2g, h), and this effect was dose-depend-
ent (Fig.  2g). Moreover, TM4 interference with siRNA 
increased NF-κB expression (data not shown). As shown, 
the expression of Nur77, IKKβ, and NF-κB was down-
regulated after TM4 overexpression in both 3T3-L1 and 
THP-1 cells (Fig. 2i).

The ubiquitin–proteasome inhibitor PS‑341 inhibits 
the degradation of TM4
Administration of PS-341 inhibited TM4 protein deg-
radation in HUVECs in a concentration-dependent 
(Fig. 3a) and time-dependent (Fig. 3b) manner. The maxi-
mal effect of PS-341 was observed at 100 nM.

After HUVECs were treated with CHX, TM4 pro-
tein expression decreased in a time-dependent manner. 
Moreover, PS-341 inhibited TM4 degradation (Fig.  3c). 
The half-life of the TM4 protein was 1 h, and it extended 
to 4 h after PS-341 intervention (Table S2).

Fig. 2  Coimmunoprecipitation of Nur77 and TM4 and pulldown. a Coimmunoprecipitation of Nur77 and TM4. b Nur77 expression and purification. 
c Pulldown. d Pull down (HeLa cell). e TM4 blockade with lentivirus and its effect on the expression of Nur77. f TM4 interference and its effect on the 
expression of Nur77. g TM4 interference and its effect on the expression of IKK-β (western blot). h TM4 interference and its effect on the expression 
of IKK-β (real-time PCR). i TM4 counterregulates Nur77, IKKβ, and NF-κB
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The effect of PS‑341 on db/db mice
Fasting blood glucose was measured every week (Fig. 3d). 
Blood sugar gradually rose with age, with a rapid increase 
after 10  weeks. The differences in glucose became sta-
tistically evident at the age of 11 weeks, with the fasting 
glucose of the PS-341 gavage group being significantly 
lower than that of the PBS gavage group (9.2 ± 0.94 vs 
11.5 ± 0.63, P < 0.005). Furthermore, the fasting glucose 
of the PS-341 intravenous (iv) group was significantly 
lower than that of the PBS intravenous group (7.5 ± 0.99 
vs 11.6 ± 0.82, P < 0.005), and the fasting glucose of the 
PS-341 intravenous group was lower than that of the 
PS-341 gavage group (P < 0.05). At the age of 15  weeks, 
the fasting glucose of both PS-341 groups was lower than 
that of the PBS control groups (14.9 ± 0.91 vs 18.8 ± 1.90, 
13.1 ± 1.19 vs 19.4 ± 2.29, P < 0.005), and the fasting glu-
cose of the PS-341 intravenous group was still lower than 
that of the PS-341 gavage group (P < 0.05).

Tail artery blood pressure was measured every week 
(Fig. 3e, f ), and at the age of 15 weeks, systolic pressure 
(SBP) and diastolic blood pressure (DBP) were com-
pared. The levels of both SBP and DBP in the PS-341 gav-
age group were significantly lower than those in the PBS 
gavage group (118 ± 3.6 vs 125 ± 2.5, 80 ± 1.7 vs 86 ± 2.1, 
P < 0.005). Moreover, both SBP and DBP of the PS-341 

iv group were lower than those of the PBS iv group 
(112 ± 4.1 vs 124 ± 1.0, 78 ± 3.1 vs 86 ± 1.5, P < 0.005).

Fasting insulin levels were also measured at the age of 
15  weeks. The results showed a significantly lower fast-
ing insulin level for the PS-341-treated group than for the 
PBS control group (Fig. 3g).

Fasting blood glucose (0 min) was also determined, and 
blood glucose was measured 30 min, 60 min, 90 min, and 
120 min after 10% glucose solution gavage in db/db mice. 
The 60-min, 90-min, and 120-min blood glucose levels of 
PS-341-treated mice were significantly lower than those 
of the PBS controls, and the blood glucose level of the 
PS-341 iv group was lower than that of the PS-341 gavage 
group (Fig. 3h).

During the hyperinsulinaemic-euglycaemic clamp test, 
the glucose infusion rate (GIR) at 60 ~ 120 min was ana-
lysed (Fig. 3i). The GIR of the PS-341 gavage group was 
significantly higher than that of the PBS gavage group 
(P < 0.05), the GIR of the PS-341 iv group was signifi-
cantly higher than that of the PBS iv group (P < 0.05), and 
the GIR of PS-341 gavage group was significantly higher 
than that of the PS-341 iv group (P < 0.05).

After administration of PS-341, TM4 expression 
was induced in the liver (Fig.  4a) and epididymal fat 
(Fig.  4d) tissues of db/db mice, while the expression of 

Fig. 3  Effect of PS-341 on TM4 protein and metabolic homeostasis. a, b The effect of PS-341 on TM4 expression in HUVECs. c PS-341 retards TM4 
degradation in HUVEC. d Blood glucose of db/db mice treated with PS-341. e SBP of db/db mice treated with PS-341. f DBP of db/db mice treated 
with PS-341. g Fasting insulin of db/db mice treated with PS-341. h Oral glucose tolerance test. i Glucose infusion rate after glucose homeostasis
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the proinflammatory adipokines TNF-α, IL-1β, and IL-6 
(Fig. 4b, e) and phosphorylation of IkB-α and P65 (Fig. 4c, 
f ) were downregulated significantly.

Discussion
TM4 (UBAC2) is a protein belonging to the UBA (ubiq-
uitin-binding domain) family and contains a highly 
conserved functional UBA domain in the C-terminus 
[15]. The structure of TM4 is highly conserved in dif-
ferent species, and it is ubiquitously expressed in vari-
ous tissues, including the bone marrow, spleen, heart, 
liver, brain, pancreas, kidney, lung, muscle, and fat. One 
important function of UBA family proteins is related to 
ubiquitin-mediated protein degradation. They may inter-
act specifically with certain ubiquitinated proteins, which 
are then transported to the proteasomes for degradation 
[16].

In the clinical part of the current study, TM4 SNP 
rs147851454 was significantly associated with obesity 
in a large sample of Han Chinese adults. TM4 was sig-
nificantly downregulated in the visceral fat of obese 
patients who underwent laparoscopic cholecystectomy. 

Furthermore, our in  vitro research demonstrated that 
TM4 expression was significantly downregulated by 
free fatty acids (Additional file 1: Figure S5C). Through 
yeast two-hybrid screening, we found that Nur77 was 
one of the interacting proteins of TM4 and further 
confirmed it by coimmunoprecipitation and pulldown 
assays. As an important member of the orphan nuclear 
receptor family, Nur77 is involved in various intracel-
lular signal transduction pathways. Nur77 can directly 
regulate the expression of IKKβ and is thereby engaged 
in the signal transduction of the NF-κB inflammatory 
pathway. [17, 18] In addition, Nur77 attenuates AMPK 
activation by binding with liver kinase B1 (LKB1) [19].

Our animal study showed that the expression of 
Nur77 and IKKβ was significantly upregulated after 
TM4 knockout. Moreover, obesity developed earlier, 
and weight gain was more significant in TM4 KO mice 
than in wild-type mice on a high-fat diet. The underly-
ing mechanism was deduced as follows: a high-fat diet 
leads to TM4 downregulation, thereby enhancing the 
expression of Nur77 and IKKβ, which will subsequently 
activate the NF-κB pathway and induce inflammatory 
cytokine secretion.

Fig. 4  Expression of TM4 and proinflammatory genes after PS-341 administration. a western blot of TM4 and proinflammatory genes in the 
liver tissue of db/db mice. b The relative fold expression of TM4 and proinflammatory genes in the liver tissue of db/db mice. c The relative fold 
phosphorylation of IkB-α and P65 in the liver tissue of db/db mice. d western blot of TM4 and proinflammatory genes in the epididymal fat tissue 
of db/db mice. e The relative fold expression of TM4 and proinflammatory genes in the epididymal fat tissue of db/db mice. f The relative fold 
phosphorylation of IkB-α and P65 in the epididymal fat tissue of db/db mice
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PS-341 is a proteasome inhibitor with boronic acid 
peptide chemical properties. In our in vitro study, PS-341 
administration did not alter TM4 mRNA synthesis signif-
icantly, but dramatically increased TM4 protein expres-
sion, indicating that PS-341 inhibited the degradation of 
TM4 protein. Cycloheximide (CHX) is commonly used 
to determine the half-life of proteins in molecular biology 
studies. In our study, cells were first treated with CHX. 
Then, western blotting was performed to determine TM4 
protein changes over time.

Since CHX inhibits TM4 synthesis, intracellular TM4 
will decline. Meanwhile, PS-341 administration may 
delay the TM4 decrease due to CHX treatment, indicat-
ing that the ubiquitin–proteasome inhibitor PS-341 has 
extended the half-life of TM4, possibly through the inhi-
bition of TM4 degradation. Hence, PS-341 might allevi-
ate chronic low-grade inflammation by inhibiting TM4 
degradation.

After treatment with PS-341, TM4 expression in the 
epididymal fat and liver of db/db mice was significantly 
increased, while the expression of Nur77, IKKβ, IκB, 
and NF-κB was downregulated, indicating that PS-341 
inhibited chronic metabolic inflammation through the 
TM4-Nur77-IKKβ-NF-κB pathway (Fig. 5), thus improv-
ing blood glucose, glucose tolerance, blood pressure, and 
other metabolic parameters. In our study, the hyperinsu-
linaemic-euglycaemic clamp test was performed, and the 
glucose infusion rate (GIR) was used to evaluate insulin 
sensitivity. As shown above, the GIR of the PS-341 group 
was clearly higher than that of the PBS control, indicating 

that PS-341 was able to improve insulin sensitivity 
through TM4.

PS-341 is an anticancer drug and the first therapeutic 
proteasome inhibitor to be clinically used in humans [20]. 
It has been approved in the U.S. and Europe for treating 
multiple myeloma and mantle cell lymphoma [20]. Our 
current study reveals that PS-341 alleviates chronic low-
grade inflammation and insulin resistance through inhi-
bition of TM4 degradation, which validates a previous 
hypothesis that blood cancers and chronic metabolic dis-
eases share a common pathogenic mechanism: aberrant 
inflammatory responses [21].

In the current study, TM4 global knockout mice were 
used. TM4 KO mice are characterized by IKKβ/NF-κB 
pathway activation and insulin resistance. TM4 KO 
mice developed obesity, hepatosteatosis, hypertension, 
and glucose intolerance on a high-fat diet. According to 
a previous study, hepatic IKKβ/NF-kB pathway activa-
tion leads to insulin resistance both locally in the liver 
and systemically [22]. However, NF-kB inhibition by 
p65-KO in fat tissue failed to reduce fat inflammation 
and improve insulin sensitivity in obese mice, although 
inhibition was observed in lean mice [23]. In our future 
research, adipose- or liver-specific TM4 knockout mice 
will be developed and studied in-depth.

In light of the well-established concept of obesity and 
its related metabolic disorders being a cluster of chronic 
low-grade inflammatory diseases,[6–8] we proposed the 
concept of metabolic inflammatory syndrome (MIS), 
with obesity, type 2 diabetes, nonalcoholic fatty liver 
disease, and atherosclerosis as its 4 components.[24, 
25] Our previous study verified that miR-145 alleviates 
MIS through multiple pathways.[26, 27] It is possible 
that PS-341, as an inhibitor of low-grade inflammation, 
may serve as a therapeutic agent for MIS. Future studies 
should explore whether interactions between TM4 and 
Nur77 are regulated by glucose levels and/or inflamma-
tory factors and whether the posttranslational modifica-
tions of Nur77 are altered in MIS using proteomics and 
molecular imaging techniques. In addition, it would be of 
great interest to delineate the spatiotemporal dynamics of 
TM4/Nur77 in response to PS-341 using patient-derived 
organoids and high-resolution imaging techniques [28, 
29].

Conclusions
In conclusion, the proteasome inhibitor PS-341 alleviates 
chronic low-grade inflammation while improving insulin 
sensitivity through upregulation of TM4 expression and 
may be a candidate for the treatment of metabolic inflam-
matory diseases, such as obesity and type 2 diabetes.Fig. 5  A graphic summary depicting the effect of PS-341 and TM4 in 

chronic low-grade inflammation and insulin sensitivity
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