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The adipocyte-enriched secretory protein tetranectin 
exacerbates type 2 diabetes by inhibiting insulin 
secretion from  cells
Fen Liu1†, Zixin Cai1†, Yan Yang1, George Plasko2, Piao Zhao3, Xiangyue Wu3, Cheng Tang3, 
Dandan Li1, Ting Li4, Shanbiao Hu5, Lei Song5, Shaojie Yu5, Ran Xu6, Hairong Luo1, Libin Fan1, 
Ersong Wang7, Zhen Xiao3, Yujiao Ji1, Rong Zeng8, Rongxia Li8, Juli Bai1,2, Zhiguang Zhou1, 
Feng Liu1*, Jingjing Zhang1*

Pancreatic  cell failure is a hallmark of diabetes. However, the causes of  cell failure remain incomplete. Here, we 
report the identification of tetranectin (TN), an adipose tissue–enriched secretory molecule, as a negative regulator 
of insulin secretion in  cells in diabetes. TN expression is stimulated by high glucose in adipocytes via the p38 
MAPK/TXNIP/thioredoxin/OCT4 signaling pathway, and elevated serum TN levels are associated with diabetes. 
TN treatment greatly exacerbates hyperglycemia in mice and suppresses glucose-stimulated insulin secretion in 
islets. Conversely, knockout of TN or neutralization of TN function notably improves insulin secretion and glucose 
tolerance in high-fat diet–fed mice. Mechanistically, TN binds with high selectivity to  cells and inhibits insulin 
secretion by blocking L-type Ca2+ channels. Our study uncovers an adipocyte– cell cross-talk that contributes to 
 cell dysfunction in diabetes and suggests that neutralization of TN levels may provide a new treatment strategy 
for type 2 diabetes.

INTRODUCTION
Impaired insulin secretion due to  cell dysfunction and/or  cell loss 
is a major feature of diabetes.  cell dysfunction could be triggered 
by a variety of metabolic disorders such as glucotoxicity, lipotoxicity, 
oxidative responses, and inflammation (1). In normal physiology, 
insulin secretion from  cells is modulated not only by glucose but 
also by a variety of secretory molecules including adipokines (2, 3), 
gut-derived hormones (4), myokines (5), and bone-derived factors 
(6). Since the discovery of leptin receptors in  cells more than 
20 years ago, it has been proposed that there is an adipo-insular axis 
that mediates the endocrine connection between adipocytes and 
 cells (7). While dysregulated adipocyte– cell endocrine signaling 
has been suggested to play a key role in impaired insulin release 
from  cells (8), the precise underlying mechanisms remain to be 
fully elucidated.

Pancreatic  cells synthesize and secrete insulin in a biphasic 
manner in response to glucose stimulation, which is pivotal for the 

maintenance of glucose homeostasis. After entering  cells via the 
high-km/low-affinity glucose transporter 2 (GLUT2), glucose is 
metabolized via glycolysis and the Krebs cycle, leading to increased 
cellular adenosine triphosphate (ATP)/adenosine diphosphate (ADP) 
ratio and subsequent closure of the ATP-sensitive potassium (KATP) 
channels. The closure of KATP channels results in  cell membrane 
depolarization and subsequent opening of the voltage-gated Ca2+ 
channel, which triggers the influx of Ca2+ into  cells and subse-
quent exocytosis of insulin-containing secretory granules (9). In 
addition to the aforementioned “triggering pathway” induced by 
glucose, insulin secretion from pancreatic  cells is also modulated 
by a number of factors such as calcium, metabolites, and secretory 
peptides/proteins, which mediate the cross-talk between pancreatic 
 cells and other tissues/cell types to maintain systemic energy 
homeostasis (10). The L-type Ca2+ channels (LTCCs), formed by 
different pore-forming 1 subunit isoforms named Cav1.1 (voltage- 
gated calcium 1.1), Cav1.2, Cav1.3, and Cav1.4 in association with 
auxiliary subunits (2-, , and ), are essential for insulin secretion 
(11). LTCCs contain the property to conduct long-lasting and slow 
inactivating Ca2+ currents that are characterized by their high 
sensitivity to dihydropyridine (amlodipine, felodipine, nifedipine, 
isradipine), phenylalkylamine (verapamil), and benzothiazepine 
(diltiazem) (12). The two subtypes of the Cav1 channel, Cav1.2 and 
Cav1.3, are identified in both human and mouse islet  cells (13, 14) 
and are responsible for Ca2+ influx and insulin granule exocytosis in 
 cells (13). The mRNA levels of Cav1.3 subunit, the major LTCCs 
subtypes in human islets (13), are 14.5 and 2.5 times higher than the 
Cav1.2 subunit mRNA level in human and mouse islet  cells, 
respectively (15, 16), suggesting that this subtype of Cav channel 
plays a major role in regulating insulin secretion in human and 
mouse  cells.

Tetranectin (TN), which is encoded by the Clec3b gene, is a 
homotrimeric molecule of the C-type superfamily of lectins (17). 
TN was initially identified as a plasminogen-binding protein from 
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human plasma (18), which shares an 87% amino acid sequence 
identity to its counterpart in mice (19). TN mRNA is detected in 
various tissues (20), but its protein expression is more tissue re-
stricted (19–23). TN protein expression is positively correlated with 
adipogenesis in adipose tissue, and the protein has been suggested 
to be an adipogenic adipokine (24, 25). TN interacts with a number 
of cellular factors including plasminogen (26), apolipoprotein A1 
(27), and heparin (28). Several functions of TN have been reported 
including regulation of fibrinolysis and proteolytic processes, osteo-
genesis, myogenesis, Parkinson disease, and bone mineralization 
(17, 21, 29, 30). There are some studies showing that TN is inversely 
associated with coronary artery disease (31, 32) and heart failure (33). 
However, the role of TN in diabetes remains obscure. One study 
found that plasma TN levels were elevated in poorly controlled type 
1 diabetes (T1D) children compared with age-matched healthy 
subjects (34). However, a proteomic study found that serum TN con-
centration was decreased in the type 2 diabetes (T2D) individuals (31).

In this study, we identify TN as a fat-enriched secreted molecule 
that contributes to  cell dysfunction in diabetes. Serum levels of 
TN are greatly elevated in diabetic humans and mice compared to 
their respective controls. Suppressing or increasing TN expression 
improves or attenuates, respectively, glucose tolerance in mice. TN 
binds with high selectivity to human and mouse islet  cells, and 

TN treatment attenuates glucose-stimulated insulin secretion (GSIS) 
in  cells by inhibiting the LTCCs. Our results uncover a likely 
adipocyte– cell endocrine signaling pathway that inhibits  cell func-
tion in diabetes, suggesting that suppressing TN expression and/or 
function may be a valuable approach for improving  cell function 
in diabetes.

RESULTS
The serum levels of TN are up-regulated in diabetic 
humans and mice
To elucidate the mechanisms underlying the metabolic syndrome 
(MS) and T2D in humans, we performed deep proteomic profiling 
of human sera from normal control (n = 10), obesity group (n = 7), 
and MS patient group with varied MS symptoms such as central 
obesity, hyperglycemia, hyperlipemia, and/or hypertension (n = 5) 
(table S1). Using fold change ≥ 2.0 and P < 0.05 as the cutoff criteria, 
we detected 59 molecules from a total of 704 proteins whose expres-
sion levels were significantly different between healthy human sub-
jects and patients with obesity and/or MS (Fig. 1A and fig. S1A). 
Several of these genes were greatly reduced in patients with MS, 
including proteins involved in the complement and coagulation 
cascade, immunity, and calcium binding (Fig. 1A). On the other 

F

Transferrin
TN

NCD        HFD

C

NCD HFD

1.5
1.0
0.5
0.0

**

R
el

. T
N

 
pr

ot
ei

n 
le

ve
l

G

Endopeptidase activity

Regulation of complement activation

B
Regulation of humoral immune response

Negative regulated protein metabolic process
Lymphocyte mediated immunity

Complement activation, classical pathway

Serine hydrolase activity
Peptidase activity

Humoral immune response

Regulation of immune response

0  2  4  6  8 10
Significance [−log10 (P value)]

Gene ontology (GO) analysis

Hydrolase activity
Enzyme inhibitor activity

Innate immune response

Protein metabolic process

Secretory granule lumen

Biological 
process

Molecular 
function

Cellular component

A

Healthy
MSObese

1

0

−1

I

Transferrin
TN

   Fed     Fasted

Normal STZ

R
el

. T
N

 
pr

ot
ei

n 
le

ve
l 1.5

1.0

0.5
0 Fed Fasted

2

1

0

*

R
el

. T
N

 
pr

ot
ei

n 
le

ve
l

D

TN
Normal STZ

Transferrin
ns *

Obese T2D
Obesity

Normal
0.0

5.0

10.0

15.0

E

TN
 (µ

g/
m

l)

HbA1c (%)

5
4
3
2
1
0

R
el

. T
N

 
pr

ot
ei

n 
le

ve
l R = 0.380

P = 0.001

0

50

100

150

200

Normal STZ

H

TN
 (µ

g/
m

l)

***

Obese T2D
Normal

Obesity

1.5
1.0
0.5
0.0

2.0
2.5 **ns

TN
 p

ro
te

in
 le

ve
l

    Normal   Obese/NGT Obese/T2D

Transferrin
TN

0 6 8 10 12

Fig. 1. The serum levels of TN are up-regulated in diabetic humans and mice. (A) Heatmap depicting the serum level differences of selected genes in normal, obese, 
and MS human subjects. (B) GO analysis of the cellular component, molecular function, and biological process in DEGs. Fold enrichment threshold was set at >2 and 
Bonferroni-corrected for P < 0.05. (C) Western blot for serum TN levels from normal controls, obese NGT, and obese T2D male patients. Transferrin was used as an internal 
control (n = 24 per group). The Western blot data were semiquantified with an ImageJ program (**P < 0.01). (D) Association between serum TN levels and HbA1c status in 
the serum of normal, obese NGT, and obese T2D male patients (n = 72). (E) ELISA for plasma TN concentrations in normal, obese NGT, and obese T2D male patients. 
(F) Serum TN levels in HFD-fed male mice (n = 6 per group) were detected by Western blot. (G) Serum TN levels in STZ-treated male mice (n = 6 per group) were detected 
by Western blot. (H) ELISA for plasma TN concentrations in STZ-treated male mice (n = 8 to 13 per group). (I) Serum TN levels in fasted male mice (n = 6 per group) were 
detected by Western blot. Data are expressed as means ± SEM; ns, not significant. *P < 0.05, **P < 0.01, and ***P < 0.001.
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hand, the expression levels of several proteins involved in lipo-
protein metabolism [plasminogen activator inhibitor 3 (gene name: 
Serpina5) and apolipoprotein A-IV (gene name: Apoa4)] and calci-
um binding (TN; gene name Clec3b) were notably increased in 
patients with MS compared to healthy controls (Fig. 1A). Gene on-
tology (GO) enrichment analysis revealed that pathways related 
to peptidase activity, immune response, protein metabolism, and 
complement activation were markedly enriched within the dif-
ferentially expressed genes (DEGs) (Fig. 1B). To further confirm 
the MS-associated increase in serum TN levels, we analyzed a new 
group of age- and sex-matched human patients (tables S2 and S3). 
We found that the serum levels of TN were significantly higher 
in both male (Fig. 1C) and female (fig. S1B) patients with both 
obesity and T2D but not obese patients with normal glucose toler-
ance (NGT) (Fig. 1C and fig. S1B) compared to lean controls. 
Spearman’s rank correlation and linear regression analysis showed 
that TN serum levels were positively correlated with hemoglobin 
A1C (HbA1c) (Fig. 1D and fig. S1C) but not age or BMI (table S4). 
By an enzyme-linked immunosorbent assay (ELISA), we found that 
serum TN concentrations were around 10 g/ml in healthy humans, 
which is significantly higher in obese human patients with T2D 
(Fig. 1E). The serum and adipose tissue TN expression levels, which 
are compatible between male and female mice (fig. S1, D and E), 
were markedly increased in two diabetic mouse models, the high-
fat diet (HFD)–fed (Fig. 1F) and streptozotocin (STZ)–induced 
(Fig. 1, G and H) diabetes mice. Serum TN levels were significantly 
reduced in overnight-fasted mice compared to ad libitum–fed mice 
(Fig. 1I).

Identification of TN as a fat-enriched secreted 
molecule in mice
Quantitative polymerase chain reaction (qPCR) analysis revealed 
that TN mRNA expression was highly enriched in human (Fig. 2A) 
and mouse (Fig. 2B) adipose tissues. Consistent with these results, 
high levels of TN protein were detected in human subcutaneous white 
adipose tissue (sWAT) and epididymal WAT (eWAT), as well as 
mature adipocytes isolated from these tissues (Fig. 2C and fig. S1F). 
TN is also highly expressed in mouse brown adipose tissue (BAT), 
sWAT, eWAT, and, to a much lesser extent, the muscle, heart, and 
kidney (Fig. 2D). No signal was detected in tissues from TN knockout 
(TN−/−) mice (Fig. 2D), demonstrating the specificity of the anti-
body. TN protein expression was found by immunohistochemical 
staining in mouse and human islets (35, 36). However, we detected 
no TN mRNA (fig. S1G) and protein (fig. S1H) in islets of wild-type 
(WT), TN heterozygote (TN+/−), and TN−/− mice. Consistent with a 
very recent finding that TN expression is increased during adipo-
genesis (25), we found that both TN mRNA (Fig. 2, E and F) and 
protein expression or secretion (Fig. 2, G and H) were markedly 
induced during 3T3-L1 and brown fat cell (BFC) differentiation, 
which correlated with the protein or mRNA expression of adiponectin 
(Fig. 2G and fig. S1I) and uncoupling protein 1 (UCP1) (Fig. 2H 
and fig. S1J), the differentiation marker for 3T3-L1 adipocytes and 
BFCs, respectively. The expression and secretion of TN were greatly 
stimulated by glucose in differentiated adipocytes via a concentration- 
dependent mechanism, and the expression could be induced by 
glucose as low as 5.5 mM (Fig. 2I). Consistent with these results, 
STZ- and HFD-induced hyperglycemia significantly increased TN 
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expression in sWAT and eWAT (fig. S1, K, L, N, and O) but had 
little effect on TN expression in BAT (fig. S1, M and P), heart, muscle, 
and kidney (fig. S1, Q to V). These findings reveal that glucose- 
induced TN expression occurs mainly in WAT.

To elucidate the mechanism by which high glucose stimulates 
TN expression, we assessed the gene expression profile in human 
adipocytes treated with low or high levels of glucose by transcrip-
tome sequencing analysis. Analysis of the DEGs revealed 125 genes 
whose expression was significantly different between these two groups 
(fold change ≥ 2.0, P < 0.05), where 102 of them were up-regulated 
and 23 down-regulated in the high-glucose group compared to the 
low-glucose group (the top 20 significantly DEGs were shown in fig. 
S2A). GO and pathway analysis using P < 0.05 as the cutoff criteria 
revealed that the most significantly enriched GO terms are those 
involved in cartilage development, motile cilium, and growth factor 
activity (fig. S2B). Functional annotations of these DEGs revealed 
that the top enriched pathways were linked to signal transduction 
(fig. S2C). By reverse transcription PCR (RT-PCR), we examined 
the mRNA expression of 10 up-regulated DEGs and found that the 
gene encoding the thioredoxin-interacting protein (TXNIP) is sig-
nificantly up-regulated in response to high-glucose treatment in 
human adipocytes differentiated from stromal vascular fraction 
(SVF), 3T3-L1 adipocytes, and BFCs (Fig. 3, A and B, and fig. S2D). 
Suppressing Txnip by small interfering RNA (siRNA) significantly 
reduced glucose-stimulated expression of Clec3b (Fig. 3, C and D), 

the gene coding TN in human adipocytes. On the basis of the finding 
that p38 mitogen-activated protein kinase (MAPK) mediates high 
glucose–stimulated TXNIP expression (37), we asked whether inhi-
bition of p38 MAPK has an effect on TN expression. We found that 
inhibition of p38 MAPK by SB203580 significantly suppressed 
glucose-stimulated TN mRNA (fig. S2E) or protein (fig. S2F) ex-
pression in 3T3-L1 adipocytes. In addition, suppressing p38 by siRNA 
inhibited high glucose–induced TN expression (Fig. 3, E and F). Given 
that TXNIP promotes oxidative stress by inhibiting the activity (38) 
and protein expression (39) of thioredoxin, we examined the effect 
of thioredoxin on glucose-induced TN expression. We found that 
the glucose-induced TN mRNA (Fig. 3G) and protein (Fig. 3H) ex-
pression was markedly decreased by treating 3T3-L1 cells with 
thioredoxin. Glucose regulates several transcription factors including 
ChREBP, PPAR, OCT4, and Nanog (40–42). OCT4 is also regulated 
by thioredoxin (42–44). Thus, we asked whether OCT4 is involved 
in high glucose–stimulated TN expression. We found that knock-
down Oct4 by siRNA significantly reduced high glucose–induced 
TN mRNA and protein expression (Fig. 3, I and J). These results 
suggest that high glucose may promote TN expression via the p38 
MAPK/TXNIP/thioredoxin/OCT4 pathway.

TN binds with high selectivity to human and mouse islet  cells
To identify the target tissues of TN action, we examined the binding 
of TN fused to the secreted alkaline phosphatase (SEAP-TN) to various 
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mouse tissues. We found that SEAP-TN bound with high selectivity 
to mouse pancreas and islets and, to a lesser extent, the liver and 
muscle (Fig. 4A and fig. S3A). The binding of SEAP-TN to the pan-
creas tissue section was competitively blocked by preincubation 
of His-TN (20 mg/ml) (Fig. 4B), confirming the specificity of this 
binding. A strong SEAP-TN binding signal was also detected in the 
human pancreas and islet tissue sections (Fig. 4C), suggesting a po-
tential role of TN in regulating human pancreatic islet function. TN 
could also bind to pancreas from T2D patients, and the degree of 
binding is greater than that of the healthy subjects (Fig. 4C).

TN impairs glucose tolerance in mice
To explore the physiological role of TN in vivo, we analyzed the 
metabolic phenotype of male TN−/− mice and WT control mice fed 
a normal chow diet (NCD) or an HFD. TN was undetectable in the 
serum of TN−/− mice (fig. S3B), and there were no significant differ-
ences in body weight, food intake, fat mass, lean mass, and various 
tissue weight between TN−/− and WT mice fed either an NCD or an 
HFD (fig. S3, C to J). Glucose tolerance was also similar between 
TN−/− mice and WT littermates fed an NCD (fig. S3K). However, 
under HFD feeding conditions, TN−/− male and female mice dis-
played a significantly improved glucose but not insulin tolerance 
compared to WT mice (Fig. 5, A and B, and fig. S3, L and M). Con-
sistent with these findings, both basal and glucose-stimulated insulin 
secretion (Fig. 5C and fig. S3N) as well as random serum insulin 
level (fig. S3O) were increased in HFD-fed TN−/− male and female 
mice compared to WT control mice. To determine the potential role 
of TN in  cell function, we examined blood glucose levels and glu-
cose tolerance over time in a low-dose STZ-induced diabetic mouse 
model. Low-dose STZ injection induced a severe diabetic pheno-
type in WT control mice that persisted throughout the entire 60-day 
study, with an average blood glucose level exceeding 400 mg/dl 
during ad libitum feeding (Fig. 5D). Under similar conditions, the 
TN−/− mice displayed increased resistance to STZ-induced diabetic 
symptoms, better glucose tolerance, and improved glucose control 
and survival (Fig. 5, D to F). TN has a half-life of approximately 
8 hours, and intraperitoneal injection of His-tagged recombinant TN 
(body weight of 1 mg/kg) led to an approximately six times increase 

in serum TN levels (fig. S3P). TN injection exacerbated glucose intol-
erance in both NCD- and HFD-fed C57BL/6J mice (Fig. 5, G and H) 
and reduced GSIS during the intraperitoneal glucose tolerance test 
(IPGTT) (Fig. 5I). Consistent with the finding that knockout of TN 
had no significant effect on insulin tolerance, TN intraperitoneal 
injection in vivo had little effect on insulin sensitivity in both NCD- 
and HFD-fed C57BL/6J male mice (fig. S3, Q and R). We further 
tested the effects of long-term TN administration (1 mg/kg; every 
day for 2 weeks) in 4-month-old NCD-fed male C57BL/6J mice. 
There were no significant differences in body weight and food in-
take between TN- and vehicle-treated mice (fig. S3, S and T). How-
ever, long-term TN administration significantly attenuated the 
scavenging activity of glucose in HFD-fed mice (Fig. 5J). To further 
confirm the role of TN in glucose metabolism, we administrated a 
TN neutralization antibody or control immunoglobulin G (IgG) 
into HFD-fed mice. Administration of the anti-TN antibody but 
not IgG significantly reduced blood glucose levels and increase ran-
dom insulin levels in both HFD-fed mice and db/db mice, which is 
a model with persistent  cell failure (Fig. 6, A to D), suggesting that 
reducing TN levels is sufficient to improve HFD-induced glucose 
intolerance in mice.

Liraglutide alleviates diabetes by improving  cell function (45). 
To determine whether the beneficial effect of liraglutide is mediated 
by suppressing TN action, we treated WT and TN−/− mice with lira-
glutide. Liraglutide treatment improved IPGTT in both TN−/− and 
WT mice (fig. S4A). In addition, liraglutide treatment had no effect 
on the expression of TN in adipocytes (fig. S4B). These results sug-
gest that liraglutide treatment and TN suppression improve  cell 
function via distinct mechanisms. To determine whether the com-
bination of anti-TN neutralizing antibody and liraglutide has an 
additive effect on hyperglycemia in mice, we treated HFD-fed C57/
BL6 mice daily with the TN neutralizing antibody (2 mg/kg per day, 
subcutaneous injection) or control IgG together with liraglutide 
(100 g/kg per day, subcutaneous injection) or saline for 60 days. 
IPGTT and HbA1c levels were comparable among different treat-
ment groups before the TN antibody and liraglutide treatment (fig. S4, 
C to E). In agreement with the finding of others (46, 47), liraglutide 
treatment alone significantly improved insulin resistance and body 
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weight (Fig. 6, E and F). In addition, both liraglutide and the TN 
neutralizing antibody significantly improved IPGTT and HbA1c levels 
(Fig. 6, G and H). The glucose-lowering effect was further enhanced 
when the HFD-fed mice were cotreated with both the anti-TN neutral-
izing antibody and liraglutide (Fig. 6, G and H), revealing an addi-
tive effect of the combined treatment on improving hyperglycemia.

TN suppresses glucose-stimulated insulin release in human 
and mouse  cells
In hyperglycemic clamp studies, we found that TN−/− mice exhibited a 
significantly higher glucose infusion rate (GIR) compared to WT 
littermates when fed an NCD (Fig. 7A). The insulin secretion rate of 
the TN−/− mice was also significantly higher than that of the WT 
littermates during the hyperglycemic clamp studies (Fig. 7B). To 
determine the mechanism by which TN deficiency improves  cell 
function, we first examined  cell morphology in TN−/− and WT 
control mice. There was no significant difference in islet morphology 
(fig. S4F) as well as  and  cell mass (fig. S4, G and H) between the 
HFD-fed TN−/− mice and WT control mice. Knockout of TN in 
mice also had no significant effect on islet proliferation, dedifferentia-
tion, and apoptosis, as demonstrated by similar ratio of insulin-Ki67 

double-positive nuclei (fig. S4I), similar numbers of insulin and 
Ngn3 (fig. S4J), and similar insulin-TUNEL (terminal deoxynucleotidyl 
transferase–mediated deoxyuridine triphosphate nick end labeling) 
double-positive nuclei (fig. S4K), respectively, between the HFD-fed 
TN−/− mice and WT control mice. There was also no significant 
difference in the differentiation between TN−/− mice and WT con-
trol mice (fig. S4L). Consistent with these findings, TN had no sig-
nificant effect on the expression of genes involved in differentiation, 
proliferation, apoptosis, endoplasmic reticulum stress, inflammation, 
and autophagy (fig. S4, M to P). These findings suggest that TN may 
inhibit insulin secretion by targeting a step in the insulin secretory 
pathway rather than by affecting overall  cell physiology. TN treat-
ment reduced GSIS by 30 to 50% in human (Fig. 7C) and mouse 
(Fig. 7D) islets. TN treatment also impaired KCl-induced, a depo-
larizing agent, insulin secretion in mouse islets (Fig. 7E). Total islet 
insulin content is similar between the control and TN-treated 
human or mouse islets (fig. S5, A and B). In vitro perfusion experi-
ment showed that TN suppressed insulin secretion in human and 
mouse islets perfused with either high glucose, which closes the 
KATP channels, or high K+ concentration, which induces membrane 
depolarization (Fig. 7, F and G). These results suggested that TN 
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inhibited insulin secretion by targeting a step distal to KATP channel 
closure or  cell depolarization.

TN suppresses GSIS by inhibiting LTCCs in  cells
The finding that TN suppresses KCl-stimulated insulin release 
(Fig. 7E) suggested that TN may have a direct effect on free cyto-
plasmic Ca2+ levels ([Ca2+]i), which is a major regulator of insulin 
secretion. While TN had no effect on the basal [Ca2+]i levels at 
2.8 mM glucose, it significantly impaired KCl and high glucose–
induced [Ca2+]i increase in islets (Fig. 8A and fig. S5C). To obtain 
further evidence on the role of TN in regulating [Ca2+]i, we exam-
ined insulin secretion in purified mouse or human islets in response 
to a variety of Ca2+-dependent secretagogues. The inhibitory effect 
of TN on insulin secretion in human  cells could be rescued by 
S-(-)-Bay K 8644, an LTCC activator, but not by l-arginine, forskolin, 
or sulfonylurea glibenclamide (Fig. 8B), suggesting that TN reduces 
insulin secretion by inhibiting LTCC activity but not by affecting 
membrane depolarization, adenosine 3′,5′-monophosphate (cAMP) 
induction, or KATP (ATP-sensitive potassium channel) closure. The 
Cav1.2 and Cav1.3 subtypes of the L-type channel, which are ex-
pressed in both mouse and human islets, are responsible for Ca2+ 
influx and insulin granule exocytosis in  cells (13). The mRNA levels 

of Cav1.3 have been found to be approximately 14.5 and 2.5 times 
higher than those of Cav1.2 in human and mouse islets (15, 16), 
respectively. Notably, the mRNA of Cav1.3 channel encoded by the 
Cacna1d gene was significantly down-regulated by TN in human  
cells (Fig. 8C). On the contrary, the mRNA levels of Cav1.3 were sig-
nificantly increased in islets isolated from HFD-fed TN−/− mice com-
pared to WT control mice (Fig. 8D). These data indicated a critical 
role of Cav1.3 channel in TN-mediated insulin regulation. We found 
that TN perfusion dose-dependently inhibited Ca2+ current in both 
human (Fig. 9A) and mouse  cells (Fig. 9B), suggesting TN as an 
endogenous LTCC inhibitor that possibly functions by inhibiting the 
Cav1.2-1.3 channels. This speculation was further validated by treating 
human embryonic kidney (HEK) 293T cells expressing Cav1.3 channel 
with the LTCC inhibitor nifedipine. In line with the effect of TN on 
LTCC in  cells, TN inhibited the ectopically expressed Cav1.3 chan-
nel in HEK293T cells in a dose-dependent manner (Fig. 9C). TN also 
inhibited Cav1.2 channel expressed in HEK293T cells, although to 
a lesser extent (fig. S5D). We also analyzed the effect of TN on the 
current-voltage (I-V) relationship in HEK293T cells expressing the 
Cav1.3 channel. Treating the cells with TN at a concentration of 
83 g/ml, which inhibited the calcium currents at a subsaturation 
level (70 to 80%), significantly reduced the peak current density of 
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Cav1.3 channel (~80% at 0 mV; P < 0.0001; Fig. 9D), but had no 
significant effect on the threshold activation voltage, peak activation 
voltage, and reversal voltage of the channel (Fig. 9E), suggesting 
that TN treatment did not change the activation gating of Cav1.3. 
TN treatment also did not affect the steady-state activation of Cav1.3 
(Fig. 9F). The inhibition is rather rapid after TN perfusion into the 
recording chamber, with the steady-state inhibition being reached 
within one sweep (5 s; Fig. 9G), indicating a direct inhibition of TN 
on the Cav channels.

DISCUSSION
In the current study, we reported the identification of TN as an 
adipose tissue–enriched secretory molecule that impairs  cell func-
tion in T2D. TN protein is highly enriched in adipose tissue, and its 
expression and serum levels are greatly induced in diabetic humans 
and mice. Administration of TN exacerbates and knockout of TN 
gene improves glucose tolerance in mice. Mechanistically, hyper-
glycemia increases the expression of TN in adipocytes via the p38 
MAPK/TXNIP/thioredoxin/OCT4 signaling pathway, leading to 
TN suppressing GSIS in islets by blocking the LTCCs (Fig. 10). Our 
study provides new evidence on the possible adipo-insular axis to 
modulate  cell dysfunction in diabetes and suggests that inhibition 
of TN expression and/or neutralizing its function could be a prom-
ising therapeutic strategy for the treatment of diabetes. In addition 
to islets, TN-SEAP also binds to the liver and muscle, but to a much 
lesser extent (Fig. 4A). Nevertheless, while knockout of TN had no 
obvious effect on insulin sensitivity, as measured by insulin tolerance 
test (Fig. 5B), we cannot completely exclude the possibility that 
TN may have a direct effect on liver function. Further investigations 
will be needed to address this question.

TN mRNA is ubiquitously expressed in mouse tissues (19, 20), but 
its protein expression appears to be more tissue restricted. Wewer et al. 

(21) analyzed the tissue distribution of TN mRNAs in several tis-
sues including liver, head, trunk, skin, lung, and limbs by Northern 
blot and found that TN mRNA is most prominently in the lung, 
followed by limbs. However, no appreciable immunostaining of TN 
protein was detected in normal adult skeletal muscle, lung, and other 
organs (21). TN mRNA was not detected in the liver (19–23), but its 
protein expression was detected in human skeletal muscle by im-
munostaining, although Western blot did not consistently detect 
TN protein in muscle (48). In our study, we found that TN protein 
is predominantly expressed in human and mouse adipose tissues 
(Fig. 2, C and D). The anti-TN antibody detected TN protein in 
tissues from WT but not TN−/− mice (Fig. 2D), confirming the spec-
ificity of the antibody. These results demonstrate that TN is an 
adipose-enriched secreted molecule that may regulate  cell function 
via an endocrine mechanism. While TN was detected in mouse and 
human islets by immunohistochemistry (35, 36), we found no TN 
mRNA in mouse islets by qPCR (fig. S1G). Consistent with this re-
sult, no TN protein expression was detected in INS-1 cells and islets 
(fig. S1H). We found that TN was induced in white and brown fat 
cells but not in muscle cells. While it is well known that muscle and 
BFCs are derived from the same lineage, fully differentiated muscle 
cells and brown adipocytes show distinct tissue distributions, unique 
protein expression patterns, and different characteristics. For ex-
ample, BFCs are located in deeper cervical, supraclavicular, and 
paraspinal areas that consist of a mixture of brown and white adipo-
cytes (49). They are critical for nonshivering thermogenesis via 
specific expression of UCP1 (50). Skeletal muscle cells, on the other 
hand, are widely distributed throughout our body and express dif-
ferent types of motor units, which are responsible for contraction and 
locomotion (51). The different tissue microenvironment shapes the 
function of the cells and orchestrate their capability in response to 
distinct stimuli. Thus, it is expected that brown adipocytes and skeletal 
muscle cells respond differently to glucose stimulation, leading to 

B

1500
1000
500

0

2000

G
lu

co
se

 in
fu

si
on

 
ra

te
 (A

U
C

)

WT  TN−/−

WT
    

10
5

WT  TN−/−In
su

lin
 s

ec
re

tio
n

(A
U

C
)

25
20
15

0

6

4

2
0

Human islets

2.8 mM   16.7 mM

Control  
TN = 10 mg/ml
    

In
su

lin
 s

ec
re

tio
n 

(n
g/

m
l)

ns

E

KCl KCl + TN

2.0

1.5

1.0

0.5

0

In
su

lin
 s

ec
re

tio
n 

(n
g/

m
l)

TN−/−  

A
G

lu
co

se
 in

fu
si

on
 ra

te
(m

g/
kg

*m
in

)

0 5 15 25 35 45 55 65 75

300
200
100

0
-100

Time (min)

10 In
su

lin
 s

ec
re

tio
n

(n
g/

m
l)

0.5
0.4
0.3
0.2
0.1

0       20        40      60
Time (min)

WT    
TN−/−

In
su

lin
 s

ec
re

tio
n/

to
ta

l 
co

nt
en

t

F

0    5  10  15  20  25  30  35  40  45  50

0.25
0.20
0.15
0.10
0.05

0

Control
TN
    

G
Human islets

  2.8         16.7              30

Mouse islets

ns

Control
TN = 10 mg/ml
TN = 25 mg/ml
TN = 50 mg/ml
    

2.8 mM         16.7 mM 

In
su

lin
 s

ec
re

tio
n

(n
g/

µg
 p

ro
te

in
)

1.5

1.0

0.5

0.0

D

C

In
su

lin
 s

ec
re

tio
n/

to
ta

l 
co

nt
en

t

0       20      40       60      80     100

2.8         16.7     2.8    KCl

Mouse islets

 0.15
 

 0.10
 

 0.05
 

 0.00 

Control
TN
    

Time (min)
Glucose:

Glucose:

Glucose (mM)        KCl  (mM)
Glucose (mM)

Time (min)

Fig. 7. TN suppresses GSIS in human and mouse  cells. (A) GIR in WT and TN−/− male mice (n = 4 per genotype) during hyperglycemic clamp. AUC calculations for data 
in (A) are shown on the right. (B) Plasma insulin levels in WT and TN−/− male mice (n = 4 per genotype) during hyperglycemic clamp study. AUC calculations for data in (B) 
are shown on the right. GSIS in human (C) or mouse (D) islets incubated with low (2.8 mM) or high (16.7 mM) glucose in the presence of different doses of TN as indicated 
for 30 min. Values are means ± SEM of six independent experiments, and all measurements were made in triplicate in each independent experiment. (E) GSIS in mouse 
islets incubated with 25 mM KCl in the presence of TN (10 g/ml) or control vehicle for 30 min. Values are means of six independent experiments, and all measurements 
were made in triplicate in each independent experiment. Perfusion GSIS assays of human (F) and mouse (G) islets treated with either TN (10 g/ml) or control vehicle. 
Values are means ± SEM from five independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 for (A) to (G).



Liu et al., Sci. Adv. 8, eabq1799 (2022)     21 September 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

9 of 18

different expression levels of TN. The serum levels of TN were cor-
related with diabetes but not with obesity in NGT in both male and 
female human subjects (Fig. 1, C and D, and fig. S1, B and C), sug-
gesting that hyperglycemia may play a major role in promoting TN 
expression and/or secretion. Consistent with this view, TN expres-
sion and secretion were stimulated by glucose, but not insulin, in 
adipocytes (Fig. 2I and fig. S5E). Overproduction of TN inhibits 
insulin release, suggesting that this secretory molecule may benefit 
survival during evolution. For example, insulin resistance is evolu-
tionarily well preserved, which is important for humans under spe-
cific conditions such as starvation, immune activation, and growth, 
when glucose is critical for different biosynthetic purposes. STZ, 
which induces apoptosis and necrosis in  cells, is widely used to 
generate diabetes animal models in diabetes research (52, 53). We 
found that STZ treatment greatly increased serum glucose (Fig. 5D) 
and TN levels (Fig. 1, G and H) in mice. In addition, TN treatment 

increased STZ-induced reactive oxygen species (ROS) production 
(fig. S5F) and knockout of TN protected mice from STZ-induced 
diabetic symptoms and increased mouse survival (Fig. 5, D to F). 
These results suggest that TN may impair  cell function by increasing 
ROS production. Because hyperglycemia is also induced in HFD-fed 
mice (54), it is not surprising that TN levels were increased in the 
serum of HFD-fed mice (Fig. 1F). Obesity, at least at its early stages, 
often provokes hyperinsulinemia when  cells are in a compensatory 
phase to maintain normal blood glucose (55). However, impaired  
cell function and reduced insulin secretion are present early during 
T2D development, even at the stage of impaired glucose tolerance 
when  cells are in a decompensated state (56). Our findings showed 
that TN expression was induced by high levels of glucose and that 
serum TN levels were greatly increased in patients with diabetes but 
not with NGT-associated early stages of obesity (Fig. 1), suggesting 
that TN may play a contributing role to  cell failure in MS and 
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T2D. The mechanisms underlying the stimulatory effect of glucose 
on TN secretion remain unclear (57). Future studies will be needed 
to elucidate the mechanism by which hyperglycemia promotes TN 
expression.

We found that the expression and serum levels of TN were greatly 
induced in diabetic humans and mice (Fig. 1). In addition, TN ex-
pression could be induced by high levels of glucose and adipocyte 
differentiation (Fig. 2, E to I). While these results suggest that TN 

expression may be a consequence of hyperglycemia, we also found 
that TN administration exacerbated glucose intolerance in both 
NCD- and HFD-fed mice (Fig. 5, G and H). In addition, treating 
 cells with TN is sufficient to suppress GSIS (Fig. 7, C and D). 
These results suggest that TN has a direct and feedforward role in 
suppressing insulin secretion in  cells under hyperglycemia condi-
tions. The pathophysiological significance for this positive feedback 
regulation remains unclear, but some other hyperglycemia-induced 
insulin secretion inhibitors such as secreted frizzled-related protein 
4 (SFRP4) and retinol binding protein 4 (RBP4) have been reported 
to impair  cell function via a positive feedback action (58, 59). 
Nevertheless, the findings that suppressing TN expression and neu-
tralization of TN function improve GSIS and glucose tolerance suggest 
that TN may be an excellent target for diabetes therapy (Fig. 6, A and B). 
In support of this notion, reducing TN function by a neutralizing 
antibody could improve IPGTT in mice (Fig. 6, A and G). More-
over, treating obese mice with the TN neutralization antibody 
significantly increased the suppressing effect of liraglutide on HFD- 
induced hyperglycemia (Fig. 6, E to H), offering new options for the 
treatment of obesity-induced T2D. However, there are some studies 
showing that serum TN levels were inversely associated with CAD 
(31, 60), although there is no significant correlation between TN levels 
and inflammatory markers such as tumor necrosis factor  (TNF), 
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interleukin-6 (IL-6), IL-8, high-sensitivity C-reactive protein (hs-CRP), 
and monocyte chemoattractant protein 1 (MCP-1) (61). Further 
studies will be needed to determine whether TN has a causative 
effect on other tissues or diseases.

While it is well known that there are marked cytoarchitectural dif-
ferences between human and rodent islets (62, 63), our findings show 
that TN inhibits GSIS in both human and mouse islets (Fig. 7, C and D), 
demonstrating a clinical relevance of our findings. The inhibitory 
effect of TN on insulin secretion in human  cells could be fully res-
cued by the LTCC activator S-(-)-Bay K 8644, but not by the mem-
brane depolarization agent l-arginine or the KATP channel closure 
inducer sulfonylurea glibenclamide (Fig. 8B). These findings indicate 
that the inhibitory effect of TN on insulin secretion is most likely me-
diated by inhibiting the LTCC activity. Consistent with this view, TN 
suppressed Ca2+ current in both human and mouse  cells as well as 
in HEK293T cells ectopically expressing the 1D and 3 subunits of 
the Cav1.3 channel (Fig. 9, A to C). The whole-cell patch-clamp re-
sults demonstrated that TN had direct and potent inhibitory effect 
on LTCCs in  cells. Because the patch-clamp test is acute perfusion 
administration, it is more likely that TN may directly inhibit calcium 
channels. However, how TN binds and inhibits LTCCs in pancreatic 
 cells is still uncertain. There are several potential possibilities by 
which TN regulates LTCCs. First, our data showed that TN treatment 
did not change the activation gating of Cav1.3 (Fig. 9, D and E) or 
the steady-state activation of Cav1.3 (Fig. 9F). Thus, it is possible that 
TN might decrease the current density by promoting the endocytosis 
of Cav1.3 from plasma membrane via a direct interaction with a 
common Ca2+ channel auxiliary protein or with a specific regulator of 
Ca2+ channels. Second, the plasma membrane–bound LTCCs (Cav1.2 
and Cav1.3) mediate exocytosis of predocked insulin-containing 
secretory granules during the first phase of GSIS, which is mediated 
by their interaction with syntaxin-1A (64). Thus, TN may perturb 
the complex between LTCCs and syntaxin-1A or directly bind to 
syntaxin-1A and consequently modulate the activity of the  cell exo-
cytotic machinery. Last, it is known that TN binds to several mole-
cules including plasminogen (26), angiostatin (65), apolipoprotein 
(27), and heparin (28) as well as calcium (66). These results suggest a 
possibility that TN may interact with Ca2+ to block its entry into  cells 
via the LTCCs. Further studies will be needed to sort out these pos-
sibilities. We found that TN treatment significantly suppressed the 
mRNA levels of Cav1.3 channel in human islets and that knockout 
of TN significantly increased the mRNA levels of Cav1.3 channel in 
mice (Fig. 8, C and D), suggesting that, in addition to an acute inhi-
bition, TN may regulate Cav1.3 function by suppressing Cav1.3 ex-
pression. Further studies will be needed to verify these possibilities.

In conclusion, we identify TN as a fat-enriched secreted molecule 
that negatively regulates GSIS in  cells in diabetes. Our study shows that 
TN targets  cells and inhibits insulin secretion by inhibiting LTCCs, 
uncovering a new mechanism underlying  cell dysfunction in diabetes. 
The findings that serum levels of TN are associated with diabetes in 
humans and that TN inhibits GSIS in human islets also suggest that 
reducing TN expression and/or neutralizing its function could be a 
promising antidiabetic therapeutic avenue to improve  cell failure.

MATERIALS AND METHODS
Study participants and study design
All participants gave written informed consent before the commence-
ment of the study, which was approved by the Ethics Committee of 

Second Xiangya Hospital of the Central South University (CSU) 
(protocol MSRC2016LF). For proteomic profiling experiments, 
serum samples were collected from 22 age-matched male adult hu-
man subjects, including 10 healthy subjects, 7 obese NGT (without 
hypertension, hyperlipidemia, and hyperglycemia), and 5 human 
subjects with MS (table S1). Obese patients were newly diagnosed, 
and individuals were classified as underweight (<18.5 kg/m2), nor-
mal (18.5 to 24.0 kg/m2), overweight (24.0 to 27.9 kg/m2), or obese 
(≥28.0 kg/m2) according to Chinese criteria. The International 
Diabetes Federation defined MS as central obesity (waist circumfer-
ence ≥ 90 cm in Chinese men) in addition to any two of the following: 
elevated triglyceride (TG) levels (>1.7 mM or specific treatment for 
this lipid abnormality), low high-density lipoprotein cholesterol 
(HDL) levels (<1.03 mM in men or specific treatment for this 
lipid abnormality), hypertension (systolic, >130 mmHg; diastolic, 
>85 mmHg; or treatment of previously diagnosed hypertension), and 
elevated fasting plasma glucose [fasting blood glucose (FPG), >5.6 mM 
or previously diagnosed T2D] (67). The body mass index (BMI) was 
calculated as weight (kg)/height (m2). Other parameters such as age, 
gender, waist, hip, systolic blood pressure, and diastolic blood pres-
sure were recorded by physician assistants. Fasting venous blood 
samples were tested for FPG, TG, total cholesterol, HDL, and low- 
density lipoprotein cholesterol (LDL). Two-hour postprandial venous 
blood samples were tested for 2-hour postprandial glucose (2hPG). 
The exclusion criteria for all the participations were the following: 
frequent use of anti-inflammatory drugs or corticosteroid medica-
tions; T1D; secondary diabetes; inflammation, infectious diseases, 
or other autoimmune disorders; pregnancy; and malignant diseases. 
The normal controls and obesity group also excluded any patients 
with a history of T2D, hypertension, and hyperlipidemia. Immedi-
ately after collection, blood samples were allowed to clot at room 
temperature for 4 hours, and the serum samples were collected and 
centrifuged at 3000 rpm for 15 min. To remove lipids, the serum 
samples were mixed with 250 l of buffer containing 100 mM NaCl 
and 10 mM Hepes (pH 7.4) and filtered through 0.22-m filters by 
spinning at 10,000g for 30 min. The lipid-free serum sample (260 l) 
was mixed with 182 l of cold ethanol, rested at 4°C for 1 hour, and 
subjected to centrifugal separation at 16,000g for 45 min. Last, the 
solutions and precipitations were separated via the above steps, and 
the serum samples were stored at −20°C after lyophilization.

For Western blot experiments, serum samples were collected from 
a new group of age- and sex-matched human adults, including 
24 healthy subjects (BMI < 24 kg/m2), 24 obese NGT (BMI ≥ 28 kg/m2, 
FPG < 7.0 mM, and HbAc1 < 6.5%), and 24 T2D subjects (BMI ≥ 
28 kg/m2, FPG ≥ 7.0 mM, and HbAc1 ≥ 6.5%) (tables S2 and S3). 
Diagnostic criteria of T2D were (i) typical history of hyperglycemia 
according to American Diabetes Association criteria (68), (ii) negative 
for islet autoantibodies, and (iii) not requiring immediate insulin 
treatment. T2D was diagnosed by meeting one of the following con-
ditions: FPG ≥ 7.0 mM, 2hPG ≥ 11.1 mM, HbAc1 ≥ 48 mM (6.5%), 
and random plasma glucose ≥ 11.1 mM. The exclusion criteria for 
all the participations were the same as those for the proteomic pro-
filing experiment.

Human pancreases were obtained from deceased nondiabetic 
donors by the Department of Urological Organ/Liver Transplanta-
tion team at the Second Xiangya Hospital of the CSU. Human islets 
were isolated by collagenase P (Sigma-Aldrich, C9263) digestion of 
the pancreas according to the procedures described (69). Human 
pancreases were trimmed after carefully removing the surrounding 
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fat tissue, lymph nodes, vessels, and membranes. Pancreatic ducts 
were cannulated and inflated with a 5-ml syringe and Hanks’ balanced 
salt solution (HBSS) containing collagenase P (1 mg/ml) injected 
through the pancreatic duct. Two milliliters of collagenase solution 
was used per each milligram of pancreas. The pancreas was removed 
and incubated at 37°C for about 20 to 30 min in 50-ml centrifuge 
tube to allow complete digestion. The tubes were placed in an ice bath, 
and digestion was stopped by the addition of HBSS, followed by 
rinsing the pancreases with HBSS three times. Islets were collected 
using a pipette under a stereoscopic microscope and maintained at 
37°C in CMRL 1066 medium (Gibco) supplemented with fetal bovine 
serum (FBS) [10% (v/v); Gibco], glutamine (2 mM; Gibco), and 
penicillin-streptomycin (100 U/ml, 0.1 mg/ml; Gibco). Table S5 pres-
ents the basic information for human pancreas.

Proteomic profiling
The lyophilized human serum samples were dissolved individually 
in 200 l of 6 M GuHCl (guanidine hydrochloride) separately. The 
solution (45 l) containing 300 g of proteins was reduced by adding 
2 l of 1 M dithiothreitol (DTT) and incubated at 37°C for 2.5 hours. 
Then, 10 l of 50 mM iodoacetamide was added to the solution, and 
the mixture was incubated in the dark for 40 min at room tempera-
ture. After the reaction, the samples were centrifuged at 10,000g for 
20 min using a Centricon YM-50 column (Millipore, Bedford, CA), 
and the concentrated samples (~30 l) were digested with 2 g of 
trypsin (Promega, Madison, WI) at 37°C for 20 hours. The digested 
peptides were centrifuged at 10,000g for 10 min, and the clarified 
supernatants were stored at −80°C for further analysis with mass 
spectrometry. Peptides were subjected to two-dimensional (2D) liquid 
chromatography–tandem mass spectrometry (LC-MS/MS) separation, 
which was composed of an SCX (Strong Cation Exchange) column 
[320 m inside diameter (id), 100 mm length; Column Technology], 
two C18 RP (Reversed-Phase) trap columns (Agilent Technologies), 
and one C18 RP capillary column (75 m id, 100 mm length; Column 
Technology), coupled with two Agilent 1100 high-performance LC 
pumps (Agilent Technologies). The flow rate of SCX and RP trap was 
3 l/min, and the flow rate of RP was 2 l/min. We fractionated the 
sample into 10 fractions by SCX, as described in Zhou et al.’s work 
(70). 2D LC was further interfaced to a linear ion trap mass spec-
trometer (LTQ). The mass spectral data were acquired on a linear ion 
trap mass spectrometer (LTQ) (Thermo Fisher Scientific, San Jose, 
CA) equipped with an electrospray interface operated in positive ion 
mode. The column effluent was directed into the LTQ mass analyzer. 
The electrospray ionization conditions were the following: 3.0 kV 
for the spray voltage and 170°C for the capillary temperature. The 
mass spectrometer was set so that each full mass spectroscopy scan 
was followed by the 10 most intense peptide ions for MS/MS with 
charge ≥ +2 with the following dynamic exclusion settings: repeat 
counts, 1; repeat duration, 30 s; exclusion duration, 180 s. All data 
files were created using Bioworks 3.1, with precursor mass tolerance 
of 1.4 Da, threshold of 100, and minimum ion count of 15. The ac-
quired mass spectrometry spectra were searched against the Human 
International Protein Index protein sequence database (version 3.07; 
www.ebi.ac.uk/IPI) combined with sequences of real protein and 
reverse sequences of proteins by using the TurboSEQUEST program 
in the Bioworks 3.1 software suite, with a mass tolerance of 3.0 Da. 
All cysteine residues were searched as carboxamidomethycystein 
(+57.02 Da). Up to one internal cleavage site was allowed for tryptic 
searches. All output results were combined using the in-house software 

named Buildummary to delete the redundant data. Searches were 
conducted against the Human International Protein Index protein 
sequence database to control the false discovery rate at 2.5%, and all 
spectral peptide count had a DCn score of at least 0.1. The proteins 
identified by two or more peptide counts in either nondiabetic or 
diabetic serum were used to the following bioinformatics analysis.

RNA sequencing and data analysis
Total RNA was prepared from differentiated adipocytes using the 
RNeasy Mini Kit (QIAGEN) according to the manufacturer’s in-
structions. RNA concentration and integrity were then controlled 
on a Bioanalyzer system (Agilent), and only RNA samples with RIN 
(RNA integrity number) values of >7 were used for downstream 
applications. Library construction and sequencing was outsourced 
to IGA Technology Services Srl. Libraries were constructed using 
the Nextera Library Prep Kit (Illumina) according to the manufac-
turer’s instructions and sequenced on an Illumina HiSeq 2500 at 
75–base pair single ended, with a minimum output of 40 million 
reads per sample. Read mapping and differential expression analysis 
was performed using the AIR (Artificial Intelligence RNA-Seq) 
software from Sequentia Biotech with the following pipeline: BBDuk 
(reads trimming; https://jgi.doe.gov/data-and-tools/software-tools/
bbtools/bb-tools-user-guide/bbduk-guide/), STAR [reads mapping 
to the human genome GRCh38 (Ensembl); https://github.com/
alexdobin/STAR], featureCounts (gene expression quantification; 
http://subread.sourceforge.net/featureCounts.html), and EdgeR (dif-
ferential gene expression; www.bioconductor.org/packages/devel/
bioc/html/edgeR.html). The expression level of each gene was 
calculated using the fragments per kilobase of transcript per million 
(FPKM) base pair sequenced method. To identify the DEGs be-
tween two groups (three biological replicates per group), Cuffdiff 
was used. Genes with a fold change of ≥2 and a false discovery rate 
of <0.05 were identified as significant DEGs. To comprehend the 
functions of these DEGs, GO functional enrichment and the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway analysis 
were performed.

Culture of primary human preadipocytes and adipocytes
Abdominal WAT was obtained from nondiabetic patients during 
abdominoplasty. Approval was obtained from the Ethics Committee 
of Second Xiangya Hospital of the CSU (protocol MSRC2016LF). The 
isolation of adipocyte and SVF cells was performed as described (71).

Human preadipocytes were maintained in Dulbecco’s modified 
Eagle’s medium (DMEM) containing 10% FBS, penicillin (100 U/ml), 
and streptomycin (50 g/ml) at 37°C in 5% CO2. To induce differ-
entiation, confluent human preadipocytes (day 0) were subsequently 
cultured in serum-free DMEM containing 50 nM insulin, 100 nM 
dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine, and 100 M 
rosiglitazone. The medium was changed every 2 days for the first 
4 days. Thereafter, the medium was replaced by serum-free DMEM 
containing 50 nM insulin and 100 nM dexamethasone, which was 
changed every 2 days until lipid droplets had accumulated (days 14 
to 17). Seventeen days after the induction of differentiation, more 
than 90% of the cells had acquired the adipocyte phenotype, the 
cells used for the experiments.

Animal studies
All procedures for animal use were in accordance with the Animal 
Care and Use Committee of the Second Xiangya Hospital, CSU or 
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the Animal Care and Use Committee of University of Texas Health 
at San Antonio (UTHSA). Institutional Regulatory Board and/or 
Institutional Animal Care and Use Committee guidelines were 
followed with animal subjects. The TN−/− mice in C57BL/6J back-
ground were obtained from the Shanghai Research Center for Model 
Organisms and were described previously (30). TN−/− mice can be 
provided by E. Wang pending a scientific review of the request and 
a completed material transfer agreement. Requests for TN−/− mice 
should be submitted to E. Wang. TN whole-body knockout (TN−/−) 
mice were maintained on a C57BL/6J background. Heterozygous 
TN+/− mice were crossed to produce WT (TN+/+) and knockout 
(TN−/−) mice according to the Mendelian law. In our studies, con-
trol animals were derived from the same cross and not from parallel 
breeding of WT animals to ensure as close a genetic match as possible 
to the test animals. TN+/− mice are phenotypically similar to TN+/+ 
mice (Fig. 5A). All mice were housed in a specific pathogen–free 
environment with a 12-hour light/12-hour dark cycle at either the 
Animal Care Center in the Second Xiangya Hospital of the CSU or 
the Animal Facility at the UTHSA. The mice were all in C57BL/6J 
background and had free access to food and water. Mice were fed an 
NCD containing 19% protein, 5% fat, and 5% fiber (Hunan Silaike 
Jingda Laboratory Animal Co. Ltd.) or an HFD containing 20% pro-
tein, 60% fat, and 20% carbohydrate (D12492, Research Diets Inc.) 
starting at 6 weeks of age.

Body weight and body composition measurement
Body weight and food intake were measured weekly at the same time 
points from week 6 and onward. Mouse body composition (fat mass 
and lean mass) was determined using an MQ Minispec 7.5 HZ Live 
Mice analyzer (MinispecLF50, BRUKER Optik GmbH, Germany).

TN binding assay
TN binding assay was performed according to the procedure as de-
scribed previously (72). To identify the target tissue(s) of TN, we 
generated a plasmid encoding a fusion protein in which the TN gene 
was fused to the cDNA encoding the secreted human placental alkaline 
phosphatase (SEAP-TN). Plasmids encoding SEAP or SEAP-TN 
were expressed in HEK293T cells, and cell culture medium containing 
the secreted SEAP or SEAP-TN was collected. TN binding assay was 
performed by incubating frozen mouse tissue sections with SEAP- or 
SEAP-TN–containing cell culture medium. For competition bind-
ing assays, frozen tissue slices were preincubated for 1 hour with 
His-TN (20 mg/ml), followed by incubation with SEAP-TN cultured 
medium for 1 to 2 hours at room temperature.

Generation and purification of recombinant TN and green 
fluorescent protein
The TN cDNAs were amplified from human or mouse WAT by 
PCR and cloned into the pcDNA 3.1/myc-His B vector (Invitrogen/
Thermo Fisher Scientific). The expression of the recombinant TN 
fused with a secretory peptide sequence (to assist secretion) and an 
N-terminal 6×His tag at its N terminus was produced in HEK293T 
cells. His-tagged green fluorescent protein (GFP) purified from 
HEK293T cells was used as a control. The medium was collected, 
and cells in the medium were removed by centrifugation. The clari-
fied medium was sterile-filtered, concentrated, and buffer-exchanged 
into a nickel-binding buffer [50 mM NaPO4 (pH 7.4), 500 mM NaCl, 
and 25 mM imidazole] by using an ÄKTA FPLC (Fast protein liquid 
chromatography) system. TN was purified from this solution via 

nickel-affinity chromatography using a HisTrap excel column (GE 
Healthcare) followed by size exclusion chromatography using an 
analytical Superdex 200 column (GE Healthcare) equilibrated with 
phosphate-buffered saline (PBS) containing 10% glycerol. The purified 
proteins were of high purity (>90%), as judged by silver staining 
(fig. S6A), LC (fig. S6, B and C), and mass spectrometry (fig. S6D). 
The identity of TN protein was confirmed by silver staining and 
Western blotting (fig. S6A). The purified TN was able to regulate 
insulin secretion, as demonstrated by in vivo and in vitro experiments 
(Figs. 5I and 7, C to G), suggesting that the protein structure is intact. 
Recombinant TN was expressed in mammalian cells, which do not 
produce endotoxins. For some experiments including the islet per-
fusion and in vivo experiments, purified TN proteins from Sino Bio-
logical Inc. (50700-M08H), which are >95% pure, were used. The 
commercially obtained TN showed similar effect to that of the home-
made TN, confirming the specific effects of the proteins.

Plasma TN half-life measurement
His-tagged and mammalian cell–expressed TN was obtained from 
Sino Biological Inc. (catalog no. 50700-M08H). TN (~1 mg/kg) was 
injected intraperitoneally into WT C57/BL6 mice. Blood was drawn 
before injection (baseline) and at 0.25, 0.5, 1, 2, 4, 8, 16, 32, 48, 60, 
and 72 hours after injection. The plasma concentration of TN was 
determined by Western blots. The half-life of TN protein was calcu-
lated using GraphPad Prism 6 software.

Generation of anti-TN antibody
The TN antibody was generated in female New Zealand white rabbits 
at Covance Inc. (Princeton, NJ, USA) using recombinant fragment 
corresponding to mouse TN amino acids 86 to 144 expressed in 
Escherichia coli following standard procedures. Blood samples were 
collected in 3-week cycles of immunization and bleeding, and the 
antibody titers were determined by indirect TN ELISA. Total IgGs 
were purified from the serum using protein A affinity column. Briefly, 
rabbit serum was prebuffered with PBS and slowly loaded onto the 
protein A column to allow sufficient binding of IgGs. After washing 
with 1× PBS to remove unbound serum components, the IgGs were 
eluted with acidic buffer [0.1 M glycine-HCl (pH 2.8)] and then im-
mediately dialyzed into 1× PBS buffer at 4°C overnight. The plasma 
concentration and the half-life of the anti-TN antibody were deter-
mined by a homemade ELISA kit (fig. S5G).

Injection of TN neutralizing antibody into mice
HFD-fed 16-week-old male TN−/− mice and their WT littermates 
were injected daily with TN antibody protein (2 mg/kg, intraperito-
neally). Control mice were injected intraperitoneally with an identical 
volume of IgG. Treated animals were fasted 12 hours before the glu-
cose tolerance test.

The combination of liraglutide and anti-TN neutralizing 
antibody study
The mice fed an HFD for 16 weeks received daily intraperitoneal 
injections of either 0.9% (w/v) sodium chloride, liraglutide (0.1 mg/kg), 
anti-TN polyclonal antibodies (pAbs) (2 mg/kg), IgG (2 mg/kg), or 
both liraglutide and anti-TN pAbs for 60 days. Mouse body weights 
were measured every day throughout the study. IPGTT and IPITT 
(Intraperitoneal Insulin Tolerance Test) were measured as described 
previously. Blood samples were used directly for the measurement 
of HbA1c (Jiancheng Biotechnology).
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IPGTT, IPITT, and GSIS assays
IPGTT and IPITT were performed as described in our previous ex-
periments (73). For some experiments, a single dose of recombinant 
TN (1 mg/kg) was intraperitoneally injected into 16- and 4-hour 
fasted mice before IPGTT and IPITT experiments, respectively. For 
a long-term study, recombinant TN was intraperitoneally injected 
into 4-month-old C57BL/6J mice at a single dosage of 1 mg/kg every 
day for 2 weeks before IPGTT experiments. For liraglutide study, 
WT and TN−/− mice fed an HFD for 16 weeks were dosed subcuta-
neously with liraglutide (0.2 mg/kg) (Novo Nordisk) or vehicle 2 hours 
before IPGTT experiments (2 g/kg).

For GSIS ex vivo test, freshly isolated human or mouse islets were 
incubated overnight in RPMI 1640 medium (Gibco) containing 
10% FBS (Gibco) and penicillin-streptomycin (100 U/ml) (Gibco) 
at 37°C in the cell culture incubator. The islets were then transferred 
to a Hepes-balanced Krebs-Ringer bicarbonate buffer (KRBH) 
(pH 7.4) containing 115 mM NaCl, 5 mM KCl, 2.5 mM CaCl2, 1 mM 
MgCl2, 24 mM NaHCO3, 25 mM Hepes, bovine serum albumin 
(BSA) (1 mg/ml), and 2.8 mM glucose and incubated for 2 hours. 
Subsequently, the islets (five islets per well) were divided into four 
groups and incubated for 30 min in KRBH buffer containing 2.8 or 
16.7 mM glucose, with or without recombinant TN. To measure the 
islet insulin content, islets were handpicked and lysed in 0.5 ml of 
acid ethanol (1.5 ml of HCl in 100 ml of 70% ethanol). The supernatant 
insulin levels were determined using a mouse insulin ELISA kit 
(Alpco Diagnostics, Salem, NH) according to the manufacturer’s 
instructions.

For perifusion experiments, batches of 100 human or mouse islets 
were placed in parallel perifusion chambers at 37°C and perifused at 
a flow rate of 1 ml/min with a KRBH containing 0.5% BSA. Islets 
were first equilibrated for 20 or 30 min in KRBH supplemented 
with 2.8 mM glucose and then stimulated during 20- or 30-min 
periods in high glucose concentrations (16.7 mM) with or without 
TN as indicated. Fractions were collected every minute. At the end 
of each perifusion, islets were pelleted by centrifugation and lysed in 
acid ethanol for assessment of insulin content by RIA (Radioimmuno-
assay). Results are presented as insulin secreted (ng/ml) per minute 
normalized to islet insulin content.

Hyperglycemic clamp experiments
Hyperglycemic clamp studies were performed according to the pro-
cedure as described in our previous study (73). Hyperglycemic clamps 
were performed in conscious male TN−/− mice and their WT litter-
mates at 2 to 3 months of age (n = 4 per group). Briefly, mice were 
fasted overnight and anesthetized by an intraperitoneal injection of 
ketamine (body weight of 100 mg/kg) and xylazine (body weight of 
10 mg/kg). An indwelling catheter was inserted in the right internal 
jugular vein 4 to 5 days before the clamp experiments. Mice were 
housed in individual cages and monitored for postoperative recov-
ery and weight gain. After overnight fast, a 2-hour hyperglycemic 
clamp experiment was conducted in conscious mice with a variable 
infusion of 20% glucose to raise and maintain plasma glucose con-
centration at ~300 mg/dl. Blood samples (40 l) were collected at 
5- to 10-min intervals for the measurement of plasma glucose and 
insulin levels.

STZ treatments
For STZ treatments, 8-week-old mice were injected intraperitoneally 
with freshly prepared STZ (45 mg/kg) (Sigma-Aldrich, S0130) in 

0.1 M citrate buffer (pH 4.5) or equal volumes of citrate buffer daily 
for five consecutive days. Three days after the final injection, the 
mice were fasted overnight and subjected to IPGTT. For hyper-
glycemia measurements, the random blood glucose levels of an 
additional cohort of mice were monitored every other day until day 60. 
Mice were euthanized by cervical dislocation, and tissues were col-
lected on day 100 when there are differences in survival rates in two 
groups of mice. The development of diabetes was characterized as 
two random consecutive blood glucose readings over 250 mg/dl (74).

Calcium imaging
Islets were grown on poly-d-lysine (Sigma-Aldrich, P4832)–coated 
glass-bottom dishes overnight and incubated for 40 min at 37°C in 
25 mM Hepes buffer (pH 7.4) containing 125 mM NaCl, 5.9 mM 
KCl, 2.56 mM CaCl2, 1.2 mM MgCl2, 3 mM glucose, 1% BSA, and 
Fluo-4 AM (3 M; Dojindo Laboratories, F312). Islets were stimulated 
with 16.7 mM glucose or 25 mM KCl after treatment with or without 
TN. Fluorescence imaging experiments were performed with a laser 
scanning confocal microscope coupled to an inverted microscope 
(LSM780, Zeiss), excitation wavelength of 488 nm, and emission at 
>510 nm. The collected data were exported and analyzed as F/F0 
ratios, where F0 is the initial fluorescence intensity and F is the 
fluorescence signal recorded at an individual time point during the 
experiment.

Electrophysiological recordings
Whole-cell Ca2+ currents in the voltage-clamp mode were recorded 
by the patch-clamp technique according to the procedure described 
in a previous study (75). Briefly, primary pancreatic  cells that were 
dispersed and cultured on glass coverslips were placed into the per-
fusion chamber mounted on the stage of an inverted phase-contrast 
microscope (Olympus). Cells were washed with bath solution in the 
chamber for 3 to 5 min before starting an experiment. TN was ap-
plied by a pipet located close to the recording cell, and patch pipettes 
were pulled from borosilicate glass capillaries with filament, with a 
tip resistance of 2 to 3 megohms when filled with pipette solution. 
Whole-cell ionic currents were recorded with a HEKA EPC-10 USB 
patch-clamp system (HEKA Elektronik, Ludwigshafen, Germany) 
and analyzed by Igo Pro-6.00, Prism (GraphPad Software, La Jolla, 
CA, USA). At the beginning of each experiment, the junctional po-
tential between pipette solution and bath solution was electronically 
adjusted to zero. Capacitive transients were automatically compen-
sated by C-fast and C-slow. No leakage subtraction was performed 
for the original recordings, and all cells with visible changes in leakage 
currents during the study were excluded from further analysis.

In electrophysiology recordings, the human or mouse  cells 
were identified by analyzing the steady-state inactivation relationship 
of the endogenously expressed voltage-gated sodium channels, as 
suggested by a previous study (76). Briefly, the Na+ channels in  cells 
were supersensitive to conditional voltage change, with the channel 
availability in +10-mV test pulse increasing approximately ninefold 
when shifting the conditional pulse from −70 to −120 mV in a stan-
dard two-pulse protocol.

HEK293T cells were transfected with a plasmid encoding GFP 
(pEGFP-N1) together with plasmids encoding Cav1.3e (1D sub-
units) [8a,11,31b, 32,42a] (catalog no. 49333, Addgene) or Cav1.2 
(1C subunits) (catalog no. 26572, Addgene), rCav3 (3 subunits) 
(catalog no. 26574, Addgene), and rCav21 (catalog no. 26575, 
Addgene) using Lipofectamine 2000 (Thermo Fisher Scientific, 
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Waltham, MA, USA). The green fluorescence was used for visualizing 
individual transfected cells. The transfected cells were seeded onto a 
glass coverslip (Thermo Fisher Scientific) 6 hours after transfection, and 
patch-clamp experiments were performed 24 hours thereafter (75).

Cav1.3 currents were recorded by a 200-ms step pulse ranging 
from −80 to +40 mV, with a holding potential of −70 mV. The 
pipette solution for Ca2+ currents of human  cells (58) was com-
posed of 125 mM Cs-glutamate, 10 mM CsCl, 10 mM NaCl, 1 mM 
MgCl2, 5 mM Hepes, 3 mM ATP, 0.1 mM cAMP, and 0.05 mM 
EGTA (pH 7.2 with CsOH). The bath solution for Ca2+ currents of 
human  cells consisted of 138 mM NaCl, 20 mM TEACl, 5.6 mM 
KCl, 2.6 mM CaCl2, 1.2 mM MgCl2, 5 mM Hepes, and 5 mM glucose 
(pH 7.4 with NaOH). The pipette solution for Ca2+ currents of mouse 
 cells (75) contained 120 mM CsCl, 20 mM TEACl, 1 mM MgCl2, 
10 mM Hepes, 5 mM EGTA, 5 mM MgATP, and 0.3 mM Na2GTP 
(pH 7.2), whereas the bath solution for Ca2+ currents of mouse  cells 
included 100 mM NaCl, 20 mM TEACl, 20 mM BaCl2, 1 mM MgCl2, 
10 mM Hepes, and 10 mM glucose (pH 7.4). For Ca2+ current re-
cording, a gigohm seal was made in normal extracellular high-Na+ 
solution. After formation of whole-cell mode, Ba2+-carried Ca2+ 
currents were recorded in a Ba2+-containing bath solution. The 
osmolarity of the recording solutions was adjusted to 290 mOsmol/
liter and pH to 7.2 to 7.4. Cells were continuously perifused with 
the bath solution containing the tested chemicals at the desired final 
concentrations. All chemicals were products of Sigma-Aldrich 
(St. Louis, MO, USA) and dissolved in sterile double-distilled H2O.  
All experiments were at room temperature.

In vitro siRNA treatment
Primary SVF cells at about 90% confluency were transfected with 
siRNAs. siRNAs targeting human Txnip (siRNA#1: CUCCCUGC-
UAUAUGGAUGUTT) and control siRNA were purchased from 
RiboBio (Guangzhou, China). siRNA (100 nM) was transfected into 
SVF using the Lipofectamine 3000 Transfection Reagent (Invitrogen) 
according to the manufacturer’s instruction. qPCR analysis was used 
to quantify transfection efficiency.

RNA analysis
Total RNAs were isolated from TRIzol (Life Technology)–treated 
cells or tissues according to the manufacturer’s suggested protocol. 
RNA concentration was determined using UV-Vis Spectrophotometer 
Q5000. qPCRs were performed using the SYBR green mix (Roche) 
and quantitated using Applied Biosystems 7900 HT sequence de-
tection system. Duplicated runs of each sample were normalized 
to -actin to determine relative expression levels. Primer sequences 
were provided in tables S6 and S7.

Immunofluorescence, TUNEL assay, and 
immunoblotting analyses
Mouse pancreases were cut into 10-m sections systematically through 
the pancreatic head to tail axis, and sections were selected between 
every 200 m. Eight sections per mouse were picked. The immuno-
fluorescence (IF) experiments were carried out essentially as previ-
ously described (73) with some modifications. Briefly, pancreases 
obtained from 16-week-old male TN−/− mice and their WT littermates, 
cleared of fat and spleen, were weighted and fixed in ice-cold 4% para-
formaldehyde (Electron Microscopy Sciences, Fort Washington, PA). 
The fixed tissues were embedded in O.C.T. (optimal cutting tem-
perature) compound (Sakura, 4583) and cut into 10-m sections 

using a cryostat or a microtome (LEICA, CM 1950). The slices were 
rehydrated, permeabilized, and stained with specific antibodies: in-
sulin (1:500; Sigma-Aldrich, I2018), glucagon (1:500; Cell Signaling 
Technology, 2760S), Ki67 (1:500; Abcam, ab16667), and Ngn3 (1:50; 
Santa Cruz Biotechnology, sc-136002). The cell nuclei were identified 
by 4′,6-diamidino-2-phenylindole (DAPI) staining. Fluorescence 
signals were detected with anti-rabbit IgG conjugated with 488 (1:300; 
Cell Signaling Technology, 4412S) and anti-mouse IgG conjugated 
with 647 (1:300; Cell Signaling Technology, 4410S) observed with 
an Olympus inverted microscope (IX71) and captured with a Sport II 
digital camera. All insulin-positive  cell clusters (islets) were loosely 
traced, and the insulin immunoreactive areas were determined by 
using the threshold option. Total tissue areas were quantified with 
the threshold option to select the stained areas from unstained areas 
(white space). The islets area (in square micrometers) and the area 
of each section were analyzed by the ImageJ software. Four to eight 
sections of each pancreas were covered by accumulating images 
from eight nonoverlapping fields of 1.5 × 106 m2. Analyses of  cell 
area and size were performed by using ImageJ software or the 
Image-Pro Plus (version 5.0) software (Media Cybernetics Inc.). 
 cell mass was calculated by insulin-positive area/total pancreas area 
times pancreas weight.  Cell mass was calculated by glucagon- 
positive area/total pancreas area times pancreas weight. The per-
centage of Ki67 or Ngn3 and the ratio of insulin double-positive 
nuclei to total insulin-positive nuclei were determined as prolifera-
tion probability or dedifferentiation probability.

Frozen sections of the pancreas were labeled with an in situ cell 
death detection kit (Roche, 11684817910) and insulin antibody, and 
HFD-induced apoptosis was determined by IF using an Olympus 
inverted microscope (IX71) and captured with a Sport II digital 
camera. Six mice per group were used for TUNEL assays. More than 
2500 insulin-positive cells were counted per mice. Apoptosis was 
calculated by TUNEL and insulin double-positive nuclei to total 
insulin-positive nuclei.

TN in serum and tissues was determined by Western blot using 
a homemade mouse anti-TN pAb (1:1000) or rabbit monoclonal to 
TN (1:1000; Abcam, ab108999), respectively. The monoclonal 
anti-TN antibody recognizes both human and murine TN proteins, 
and the specificity was verified by the manufacturer. Human or 
mouse serum TN levels were determined using a human TN ELISA 
kit (catalog no. ELH-CLEC#B-1, RayBiotech) or mouse TN ELISA 
kit (catalog no. H624-1-2, NJJCBIO), respectively, according to the 
manufacturer’s instructions. The specificity of the TN antibody was 
confirmed by the lack of the TN signal in the tissues and serum of 
TN−/− mice (Fig. 2D and fig. S3A). Other antibodies used in immuno-
blotting experiments were anti–-actin (1:5000; Sigma-Aldrich, A3854), 
rabbit polyclonal anti-MAPK [extracellular signal–regulated kinase 
1/2 (ERK1/2)] (1:1000; homemade), rabbit polyclonal anti-adiponectin 
(1:5000; homemade), rabbit polyclonal anti-UCP1 (1:1000; Sigma- 
Aldrich, U6382), mouse monoclonal anti–-tubulin (1:1000; Sigma- 
Aldrich, T4026), mouse monoclonal anti-Myc (1:5000; Abmart, 
M20002), anti-rabbit IgG horseradish peroxidase (HRP) conjugate 
(1:5000; Promega, W4011), anti-mouse IgG HRP conjugate (1:5000; 
Promega, W4021), and transferrin (Proteintech, 17435-1-AP).

Intracellular ROS detection
MIN6 cells were incubated with TN (100 g/ml) for 8 hours together 
with various concentrations of STZ (0 and 10 mM) for 16 hours, 
and then DCFH-DA (2′,7′-Dichlorodihydrofluorescein diacetate) was 
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added at a concentration of 10 M. After cocultured for 30 min, the 
cells were washed with PBS and observed using an Olympus inverted 
microscope (IX71) and captured with a Sport II digital camera.

Statistics
The GO figure was plotted by the online program DAVID Bioinfor-
matics Resources 6.7 (https://david.ncifcrf.gov/). Statistically sig-
nificantly enriched pathways and diseases of DEGs were identified 
by KOBAS 3.0 (http://bioinfo.org/kobas). The values used to cluster 
analysis were adjusted by mean centering and normalizing of genes 
and then clustered by a city-block distance–based complete linkage 
hierarchical method. Heatmaps were generated by Gene Cluster 3.0.

Data are presented as the mean ± SEM for normally distributed 
parameters or as the median (25th to 75th percentile) for non-
normally distributed parameters. Differences between groups for 
normally distributed variables were tested using t test [analysis of 
variance (ANOVA)], except whereas indicated by ANOVA. Associ-
ations between HbA1c and TN expression were analyzed by Spearman’s 
rank correlation and linear regression and corrected for age, sex, and 
BMI. The type of test used is indicated in the figure legends. For 
statistical analysis, SPSS version 20.0 (IBM Corporation, Chicago, IL) 
and GraphPad Prism 8 (GraphPad Software, San Diego, CA) soft-
ware were used. P value below 0.05 was considered statistically sig-
nificant. Beta values are from the linear model and denote effect. 
*P < 0.05, **P < 0.01, and ***P < 0.001, and ****P < 0.0001.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq1799

View/request a protocol for this paper from Bio-protocol.
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