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Tectorigenin enhances PDX1 expression and protects
pancreatic 3-cells by activating ERK and reducing ER stress
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Pancreas/duodenum homeobox protein 1 (PDX1) is an impor-
tant transcription factor that regulates islet 3-cell proliferation, dif-
ferentiation, and function. Reduced expression of PDX1 is thought
to contribute to 3-cell loss and dysfunction in diabetes. Thus, pro-
moting PDX1 expression can be an effective strategy to preserve
B-cell mass and function. Previously, we established a PDX1 pro-
moter-dependent luciferase system to screen agents that can pro-
mote PDX1 expression. Natural compound tectorigenin (TG) was
identified as a promising candidate that could enhance the activity
of the promoter for the PDX1 gene. In this study, we first demon-
strated that TG could promote the expression of PDX1 in 3-cells
via activating extracellular signal-related kinase (ERK), as indicated
by increased phosphorylation of ERK; this effect was observed
under either normal or glucotoxic/lipotoxic conditions. We then
found that TG could suppress induced apoptosis and improved the
viability of B-cells under glucotoxicity and lipotoxicity by activation
of ERK and reduction of reactive oxygen species and endoplasmic
reticulum (ER) stress. These effects held true in vivo as well: pro-
phylactic or therapeutic use of TG could obviously inhibit ER stress
and decrease islet 3-cell apoptosis in the pancreas of mice given a
high-fat/high-sucrose diet (HFHSD), thus dramatically maintain-
ing or restoring 3-cell mass and islet size, respectively. Accordingly,
both prophylactic and therapeutic use of TG improved HFHSD-
impaired glucose metabolism in mice, as evidenced by ameliorating
hyperglycemia and glucose intolerance. Taken together, TG, as
an agent promoting PDX1 expression exhibits strong protective
effects on islet B-cells both in vitro and in vivo.

Pancreatic islet -cells, which account for about 80% of the
total islet cells, are endocrine cells that secrete insulin and have
a vital role in controlling the energy balance of the body (1).
Loss or dysfunction of islet 3-cells leads to the relative or abso-
lute lack of insulin secretion, and in turn may generate hyper-
glycemia and diabetes (2, 3). Moreover, chronic hyperglycemia
(glucotoxicity (4)), chronic dyslipidemia (lipotoxicity (5)), or a
combination of these two conditions (glucolipotoxicity (6))
have been associated with the decreased number and impaired
function of islet B-cells. Therefore, finding a way to protect islet
B-cells could be crucial for treating metabolic disorders, such
as type 2 diabetes mellitus (T2DM).

This article contains supporting information.
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Pancreas/duodenum homeobox protein 1 (PDX1) is an im-
portant transcription factor that regulates islet 3-cell prolifera-
tion, differentiation, and function (7, 8); PDX1 is highly con-
served among different species (9). Complete deficiency of
PDX1 has been associated with pancreatic agenesis, whereas
partial deficiency leads to severe B-cell dysfunction, B-cell
death, and diabetes (10). Under glucotoxicity and/or lipotoxic-
ity, PDX1 expression in pancreatic islets is significantly reduced
(11). Moreover, decreased expression of PDX1 has been closely
related to islet B-cell apoptosis induced by oxidative stress and
endoplasmic reticulum (ER) stress (12). Furthermore, studies
have found that restoring PDX1 protein levels can normalize
B-cell mass by modulating B-cell survival under the diabetic
condition (13).

So far, several drugs, including DPP-4 inhibitors (14), GLP-1
analogs (15), and thiazolidinediones (16), have shown to be
effective in protecting islet B-cells as well as in controlling
blood glucose. However, novel, safe, and more efficient drugs
aiming to protect and maintain islet 3-cells are still in urgent
need. To this end, in our previous study, we performed a small
natural compound screening based on the PDXI gene pro-
moter-driven luciferase reporter screening system so as to
identify new natural compounds that could promote PDX1
expression and protect islet B-cells (17). Tectorigenin (TG), a
naturally occurring isoflavone compound isolated from the
Pueraria thomsonii Benth (18), was identified as one of the
promising candidate compounds that can significantly pro-
mote the activity of PDX1 gene promoter. TG has been
reported to have hypoglycemic and hypolipidemic effects (19).
TG could attenuate palmitate-induced endothelial insulin re-
sistance (18) and ameliorate hyperglycemia by blocking preadi-
pocyte differentiation and adipocytokines secretion (20). TG
could also alleviate the progression of diabetic complications
by improving vascular endothelium dysfunction (21) and inhib-
iting aldose reductase (22). Besides, TG has a protective effect
on the liver (23), and exhibits anti-inflammation (24), antioxi-
dation (25), anticancer (26), and other biological activities (27).
Yet, the effects of TG on pancreatic B-cells have never been
reported.

In this study, we further validated the effect of TG in promot-
ing PDX1 expression and explored its protective effects on islet
B-cells against glucotoxicity and lipotoxicity in vitro and in
vivo. The molecular mechanisms underlying these beneficial
effects of TG were also elucidated. This study provides a basis
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for the future development of TG as a novel drug targeting
PDX1 to protect and repair pancreatic islet B-cells.

Results
TG increases PDX1 expression in the islet B-cells

TG, an O-methylated isoflavone, is a natural product (Fig.
1A). TG was selected by screening compounds that promote
PDX1 expression using PDX1 promoter-dependent luciferase
reporter gene vector (PGL3-PDX1-luc)® (17). As shown in Fig.
1B, compared with the control group, TG could significantly
increase the luciferase activity of PGL3-PDX1-luc—transfected
cells (Fig. 1B), implying that TG may have potential to promote
the PDX1 expression.

To obtain direct evidence that TG can increase the expression
of PDX1 in islet B-cells, we first tested the mRNA levels of PDX1
using RT-qPCR in TG-treated INS-1 cells. After treatment with
TG for 3 and 9 h, mRNA transcription of PDX was increased in
a time-dependent manner in INS-1 cells (Fig. 1C). We then
examined the protein level of PDX1 by Western blotting. Consis-
tently, TG effectively up-regulated the expression of PDX1 in
INS-1 cells and RIN-m5F cells (Fig. 1D and Fig. S1, A and B). In
addition, we further demonstrated that TG could also enhance
PDX1 expression in native pancreatic islets isolated from mice
(Fig. 1D). These results suggested that TG could promote the
expression of PDX1 in pancreatic islet B-cells.

TG increases PDX1 expression requiring activated ERK
signaling

ERK signaling has been reported to be involved in the regu-
lation of PDX1 expression in islet B-cells (17, 28). Thus, in
this study, we examined whether TG regulates the PDX1
expression also by activating ERK signaling. We first exam-
ined the levels of P-ERK by Western blotting and found that
the P-ERK levels were markedly increased upon treatment
with TG in INS-1 cells and native pancreatic islets isolated
from mice (Fig. 1E). At the same time, the ERK inhibitor
U0126 almost completely abolished the activation effect of
TG on ERK (Fig. 1E).

Consequently, U0126 alone or in combination with TG
was used to treat PGL3-PDX1 promoter- transfected
HEK293T cells. We observed that U0126 alone could
decrease the luciferase activity compared with control, and
it could counteract TG-mediated increased luciferase activ-
ity as well (Fig. 1F). Consistently, U0126 treatment com-
pletely abolished TG-induced PDX1 expression at the pro-
tein level in islet B-cell lines or mouse islets (Fig. 1G and
Fig. S1C). These results suggested that TG could increase
PDX1 expression by activating ERK signaling.

TG improves insulin secretion of mouse islets

PDX1 is involved in the regulation of insulin transcription and
pancreatic B-cell function (29, 30). To further investigate the
effects of TG on B-cell function, we evaluated the influence of
TG on the insulin secretion of B-cells through a perifusion secre-
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tion assay using isolated mouse islets. We observed that both im-
mediate and 24-h treatment of 40 ug/ml of TG could enhance
insulin secretion of islets (Fig. 1, H-L). Especially, TG-treated
islets for 24 h showed a pronounced increase in the insulin peak
after the 33 mm high glucose was loaded when compared with
nontreated islets, which suggests that TG can markedly improve
the insulin secretion under high-glucose conditions (Fig. 1, K
and L). Therefore, these results indicated that TG could indeed
potentiate B-cell function, which might be relevant to the
increased expression of PDX1.

TG protects INS-1 cells from apoptosis induced by high-fat
and high-glucose by activating the ERK pathway

Evidence has suggested that continuous exposure to high
concentrations of free fatty acids and glucose may damage islet
B-cells, activate apoptosis, and in turn, generate glucotoxicity
and lipotoxicity (31-34). To test whether TG could have a pro-
tective role against glucotoxicity and lipotoxicity by increasing
the expression of PDX1, we established glucotoxicity (35, 36)
and lipotoxicity (32, 37) models in islet B-cell lines. We observed
that 200 M palmitic acid (PA) or 33 mwm glucose (Glu) signifi-
cantly decreased cell viability of INS-1 cells, which indicated
that both lipotoxic and glucotoxic models were successfully
established (Fig. 2, A and B). Contrary, we found that co-
treatment with different concentrations of TG could signifi-
cantly improve the cell viability of both lipotoxic (Fig. 24)
and glucotoxic INS-1 cells (Fig. 2B) in a dose-dependent man-
ner. Moreover, we also demonstrated that TG dose-depend-
ently improved cell viability of RIN-m5F cells under lipotoxicity
(Fig. S1D). These data showed that TG indeed had protective
effects on islet B-cells.

Next, we examined whether TG treatment may improve the
cell viability of B-cells under lipotoxicity and glucotoxicity by
inhibiting apoptosis. As shown in Fig. 2C, cells treated with 200
uM PA or 33 mMm glucose increased early apoptosis in those cells
compared with control cells (32.1 or 32.6 versus 12.0%). At the
same time, 40 ug/ml of TG co-treatment decreased the propor-
tion of 200 um PA and 33 mm glucose-induced early apoptotic
cells to 10.7 and 18.6%, respectively (Fig. 2C).

To further explore the mechanisms of action, the ERK inhib-
itor U0126 was applied to investigate whether ERK signaling
was involved in this process (Fig. 1G). As shown in Fig. 2, D and
F, as expected, 40 ug/ml of TG increased the viability of INS-1
cells regardless of high-fat or high-glucose conditions, whereas
U0126 completely abolished this protective effect. Western
blotting analysis showed that TG could reverse the inhibition
of 200 um PA or 33 mm glucose on ERK signaling and PDX1
expression in INS-1 cells, which, however, was blocked by
U0126 (Fig. 2, E and G). Moreover, we also examined the levels
of caspase 3 (C3) and its activation form, cleaved caspase-3
(CC3), the critical executor, and marker of apoptosis (38, 39).
Consistent with previous reports (33) and our previous results
(Fig. 2C), the levels of CC3 were obviously elevated in INS-1 cells
following high-fat or high-glucose treatments (Fig. 2, E and G).
Contrary, 40 pg/ml of TG co-treatment dramatically reduced
the levels of CC3 in both PA (Fig. 2E) and glucose (Fig. 2G)
damaged B-cells, which was in line with flow cytometry results
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(Fig. 2C). Nevertheless, U0126 abrogated the reduction effects of
TG on CC3 levels in both lipotoxic and glucotoxic INS-1 cells
(Fig. 2, E and G). Taken together, all of these results provided
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direct evidence

showing that TG could prevent the down-regula-

tion of PDX1 expression and islet B-cells apoptosis induced by
lipotoxicity and glucotoxicity by activating ERK signaling.
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TG prevents lipotoxicity- and glucotoxicity-induced oxidative
stress and ER stress in INS-1 cells

It has been suggested that oxidative stress and ER stress con-
tribute to islet B-cell apoptosis (12, 40). Herein, we examined
whether TG has an antioxidant or anti-ER stress activity in
INS-1 cells. DCFH-DA fluorescent probe was used to examine
the ROS generation in INS-1 cells. As shown in Fig. 3, A and B,
the fluorescence intensity of ROS was significantly increased
in the INS-1 cells treated with either 200 uMm PA or 33 mm glu-
cose, whereas 40 pug/ml of TG decreased the fluorescence inten-
sity of ROS in PA- or glucose-treated INS-1 cells (all p < 0.01).
The above data suggested that TG might inhibit induced ROS
production and oxidative stress.

The proapoptotic transcription factor PERK, activating tran-
scription factor 4 (ATF4), and C/EBP homologous protein
(CHOP) mediate cell apoptosis induced by excess ER stress
through activating caspases-12, which then activates caspases-
3 (41, 42). It has been reported that suppressing CHOP expres-
sion could reduce apoptosis (12). We then analyzed these
molecules associated with ER stress-related apoptosis in our ex-
perimental system to address the effect of TG on ER stress. As
shown in Fig. 3, C and E, the expression levels of PDX1 and
CC3in INS-1 cells exhibited the same change upon 200 um PA
or 33 mM glucose treatment with or without TG as the previous
results. Simultaneously, we also observed that treatment with
PA (Fig. 3, C and D) or glucose (Fig. 3, E and F) significantly
enhanced the protein levels of P-PERK, CHOP, and caspases-
12 and mRNA levels of ATF4 in INS-1 cells. Contrary, TG
co-treatment reversed the levels of ER stress molecules (Fig. 3,
C-F). Moreover, compared with the control group, PA or the
glucose group showed a decrease in the expression of Bcl-2, an
antiapoptotic signal in INS-1 cells, which was also at least par-
tially restored by TG (Fig. 3, C and E). Altogether, these data
indicated that co-treatment with TG could markedly reduce
the lipotoxicity- and glucotoxicity-induced oxidative stress and
ER stress, which may contribute to its protective and anti-apo-
ptotic effects on islet B-cells.

Prophylactic or therapeutic use of TG ameliorates
hyperglycemia and glucose intolerance in the
HFHSD-fed mice

Diet-induced obese C57BL/6] mice are commonly used as
an animal model of T2DM and obesity with elevated blood glu-
cose and impaired glucose tolerance (43). To validate the in
vitro effects of TG on islet B-cells in vivo, we fed C57BL/6] mice

with HFHSD to induce mouse islet -cells dysfunction and dia-
betes; the model was established according to a previously
reported method (44). TG was either prophylactically or thera-
peutically used in HFHSD-fed mice before or after the onset of
diabetic phenotypes. During the prevention experiment, the
control mice fed with HFHSD for 3 months gained weight and
developed fasting hyperglycemia and fasting hyperinsulinism
compared with normal diet (ND)-fed mice. Contrary, the pro-
phylactic use of different doses of TG all significantly prevented
weight gain and slowed down the increase of blood glucose and
blood insulin levels of HFHSD-fed mice (Fig. 4, A—C). Besides,
the level of homeostatic model assessment of B-cell (HOMA-
B), an index for the secretory function of B-cells (45), was obvi-
ously decreased with 3-month-old HFHSD, which was also pre-
vented in a dose-dependent manner by prophylactic use of TG
(Fig. 4D), thus indicating that TG protects the function of
B-cells from HFHSD impairment. To fully assess the pancreatic
function, we performed intraperitoneal glucose tolerance test
(IPGTT), which showed that prophylactic use of different doses
of TG prevented glucose tolerance from decreasing in HFHSD-
fed mice (Fig. 4E). These data suggested that TG had a certain
preventive effect on the occurrence of diabetes.

Furthermore, we analyzed the treatment effect of TG in
HFHSD-induced diabetic mice. TG treatment for 1 month sig-
nificantly reduced body weight, lowered fasting blood glucose
levels (Fig. 4, A and B), and improved hyperinsulinemia (Fig.
4C) in HFHSD-induced diabetic mice. Besides, there was a sig-
nificant increase in HOMA-f in 40 mg/kg of TG-treated mice
compared with HFHSD control mice (Fig. 4D).

More importantly, different doses of TG treatment signifi-
cantly enhanced glucose tolerance in diabetic mice compared
with diabetic control mice (Fig. 4E). These results suggested
that TG also had a therapeutic role in the development of
diabetes.

Prophylactic use of TG prevents PDX1 expression decrease
and protects islet 3-cells from apoptosis by alleviating ER
stress in the pancreas of HFHSD-fed mice

To elucidate whether the beneficial effects of TG on blood
glucose homeostasis in HFHSD-fed mice were at least partly
due to its protective effects on islet 3-cells as revealed in vitro
experiment, we further performed molecular and histological
analyses of pancreas tissues on the HFHSD-fed mice described
above. Under diabetic conditions, the expression level of PDX1
decreased, whereas its overexpression improved 3-cell function
(46). In this study, we observed that the expression of PDX1 in

Figure 1. TG increases PDX1 expression by activating ERK signaling and potentiates the insulin secretion of mice islets. A, the chemical structure of
TG. B, luciferase activities of PGL3-PDX1-luc-transfected HEK293T cells treated with or without TG (40 pg/ml) for 24 h. Results are expressed as the fold-induc-
tion (over the activity of the negative control). C, RT-gPCR analysis of mRNA levels of PDX1 in INS-1 cells untreated or treated with 40 ng/ml of TG for 3 or 9 h.
D, Western blotting analysis of PDX1 protein in INS-1 cells or islets untreated or treated with 40 pug/ml of TG for 24 h. E, Western blotting analysis of P-ERK levels
in INS-1 cells or islets treated with 40 pg/ml of TG in the presence or absence of 10 um U0126 for 10 min. F, luciferase activities of PGL3-PDX1-luc-transfected
HEK293T cells treated with U0126, TG, or in combination for 24 h. Results are reported as a mean =+ S.D. of fold-induction (the luciferase activity of TG, U0126,
or combined treatment divided by the relative luciferase activity of control). G, Western blotting analysis of PDX1 levels in INS-1 cells or islets treated with TG,
U0126, or a combination for 24 h. H-L, perifusion secretion assay of native mouse islets. Islets were perfused immediately after isolation with Ca5 buffer con-
taining 3 mm glucose for 10 min, which were then changed to 3 mm glucose plus TG (H), 33 mm glucose Ca5 buffer or 33 mm glucose Ca5 buffer plus TG (/) for
another 20 min. Otherwise, isolated islets were pretreated with TG (40 wg/ml) for 24 h before perifusion. Pretreated islets were perfused with 3 mm glucose for
10 min, which were then changed to 3 mm glucose plus TG (J), 33 mm glucose Ca5 buffer, or 33 mm glucose Ca5 buffer plus TG (K) for another 20 min. L, the
area under the curve was calculated for the glucose-stimulated insulin secretion in H-L. Data are expressed as the mean = S.D. of each experiment in triplicate.
Image J was used for quantitative analysis. Error bars indicate S.D. (n = 3 biologically independent samples). *, p < 0.05; **, p < 0.01; ***, p < 0.001 versus the
control group.
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pancreatic tissues of HFHSD-fed mice (4-month HFHSD) was
reduced compared with normal control (Fig. 54). Albeit, pro-
phylactic use of different doses of TG blocked the reduction
and maintained PDX1 expression to different degrees where 40
mg/kg of TG had the strongest effect and reached statistical sig-
nificance in quantity analysis (Fig. 54).

Next, we performed H&E staining on the pancreatic tissues.
We found that the pancreatic islets of HFHSD-fed control mice
were shrunken and smaller than those in normal mice, thus
indicating that HFHSD conditions led to islet damage (Fig. 5B).
In contrast, the preventive use of TG protected islets from
HFHSD-induced damage. It prevented a decrease in islet size in
a dose-dependent manner, where 40 mg/kg of TG maintained
the islet size, which was the same as in normal islets (Fig. 5B).

We then performed insulin immunohistochemical (IHC)
analysis. On the one hand, the insulin staining revealed the pre-
ventive effects of TG on HFHSD-induced islet impairment. On
the other hand, these data showed that the number of insulin-
positive B-cells was conspicuously lessened in pancreatic islets
of HFHSD control mice, but relatively deeply stained (Fig. 5C),
thus suggesting that a limited number of the islet B-cells had
overloaded insulin secretion. However, this state was signifi-
cantly prevented by prophylactic use of TG dose-dependently.
As shown in Fig. 5C, the distribution area of the brown granules
was larger, and the staining was lighter in different doses of the
TG groups (Fig. 5C). Next, we quantified 8-cell mass and found
that the mass was more significant in the TG groups (Fig. 5C).
Our results demonstrated that prophylactic use of TG could
prevent pancreatic tissues from damage caused by long-term
high-fat and high-sucrose diets.

Moreover, we analyzed the CC3 levels in the pancreas to
evaluate apoptosis. Western blotting showed that the levels of
CC3 were significantly elevated in pancreas tissues from
HFHSD-fed control mice. At the same time, IHC analysis fur-
ther exhibited deeply positive staining of CC3 in pancreatic
islets, thus suggesting that apoptosis definitely occurred in islet
B-cells of HFHSD-fed mice. Yet, prophylactic use of TG effec-
tively blocked the HFHSD-induced occurrence of 3-cell apo-
ptosis in a dose-dependent manner as revealed by both West-
ern blotting and IHC analysis (Fig. 6, A and B). To further
delineate the involvement of ER stress in these processes, we
analyzed CHOP expression in the pancreas of mice. As
expected, a higher CHOP expression was observed in HFHSD-
fed mice compared with ND-fed mice (Fig. 6C), whereas pro-
phylactic use of distinct doses of TG blocked the up-regulation
of CHOP expression in pancreas tissue (Fig. 6C). This result
indicated that prophylactic use of TG could at least partly pre-
vent islet 3-cells from HFHSD-induced apoptosis by inhibiting
ER stress, which was in line with in vitro data. Collectively,
these data verified that TG might have preventive effects on the

development of T2DM by protecting islet B-cells from gluco-
toxic and lipotoxic impairment.

Therapeutic use of TG restores pancreatic PDX1 expression
and islet mass and inhibits 3-cell apoptosis as well as ER
stress in HFHSD-induced diabetic mice

Next, we evaluated the therapeutic effect of TG on HFHSD
damaged islet B-cells. Briefly, HFHSD-induced diabetic mice
(5-month HFHSD) revealed a decrease in PDX1 expression,
elevation of CC3 and CHOP levels, and shrunken and smaller
islets with deep insulin staining in pancreas tissues; these were
consistent with the prevention experiments mentioned above.
Consequently, we demonstrated that the therapeutic use of
TG, and especially a 40 mg/kg of dose, could obviously increase
the PDX1 expression in the pancreas of diabetic mice (Fig. 7A).
Concomitantly, H&E staining of pancreatic tissues showed that
different doses of TG treatment improved the architecture of
the pancreatic islets in diabetic mice, as revealed by relieved
shrinking, enlarged islet size, and smooth border (Fig. 7B). Con-
sistently, insulin IHC staining also showed that TG therapy
improved islet structure and size, 3-cell mass, and alleviated in-
sulin expression burden on B-cells (Fig. 7C). These indicated
that TG had therapeutic effects on damaged pancreatic islets in
HFHSD diabetic mice.

As for the effects of TG on pancreatic apoptosis and ER stress
in the treatment group, we observed that the levels of CC3 of
HFHSD-induced diabetic mice was effectively reduced upon
TG treatment, as indicated by both immunohistochemistry
(Fig. 84) and Western blotting analysis (Fig. 88). Concomi-
tantly, elevated CHOP expression in diabetic mice pancreas
was reduced by TG treatment, and 40 mg/kg of TG treatment
reached the statistical significance (Fig. 8C). Thus, these data
suggested that the therapeutic use of TG could also attenuate
apoptosis of islet B-cells induced through HFHSD by alleviating
ER stress in vivo.

Discussion

Currently, there are only limited drugs available that can pro-
tect islet B-cells and treat diabetes. PDX1 is an important anti-
diabetes drug target (17, 47), which has a vital role in maintain-
ing islet B-cell function and survival (48). Herein, we reported
that TG, a natural compound, could promote the expression of
PDX1 in islet B-cells, and effectively prevent and rescue B-cells
from glucotoxicity and lipotoxicity in vitro and in vivo. These
beneficial effects of TG on islet B-cells were related to its activa-
tion on the ERK pathway and alleviation of oxidative and ER
stress. These findings could pave the way toward TG-targeted
prevention and therapies of types 1 and 2 diabetes.

Figure 2. TG has a protective role in islet cells against lipotoxicity and glucotoxocity-induced apoptosis by activating ERK. A and B, cell viability of INS-
1 cells. The INS-1 cells were treated with 200 um PA for 24 h (A) or 33 mm glucose for 72 h (B) with or without TG. Cell viability was evaluated using the MTT
assay. Cell viability is expressed as fold-change of the control. C, representative scatter plots of the flow cytometry analysis of the fraction of apoptotic INS-1
cells treated with 200 um PA for 24 h or 33 mm glucose for 72 h, with or without combined treatment with 40 ug/ml of TG. D-G, INS-1 cells were co-treated
with the indicated combination for 24 h (D and E) or 72 h (F and G). Cell viability of lipotoxic (D) or glucotoxic (F) INS-1 cells was tested by MTT, or total cellular
proteins (E and G) were obtained and subjected to Western blotting to detect the levels of PDX1, phosphorylation of ERK, and CC3. *, p < 0.05; **, p < 0.01;

*** p < 0.001 versus the control group.
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Glucotoxicity and lipotoxicity are among the main reasons
leading to insufficient pancreatic B-cell mass and B-cell dys-
function in T2DM (33, 49). Besides, those conditions are asso-
ciated with the down-regulation of PDX1 in B-cells (17, 50).
Our analyses revealed that under both normal and toxic glyco-
lipid conditions in vitro, TG might promote PDX1 expression
and exert significant protective effects on islet B-cells against
apoptosis by stimulating the ERK signaling. Although ERK is
classically known as an important regulator of cell proliferation,
differentiation, and survival (51, 52), its role in islet B-cell sur-
vival and function still remains controversial. Nonetheless, our
previous studies (17, 47), as well as other reports (53, 54), sug-
gest that activation of the ERK pathway has a prosurvival role at
least for islet B-cells in resisting gluco- or lipotoxicity. As for
the transcriptional regulation of the ERK pathway on PDX1, it
is still unclear whether PDX1 is a direct downstream target
gene of the ERK pathway or not.

Consistent with the in vitro results, we found that TG dra-
matically improved PDX1 expression and islet 3-cell survival
and well-maintained islet mass in HFHSD-fed mice. However,
besides the protective effect we mentioned above, we could not
exclude the possibility that TG may also trigger the mecha-
nisms of islet B-cell regeneration and proliferation because
therapeutic use of TG could restore the number of B-cells and
the size of islets in diabetic mice. Thus, we plan to further inves-
tigate these mechanisms in our upcoming study. Our data indi-
cate that TG could significantly prevent the onset or have a
therapeutic effect on HFHS-induced diabetes. This result fur-
ther consolidates the pharmacological activities of TG on pro-
tecting islet B-cells and implies its potential application as an
anti-diabetic drug.

Current evidence suggests that oxidative stress and ER stress
induced by glucotoxicity and lipotoxicity are associated with
the pancreatic B-cell loss and impaired insulin secretion (55). It
has been reported that TG has potent antioxidant activity in en-
dothelial cells (18). Here, we found that TG ameliorated oxida-
tive stress in islet B-cells under glucotoxicity and lipotoxicity
conditions as well. Our data further confirm the antioxidant ac-
tivity of TG, by which TG elicits protective effects on pancre-
atic B-cells to some extent. In addition, pancreatic 3-cells, as
professional secretory cells, are especially at risk of ER stress
because B-cells are constantly under the demand from the
body for insulin secretion (56). Manageable levels of ER stress
could activate unfolded protein response (UPR), which would
elicit adaptive changes to restore homeostasis and enable
B-cells to maintain survival and functionality (57). However,
UPR is “double-edged.” UPR also triggers degeneration and ap-
optosis in B-cells that experience continuous (chronic) or over-
whelming ER stress, which is associated with the development
and progression of diabetes (57, 58). There is increasing evi-
dence to encourage the development of small molecules that
facilitate protein folding and/or inhibit ER stress-induced cell

death for therapeutic use in the treatment of diabetes. In our
study, TG was demonstrated to reduce ER stress in both gluco-
toxic and lipotoxic islet B-cells in vitro or in the pancreas of
HFHSD-fed mice in vivo. It was also reported that PDX1
expression was correlated with ER stress. For example, loss of
PDX1 results in decreased expression of sarco/endoplasmic
reticulum Ca(**) pumps (SERCA2b), and in turn, leads to a
reduction in ER Ca®* concentration and subsequent induction
of ER stress (59). Besides, previous studies have suggested that
ERK activation is involved in apelin, caveolin-1 deficiency, or
baicalein-mediated alleviation of diabetes-associated ER stress
and protection of pancreatic 3-cell against apoptosis (53, 54,
60). Based on these reports, we believe that TG partially elicits
its protective effect on islet B-cells by preventing diabetes-
related ER stress, which is also associated with ERK activation
and subsequent improvement of PDX1 expression. According
to our knowledge, this study first reported the effect of TG on
ER stress. However, further studies are necessary to gain more
insight into the molecular mechanisms underlying these
effects. Moreover, chronic ER stress is associated with the ini-
tiation and progression of a variety of diseases (61), such as neu-
rodegenerative diseases, metabolic syndromes, and cancer (61,
62). Whether TG restricts ER stress that occurs in other tissues
or cells, and whether it has therapeutic potential for the treat-
ment of other ER stress-related diseases need to be further
investigated.

TG, also known as irisin, has been reported to possess vari-
ous pharmacological functions. For example, its antioxidant ac-
tivity (18), anti-inflammatory activity (20), and hypoglycemic
and antilipemic effects have been demonstrated in streptozos-
tin-induced diabetic rats (19). Yet, there are only a few studies
on its working mechanisms. In this study, we elucidated the
mechanism of TG in protecting and rescuing pancreatic islet
B-cells, which may partially attribute to its hypoglycemic
effects, whereas the direct molecular targets through which TG
elicits its pharmacological effects still remain unclear. Future
studies should focus on identifying TG targets. Taken together,
our study delineates partial molecular mechanisms underlying
TG pharmacological activities. It also implies that TG, as a
B-cell protective agent, might be used as a promising preventive
or therapeutic anti-diabetes drug in the future.

Experimental Procedures
Materials and reagents

TG (HPLC > 98%) was purchased from Chengdu Biopurify
Phytochemicals Ltd. (Chengdu, Sichuan, China). MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and
enhanced chemiluminescence (ECL) reagent were from Beyo-
time (Shanghai, China). U0126 monoethanolate (catalog num-
ber U120), p-(+)-glucose (catalog No. G7021), and PA (catalog
number P5585) were acquired from Sigma-Aldrich. PDX1 pro-
moter-dependent luciferase reporter plasmid (pGL3-PDX1-

Figure 3. TG decreases ROS levels and prevents ER stress in INS-1 cells exposed to PA or glucose. A and B, effects of TG on the levels of ROS in INS-1 cells
exposed to 200 um PA for 24 h (A) or 33 mm glucose for 72 h (B). Intracellular ROS fluorescence images were analyzed using a fluorescence microscope; the in-
tensity of green fluorescence was used to assess ROS production. C-F, effects of TG on the levels of ER stress markers in INS-1 cells exposed to 200 um PA for
24 h (Cand D) or 33 mm glucose for 72 h (E and F). P-PERK, CHOP, caspases-12, and anti-apoptotic signal Bcl2 were tested by Western blotting (C and E). The
mRNA levels of ATF4 were evaluated with RT-gPCR (D and F). **, p < 0.01 versus the control group.
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Figure 4. Prophylactic or therapeutic use of TG ameliorates hyperglycemia and glucose intolerance in the HFHSD-fed mice. A, body weight. B, fasting
blood glucose levels. C, fasting blood insulin levels. D, HOMA-B of mice. E, IPGTT. IPGTT was evaluated after 8 h fasting. The area under the curve of IPGTT was
analyzed. Values are expressed as mean = S.D.*, p < 0.05 normal control versus the HFHSD group; £, p < 0.05, 10 mg/kg of TG versus the HFHSD group; t, p <
0.05, 20 mg/kg of TG versus the HFHSD group; #, p < 0.05, 40 mg/kg of TG versus the HFHSD group; n > 6.
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luc) was constructed in our laboratory. Anti-PDX1 (catalog
number 20989-1-AP), anti-GAPDH (catalog number 60004-1-
Ig), anti-PERK (catalog number 20582-1-AP), anti-CHOP (cat-
alog number 15204-1-AP), and anti-insulin (catalog number
15848-1-AP) antibodies were from Proteintech (Wuhan,
Hubei, China). Antibodies against ERK (catalog number 4695),
phospho-(P-)ERK (catalog number 4370S), Caspase-3 (catalog
number 9662), Cleaved Caspase-3 (catalog number 9661), P-
PERK (catalog number 3179) and caspase 12 (catalog No. 2202)
were from Cell Signaling Technology (Danvers, MA); anti-Bcl2
(catalog number sc-7382) antibody was from Santa Cruz Bio-
technology (Santa Cruz, CA).

Cell culture

Rat insulinoma cell lines, INS-1, and RIN-m5F cells were cul-
tured in RPMI medium 1640 (R8758, Sigma-Aldrich) supple-
mented with 2 mm L-glutamine, 10 mm HEPES, 1 mMm sodium
pyruvate, 50 uMm B-mercaptoethanol, and 10% (v/v) FBS (heat-
inactivated FBS, GIBCO). HEK293T cells (human embryonic
kidney) were maintained in Dulbecco’s modified Eagle’s me-
dium (GIBCO) supplemented with 10% FBS. All of the cells
were maintained under standard conditions (in a humidified
atmosphere containing 5% CO,, 95% air at 37 °C) in the pres-
ence of 200 units/ml of gentamycin sulfate (Huangzhong Phar-
maceutical Co., Ltd., Xiangyang, China).

Cell viability

The MTT assay assessed the INS-1 and RIN-m5F cells viabil-
ity. Briefly, cells were seeded in 96-well-plates (5 X 10* cells/
well) overnight. After incubating with TG in culture media con-
taining 33 mm glucose for 72 h or 200 uMm PA for 24 h, 20 ul of
MTT (2.5 mg/ml) was added to each well, and cells were cul-
tured for an additional 4 h (47). Subsequently, the medium was
discarded, and blue formazan crystals were resolved with 100
ul of DMSO. Absorbance was measured at 490 nm using a
microplate spectrophotometer (Thermo Electron Corporation,
Shanghai, China). Cell viability was calculated relative to the
control.

Luciferase assay

HEK293T cells were plated at a concentration of 1 X 10°
cells/well in a 24-well-plate. After 24 h, cells were trans-
fected with 1 pg of PDX1 promoter-dependent luciferase re-
porter plasmids (pGL3-PDX1-luc) or 1-1.5 pg of pGL3-basic
vector plasmids per well using a Calcium Phosphate Cell
Transfection kit (Beyotime, Shanghai, China) according to
the manufacturer's instructions. 3-Gal expression plasmid
was co-transfected for normalizing transfection efficiency.
The cells were incubated for 24 h and then treated with the
40 pg/ml of TG or 0.05% DMSO for 24 h. Subsequently, lu-

TG enhances PDX1 expression and protects [3-cells

ciferase activity was measured using a FLUOstar OPTIMA
system (BMG Labtech, Offenburg, Germany) as previously
described (17).

Total RNA isolation and real-time quantitative PCR (RT-qPCR)

Total RNA was prepared from cultured cells using TRIzol re-
agent (Invitrogen) according to the manufacturer’s instructions.
Total RNA was reverse transcribed into cDNA using a real-time
PCR kit (TransGen Biotech, Beijing, China). RT-qPCR was per-
formed using 2X FastStart Universal SYBR Green Master (Rox)
(Roche Diagnostics, Mannheim, Germany) according to the
manufacturer’s protocol. Cycling conditions were 95°C for 10
min, followed by 40 cycles of 95°C for 10 s and 60 °C for 1 min,
and 72°C for 10 min. Primer sequences used for RT-qPCR
are as follows: PDX1 (sense: 5'-CCGAATGGAACCGAGAC-
TGG-3" and antisense: 5'-GGGTCCTCTTATTCTCCTCC-3'),
ATF4 (sense: 5'-ATGAGCCCTGAGTCCTACCT-3' and anti-
sense: 5'-GCTGTCTTGTTTTGCTCCAT-3’), B-actin (sense:
5'-CGTGCGTGACATTAAGGAGAAG-3' and antisense: 5'-
GGAAGGAAGGCTGGAAGAGTG-3'). Relative quantification
of the expression of each gene was calculated using the AACr
method.

Western blotting analysis

Total proteins were extracted and Western blots were per-
formed as previously described (63). Briefly, after different
treatments, the total amount of proteins of cells or pancreatic
tissues were extracted and electroblotted onto a polyvinyli-
dene fluoride membrane following separation by 12% SDS-
PAGE. The polyvinylidene fluoride membrane was incubated
with 5% skim milk blocking solution for 1 h at room tempera-
ture, followed by incubation with a specific antibody over-
night at 4°C, and then with horseradish peroxidase-conju-
gated secondary antibodies for 1 h at room temperature.
Finally, blots were visualized by ECL. The results were quan-
tified using Image J.

Mouse pancreatic islets isolation

Pancreatic islets were isolated from male C57BL/6] mice as
described previously (17). Briefly, C57BL/6 mice were sacri-
ficed and the pancreas were removed from mice. Pancreas
were shredded and digested with collagenase A (catalog num-
ber 11088793001, Roche Diagnostics, Mannheim, Germany)
at 37 °C for 10 min. After rinsing three times with cold Ca5
buffer (125 mm NaCl, 5.9 mm KCI, 1.28 mm CaCl,, 1.2 mMm
MgCl,, 25 mm HEPES, 0.1% BSA), the intact islets were hand-
picked under a stereomicroscope (Szx7, Olympus Corp.,
Hamburg, Germany).

For perfusion secretion assays, some of the islets were imme-
diately used for perifusion, and some of the islets were cultured

Figure 5. Prophylactic use of TG prevented PDX1 expression reduction and maintained islet and $3-cell mass in the HFHSD mice. A, Western blotting
analysis of PDX1 expression in pancreas tissue from mice. Image J software was used for quantitative analysis. B, representative images of H&E staining to
show the islets histological changes (scale bar: 200 um). IPP software was used for quantitative analysis of islet size. C, representative images of insulin IHC
staining of pancreatic tissues (scale bar: 200 um). MOD of insulin and B-cell mass are presented in the bar graph. IPP software was used for staining quantifica-
tion. Values are expressed as mean = S.D. *, p < 0.05 normal control versus the HFHSD group; , p<< 0.05, 10 mg/kg of TG versus the HFHSD group; t, p<< 0.05,
20 mg/kg of TG versus the HFHSD group; #, p < 0.05, 40 mg/kg of TG versus the HFHSD group; n > 6.
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Figure 6. Prophylactic use of TG inhibits HFHSD-induced apoptosis by inhibiting ER stress in pancreatic tissues. A, representative images of CC3 immu-
nohistochemical staining of pancreas tissues (scale bar: 50 um). Islets were circled by dashed lines. MOD of CC3, which was quantified by IPP software is pre-
sented in the bar graph. B and C, the protein levels of CC3 (B) and CHOP (C) in pancreas tissues were analyzed by Western blotting. Image J software was used
for quantitative analysis. Error bars represent = S.D. *, p < 0.05 normal control versus the HFHSD group; #, p<< 0.05, 10 mg/kg of TG versus the HFHSD group; t,
p<<0.05,20 mg/kg of TG versus the HFHSD group; #, p < 0.05, 40 mg/kg of TG versus the HFHSD group; n > 6.

in basic RPMI 1640 or in basic RPMI 1640 containing 40 ug/ml 1640 containing 40 ug/ml of TG for 10 min or in basic RPMI
of TG in a sterile cell incubator at 37 °C for 24 h. For Western 1640 containing 40 pg/ml of TG for 24 h with or without 10 um
blotting analysis, matched islets were cultured in basic RPMI ~ U0126.
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Perifusion secretion assays

A total of 30 size-matched islets were placed in each column
of the perifusion system. Then the column was gently closed
with the top adaptor, immersed in a vertical position and con-
trolled temperature in the incubator at 37°C. The columns
were perfused in parallel at a constant flow rate of 0.2 ml/min
with Ca5 buffer containing 3 mm glucose at 37 °C for 30 min.
They were further perifused with the same buffer for 10 min,
and then the islets were stimulated with 40 ug/ml of TG, a high
concentration (33 mMm) of glucose or combination. Samples
were collected every 1 min for 30 min, and the insulin concen-
tration was measured using an insulin ELISA kit (Enzyme-
linked Biotechnology, Shanghai, China) to delineate the curve
of insulin secretion.

Flow cytometry analysis

The ratio of apoptotic cells was measured by annexin V-
FITC Apoptosis Detection Kit (BD Biosciences, San Jose, CA)
following the manufacturer’s instructions. After exposure to 40
pg/ml of TG and 200 um palmitic acid for 24 h or 33 mm glu-
cose for 72 h, the cells were harvested, washed twice with PBS,
stained according to the manufacturer’s instructions, and then
analyzed by flow cytometry. This method allowed us to dis-
criminate viable cells (FITC negative, propidium iodide (PE)
negative) from early apoptotic cells with intact cell membranes
(FITC positive), late apoptotic and secondary necrotic cells
(FITC positive, propidium iodide positive), and primary ne-
crotic cells (FITC negative, propidium iodide positive) (64).

Intracellular ROS assay

The reactive oxygen species were determined with ROS-spe-
cific fluorescent dye DCFH-DA (number S0033; Beyotime,
Shanghai, China). Briefly, INS-1 cells were treated with 40 pg/
ml of TG and 200 um of PA for 24 h or 33 mm glucose for 72 h.
After medium removal, the INS-1 cells were incubated with se-
rum-free medium containing 10 um DCFH-DA for 20 min at
37°C in an incubator with 5% CO,, after which INS-1 cells
were washed with serum-free cell culture solution for three
times. A fluorescent microscope was used to examine the in-
tensity of fluorescence.

Animals and treatments

Male C57BL/6] mice (4 weeks old, 14-15 g) were purchased
from Vital River Laboratory Animal Technology (Beijing,
China). The mice were housed in a room at 25 * 2°C and 55 *+
5% relative humidity with controlled lighting (12:12 h light/
dark cycle) and were allowed free access to food and water in
the course of experiments. All animal studies (including the
mouse euthanasia procedure) were approved by the Ethics
Committee on the Care and Use of Laboratory Animals of

Northeast Normal University and conducted according to the
AAALAC and the IACUC guidelines.

After acclimatization, the mice were randomly divided into
two groups (TG was injected at different times): prevention
group and treatment group. The mice in each group were then
randomly divided into five groups (# = 12/group): normal con-
trol group, fed with normal chow diet (ND)(4.5 kcal % fat diet,
SPF growth feed, Beijing Keao Xieli Feed Co., Ltd.); diabetic
control group, fed with 45% high-fat and 20% high-sucrose diet
(HFHSD) (No. MD 45% fat; Mediscience Ltd., Yangzhou,
China) (47, 65). The diets were replaced once every 2 days to
prevent oxidization of the fat in diets; experimental groups,
which were intraperitoneally injected with 10, 20, and 40 mg/
kg of TG after 1 (prevention) or 4 months (treatment) of
HFHSD. The TG solution was prepared in 0.9% NaCl (includ-
ing 0.1% DMSO) and delivered by intraperitoneal injection
once every 2 days. The control group was given a vehicle.

For the prevention research, mice were euthanized when the
fasting blood glucose of the HFHSD diabetic control mice
reached 7 mmol/liter, which occurred approximately 4 months
after the administration of HFHSD (47). For the treatment
research, mice were fed with HFHSD for 4 months until dia-
betic features, such as hyperglycemia, hyperinsulinemia, and
impaired glucose tolerance, were observed. Also, the mice were
euthanized 1 month after intraperitoneal injection of TG (47).

IPGTT

To perform the IPGTT, the mice were forced to fast for 8 h
overnight and then intraperitoneally injected with glucose at a
dose of 1 g of glucose/kg body weight. Blood glucose levels were
measured before and 15, 30, 45, 60, and 90 min after glucose
injection.

Biochemical analyses of serum

Blood glucose was measured by glucometer through tail-tip
amputation. Serum insulin levels were measured by immunoas-
say using a mouse ELISA kit (Enzyme-linked Biotechnology,
Shanghai, China) according to the manufacturer’s protocols.
HOMA-B (45) were calculated as HOMA-B = 20X fasting in-
sulin (mIU/liter)/(fasting blood glucose (mmol/liter) — 3.5)(%).

Histopathology

Dissected mouse pancreases were fixed in Bouin's fixation
and embedded in paraffin. The paraffin-embedded (5 um) sec-
tions were stained with H&E and examined by light microscopy
(47). IHC staining was performed using two steps. The sections
were deparaffinized and rehydrated, and antigens were
retrieved by autoclaving the slides in 10 mu citric acid buffer.
The following antibodies were used: anti-insulin (catalog num-
ber 15848-1-AP, 1:200, Proteintech, Wuhan, China) and anti-
cleaved caspase-3 (catalog number 9661, 1:100, Cell Signaling

Figure 7. Therapeutic use of TG restores PDX1 expression and 3-Cell mass in the HFHSD-induced diabetic mice. A, Western blotting analysis of PDX1
expression in pancreas tissues from HFHSD mice. Image J software was used for quantitative analysis. B, representative images of H&E staining to show the is-
let histological changes (scale bar: 200 um). IPP software was used for quantitative analysis of islet size. C, representative images of insulin immunohistochemi-
cal staining of pancreatic tissues (scale bar: 200 um). MOD of insulin and B-cell mass are presented in the bar graph. IPP software was used for staining
quantification. Values are expressed as mean = S.D. ¥, p < 0.05 normal control versus the HFHSD group; #, p < 0.05, 10 mg/kg TG versus the HFHSD group; 1,
p<<0.05,20 mg/kg of TG versus the HFHSD group; #, p < 0.05 40 mg/kg of TG versus the HFHSD group; n > 6.
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Figure 8. Therapeutic use of TG reduces apoptosis of islet 3-cells by alleviating ER stress in HFHSD-induced diabetic mice. A, representative images of
CC3 immunohistochemical staining of pancreas tissues (scale bar: 50 um). Dashed lines and circled are islets. MOD of CC3, which was quantified by IPP software
is presented in the bar graph. B and C, the protein levels of CC3 (B) and CHOP (C) were analyzed by Western blotting. Image J software was used for quantita-
tive analysis. Error bars represent +=S.D. *, p < 0.05 normal control versus the HFHSD group; %, p < 0.05, 10 mg/kg of TG versus the HFHSD group; 1, p < 0.05, 20
mg/kg of TG versus the HFHSD group; #, p < 0.05, 40 mg/kg of TG versus the HFHSD group; n > 6.
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Technology, Danvers, MA). After washing the slides with
PBS, they were treated with a Histostain-Streptavidin-Per-
oxidase kit (catalog number sp-0023, Bioss, Beijing, China),
followed by visualization using DAB kit (catalog number
C02-04001, Bioss, Beijing, China) according to the manufac-
turer’s protocols. The area of each islet and the mean optical
density (MOD) were analyzed using the Image-Pro Plus
5.0 software (Media Cybernetics, Rockville, MD). Conse-
quently, two slides were selected from each animal, and five
fields (X200 or X400) in each slide were randomly selected
for calculating the MOD. -Cell mass (66) was obtained by
the following formula: B-cell mass = (total B-cell area/total
pancreatic area) X pancreas weight (mg).

Statistical analysis

All experiments were performed in triplicate, and the statisti-
cal significance of the experimental results was calculated by
the Student’s £ test or tested by one-way and repeated measures
analysis of variance (ANOVA). The statistical significance
was set at p < 0.05, p < 0.01, p < 0.001. Error bars denote the
mean * S.D.
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