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ABSTRACT

Context: Jiedutongluotiaogan formula (JTTF), a traditional Chinese medicine (TCM), could promote islet
function. However, the potential effect of JTTF on endoplasmic reticulum stress (ERS) and autophagy
have not been reported.

Objective: This study explores the potential effect of JTTF on ERS and autophagy in the pancreas.
Materials and methods: The Zucker diabetic fatty (ZDF) rats were randomised into five groups, control,
model, JTTF (1, 3, 5g/kg/day for 12 weeks). LPS induced pancreatic B-cells were treated with JTTF (50,
100, 200 pg/mL). LPS was used to induce pancreatic B-cell injury, with cell viability and insulin secretion
evaluated using MTT, glucose-stimulated insulin secretion (GSIS) assays, and PCR. Intracellular Ca®" con-
centration was measured using flow cytometry, while ERS and autophagy levels were monitored via
Western blotting and/or immunostaining.

Results: Compared with the model group, body weight, FGB, HbA1c, IPGTT, FINs, and HOMA-IR in JTTF
treatment groups were significantly reduced. In islets cells treated with JTTF, the pancreatic islet cells in
the JTTF group were increased, lipid droplets were reduced, and there was a decrease in Ca>" (16.67%).
After JTTF intervention, PERK, p-PERK, IRE1a, p- IRETa, ATF6, elF20, GRP78, p-ULK1, LC3 and p62 expres-
sion decreased, whereas Beclinland p-mTOR expression increased. In addition, the expression of proteins
related to apoptosis in the JTTF groups were lower than those in the control group.

Discussion and conclusions: JTTF may alleviate pancreatic B-cell injury by inhibiting ER stress and exces-
sive autophagy in diabetic rats. This provides a new direction for treating diabetes and restoring pancre-
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atic dysfunction by TCM.

Introduction

Diabetes mellitus (DM), a group of metabolic disorders charac-
terised by increased blood glucose concentration, is a chronic
lifestyle-induced condition that affects millions of people world-
wide. According to the International Diabetes Foundation (IDF),
415 million people have been diagnosed with diabetes worldwide,
a number that is projected to increase to over 600 million people
by 2040 (Ogurtsova et al. 2017). In 2017, around 5 million peo-
ple died due to diabetes, and 850 million dollars were spent on
diabetic care, which led to serious financial burdens (Cho et al.
2018). Generally, inflammatory pathways have been implicated
as underlying mediators of common pathogenic disorders, such
as obesity and DM (Shoelson et al. 2006). The long-term low
and chronic inflammation damages the pancreatic B-cells and
decreases insulin secretion, which leads to hyperglycaemia
(Berbudi et al. 2020). Previous research has shown that the levels
of inflammatory biomarkers are correlated with prevalent and
incident diabetes, as well as with major diabetic complications
and cardiovascular diseases (Lontchi-Yimagou et al. 2013).
Meanwhile, endoplasmic reticulum stress (ERS) has been shown

to be one of the key pathogenic processes to B-cell dysfunction
and death associated with DM development (Lei and Davis 2003;
Ozcan et al. 2006). Notably, an accumulating body of research
has increasingly demonstrated that autophagy promotes [-cell
survival by postponing apoptosis, as well as alleviates negative
impacts of ERS and DNA damage (Hayes et al. 2017).
Autophagy, as a lysosomal degradation process (Wang et al.
2017), is an important process for maintaining homeostasis and
can promote cell survival following cellular stress and starvation
(Hashemzaei et al. 2017). Under conditions of nutritional defi-
ciencies, induction of autophagy stimulate cells to reuse their
own constituents for energy (Song et al. 2015). However, exces-
sive activation of autophagy results in unconscionable self-diges-
tion and degradation of cells that may trigger autophagic cell
death (Sciarretta et al. 2018). In one study using a diabetic model
based on palmitic acid (PA)-induction of cell insulin resistance
(IR) in cardiomyocytes (Li et al. 2017), development of IR was
shown to be accompanied by excessive autophagic activation and
increased apoptosis. Meanwhile, excessive autophagy has been
linked to ERS, the unfolded protein response (UPR), and cell
death (Liao et al. 2019). Therefore, the prevention of excessive
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autophagy may be a treatment for alleviating pancreatic dysfunc-
tion. In fact, an increasing number of studies have revealed the
pathogenesis of DM is multifactorial, which ERS and autophagy
are essential in the development of B-cell dysfunction (Watada
and Fujitani 2015). Therefore, the collective evidence warrants
the development of therapies aimed at promoting B-cell repair
through alleviation of ERS and excessive autophagy as therapies
with great potential to provide clinical and economic benefits.

AMPK plays an important role in regulating the energy
metabolism of almost all cells (Hardie 2011). The AMPK/mTOR
signalling pathway is involved in the regulation of autophagy
(Lamm et al. 2019). Previous research has demonstrated that
AMPK could promote the occurrence of autophagy by suppress-
ing mTOR (Kim et al. 2011; Alers et al. 2012). In addition,
CaMKK could trigger AMPK phosphorylation and self-activation
via the Ca®"/CaMKKP pathway (Xiao et al. 2013). The increas-
ing intracellular Ca®>" concentration may lead to activation of
AMPK by CaMKKPp (Cheng et al. 2004; Green et al. 2011). Ca*"
is a key signal factor of CaMKK in cellular, and disruption of
Ca®" homeostasis will trigger ERS (Liu et al. 2020). CaMKKP/
AMPK is an important signalling pathway to connect ERS and
autophagy (Feng et al. 2020). In this study, JTTF was a negative
regulator of ERS and excessive autophagy by regulating the
CaMKKB/AMPK signalling pathway to protect B-cell function
under inflammatory conditions. Thus, we aimed to explore the
effect of JTTF on ERS and autophagy of B cells and possible pro-
tective mechanisms whereby JTTF prevented B-cell damage
under inflammatory conditions.

TCM describes diverse treatments with activities with multi-
component, multi-target, and multi-effect modes of action. TCM
formulations are composed of at least two herbs containing
numerous chemical components have been selected to exert mul-
tiple effects with low toxicity and few adverse effects, such as
Dangguibuxue decoction, Xiexin decoction, and Sini decoction
(Ren et al. 2017; Leng et al. 2020; Wang et al. 2020; Liu et al.
2021). Due to these characteristics, TCM holds promise for use
in treating T2DM and its complications. In fact, numerous stud-
ies have already shown that diverse TCMs have been successfully
used to treat various diseases, including diabetes (Dai et al.
2020), with Jiedutongluotiaogan formula (JTTF) is currently pre-
scribed as a TCM treatment with demonstrated efficacy in vivo
and in vitro. JTTF could improve IR, lower blood sugar, regulate
lipid metabolism, and reduce weight in obese patients with type
2 diabetes (Jin et al. 2020; Jiang et al. 2018). Furthermore, the
addition of JTTF to INS-1 and HepG2 cell cultures stimulated
cellular mRNA-level and protein-level expression leading to
enhanced production of IRS1, Akt, and PI3K, which could
improve glucose metabolism to treat diabetes (Zhang et al
2021). Moreover, previous studies have demonstrated that some
JTTF components can lower blood glucose, attenuate IR, and
relieve oxidative stress (Huang et al. 2008; Jia et al. 2019
Xiong 2020).

Materials and methods
Reagents

INS-1 cells were purchased from the Cell Bank of Type Culture
Collection of Chinese Academy of Sciences (Shanghai, China).
Foetal bovine serum (FBS; 16000-044) and RPMI-1640 culture
medium were purchased from Hyclone (Logan, UT). Primary
antibodies against PDX1, PERK, IREla, ATF6, GRP78,
CaMKKS, p-CaMKKB, AMPK, p-AMPK, mTOR, p-mTOR,

PHARMACEUTICAL BIOLOGY 1543

Table 1. The Chinese herb drugs contained in Jiedutongluotiaogan Formula.

Latin name Weight (g) Batch numbers
COPTIDIS RHIZOMA 15 200305
RHEI RADIX ET RHIZOMA 6 191127
SCUTELLARIAE RADIX 15 200109
SALVIAE MILTIORRHIZAE RADIX ET RHIZOMA 15 200204
BUPLEURI RADIX 10 200316
LONICERAE JAPONICAE FLOS 10 191223
POLYGONI CUSPIDATI RHIZOMA ET RADIX 10 191218

ULK1, p-ULK1, p62, Beclin 1, LC3, TNF-o, IL-1B, IL-6, Bax,
Bcl-2, CASPASE3, GAPDH, and B-tublin were purchased from
Cell Signalling Technology, Inc. (Danvers, MA, USA), as were
secondary antibodies against rabbit immunoglobulin G (IgG)
(STAR208P) and mouse IgG (STAR117P). Flou-4 AM, acridine
orange (AO) dye, and ELISA kits were purchased from Shanghai
Beyotime Biotechnology Co., Ltd. (Shanghai, China). Total pro-
tein of treated cells was prepared using RIPA lysis buffer (Beijing
Solarbio Science & Technology Co. Ltd., Beijing, China). Protein
concentration was determined using a BCA protein quantitation
kit (Thermo Co. Ltd., MA).

Preparation of the JTTF extract

JTTF is composed of seven different types of medicinal herbs,
with ingredients and batch numbers listed in Table 1. The mix-
ture was refluxed with water (1:10, w/v) for 2 h then was filtered.
Filtrates were collected, dried, and refluxed in water (1:10, w/v)
for 1.5h followed by pooling of two batches of filtrates.
Afterwards, the concentrated extract was dried by vacuum con-
centration to obtain the JTTF extract at a yield of 22.3% (w/w,
dried extract/crude herb). The extract was ground into powder
and stored in a sealed container at 4°C. Each HPLC standard
was accurately weighed and added to a 30% methanol solution
to prepare a mixed standard solution, which was diluted before
use. After precise weighing of JTTF, 30% methanol was added to
generate a solution. After sonication in an ice water bath for
10 min, the volume was adjusted to 25mL. Finally, each sample
was filtered through a 0.22 pm filter membrane and components
were detected using a previous HPLC method (Liao et al. 2016).

Animal interventions

Forty male Zucker diabetic fatty (ZDF) rats (ZDF fa/fa/ZDF
fa/+) and 10 Zucker lean rats (ZL) at the age of 8 weeks were
acquired from the Beijing Vital River Laboratory Animal
Technology Co., Ltd. ZDF fa/fa rats (n=40) were used after
administration with a HFD for 12weeks. The high-fat diet
Purina #5008 was provided by the Shanghai Jiehong Trading
Co., Ltd. Animals were randomly divided into 5 groups (10 ani-
mals/group): the control group (ZL rats); the model (DM) group
(ZDF fa/fa rats); the low-dose JTTF group (1g/kg/day); the
medium-dose JTTF group (3 g/kg/day); and the high-dose JTTF
group (5 g/kg/day). Animals were anaesthetized with an intraper-
itoneal administration of sodium pentobarbital (50 mg/kg) and
sacrificed. All experiments were reviewed and approved by the
Animal Care and Welfare Committee of Changchun University
of Chinese Medicine (permit number: SCXK 2014-0003).

Biochemical measurements

After 12 weeks of intervention, blood samples were extracted via
tail vein puncturing. FBG was detected by a blood glucose metre
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(ACCU-CHEK® Performa; Roche Co., Ltd., Shanghai, China).
For each rat, body weight was measured after 2, 4, 6, 8, 10, and
12 weeks of treatment. For IPGTTs, rats were fasted overnight
and given an intraperitoneal injection of glucose (2mg/g body
weight; Sigma, G7021). Glucose concentrations were measured at
0, 15, 30, 60, 90, and 120 min by using a blood glucose metre.
The serum was collected for the measurement of TC, TG, LDL,
HDL levels, fasting serum insulin (FINs), and HbAlc. The IR
index was calculated using the homeostasis model assessment-
insulin resistance (HOMA-IR) method (Liu et al. 2015).

Microstructure analysis

After rats were sacrificed, the pancreas was preserved in 10%
neutral formaldehyde. Sections (4 pm-thick) of paraffin-
embedded tissues were stained with haematoxylin and eosin
(H&E). OCT-embedded frozen liver sections (10 um-thick) were
stained with H&E and Oil red. The pancreas pathological sec-
tions were examined under a 200-fold and liver pathological sec-
tions were examined under a 20-fold inverted fluorescence
microscope (Hussain et al. 2021).

Cell culture and cell viability assay

INS-1 were cultured in RPMI-1640 culture medium containing
10% FBS with 1% (w/v) each of penicillin and streptomycin.
INS-1 cells were cultured at 37°C in a humidified atmosphere
with 5% CO,. The medium was renewed once every two days
and cells were passaged every 3 to 5days. Investigating different
concentrations of JTTF to detect its toxicity of INS-1 cells,
including 12.5, 25, 50, 100, 200, 400, and 600 pg/mL. To examine
the effect of different concentration JTTF on the cell viability of
INS-1 cells pre-treated with LPS (1 pg/mL) to simulate inflam-
matory conditions, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) assay was conducted. INS-1 cells were
seeded at 96-well plate at 1x 10* cells/well. After 72h, INS-1
cells in seven groups received various treatments. After 24h of
treatment, each well was stained with 20 uL. MTT solution for
4h at 37°C. Next, the medium was removed from each well
then purple formazan crystals were dissolved in 150 uL DMSO
for 10min and the absorbance was measured at 490 nm with a
microplate reader.

Glucose-stimulated insulin secretion (GSIS)

INS-1 cells were cultured at a density of 1 x 10> cells/well in a 6-
well plate. 72h after seeding, LPS plus various concentrations of
JTTF were added to the cultures in each well. After a further
24h of incubation, supernatants from each well were collected.
The insulin content of culture supernatants was determined
using an insulin ELISA kit according to the manufacturer’s
instructions (Beyotime Biotechnology, Shanghai).

Elisa

The serum was collected were collected after treatment and used
to measure cytokine secretion including interleukin-6 (IL-6),
interleukin-1p (IL-1B), and tumour necrosis factor-oo (TNF-o)
using a commercial ELISA kit according to the manufacturer’s
instructions (Raybiotech, USA).

Intracellular Ca®* measurement by flow cytometry

INS-1 cells were cultured at a density of 1 x 10° cells/well in a 6-
well plate. 72h after seeding, LPS plus various concentrations of
JTTF were added to the culture wells. After 24h of incubation,
each well was washed three times with PBS. Fluo-4AM, a cal-
cium indicator that exhibits an increase in fluorescence upon
binding Ca®", was used to detect changes in intracellular Ca®t
concentration. After cells were treated as mentioned above, Fluo-
4AM (1.0 uM) was added followed by incubation at 37°C in the
dark for 30 min then cell fluorescence was monitored with a flow
cytometer set to an excitation wavelength of 488 nm.

RT-PCR analysis

Total RNA was extracted from treated INS-1 cells with TRIzol
reagent (Invitrogen, Grand Island, NY)). In short, equal RNA
levels (0.5pg) from each sample were reversed and transcribed
into ¢cDNA using HiScriptQ RT SuperMix for gPCR (TaKaRa,
Tokyo, Japan). The qPCR of specific primers was analysed on
the Applied Biosystems 7900 Real-Time PCR system (Applied
Biosystems, Foster City, CA). The sequences of primer pairs
were as follows: INS1 (forward) 5-TAGTGACCAGCTATAA
TCAGAG-3’ and (reverse) 5-ACGCCAAGGTCTGAAGGTCC-
3; INS2 (forward) 5-CACCAGCCCTAAGTGATCC-3' and
(reverse) 5'-CAGTAGTTCTCCAGCTGGTAG-3'; PDX1 (for-
ward) 5-CCTTCGGGCCTTAGCGTGTC-3' and (reverse) 5'-CG
CCTGCTGGTCCGTATTG-3'; MafA (forward) 5-ATCATCACT
CTGCCCACCAT-3 and (reverse) 5-TGGAGCTGGCACTTCT
CGCT-3; GADPH (forward) 5-CCATGTTCGTCATGGGTGT
GAACCA-3 and (reverse) 5-GCCAGTAGAGGCAGGGATGA
TGTT C-3'.

Acridine orange staining (AO)

AO staining is a quick, accessible and reliable method to assess
the volume of AVOs, which increase upon autophagy induction
(Thomé et al. 2016). INS-1 cells were seeded into 96-well culture
plates at 2 x 10* cells/well at 37°C in a 5% CO, incubator.
Seventy-two hours after seeding, LPS plus various concentrations
of JTTF was added to the cultures in each well. After 24 h treat-
ment, cells were washed three times with PBS, fixed with 4% for-
maldehyde, and permeabilized with 100% methanol. AO dye was
added to cells at a final concentration of 1ug/mL and incubated
in the dark at room temperature for 15min. Then cells were
washed with PBS and visualised using a laser scanning confocal
microscope (Olympus FluoView FV1000, Tokyo, Japan).

Western blot analysis

Pancreatic tissues or INS-1 cells were collected and lysed in
RIPA buffer containing phosphatase inhibitor. After centrifuga-
tion for 15min at 4°C, cellular proteins were separated via SDS-
PAGE (10-12% polyacrylamide, each gel loaded 30 pg of protein)
then were transferred to polyvinylidene difluoride (PVDF) mem-
branes. PVDF membranes were blocked with 5% non-fat milk
and incubated overnight with a specific primary antibody over-
night at 4°C, and were incubated with secondary antibodies for
2h at room temperature. Protein signals on membranes were
detected using an ECL detection system.
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Figure 1. Flow diagram of the research based on in vitro and in vivo studies.

Statistical analysis

Data were presented as the mean + standard deviation (SD) using
IBM SPSS Statistics for Windows, version 22.0 (IBM Corp.,
Armonk, NY). Comparisons within two groups were made by
Student’s t-test. Comparisons within multiple groups were deter-
mined using ANOVA followed by Dunnett’s test. Comparison
with p < 0.05 was considered statistically significant. A flow dia-
gram of the research is shown in Figure 1.

Results
Qualitative analysis of the chemical constituents of JTTF

HPLC fingerprinting of JTTF was conducted according to a pre-
viously reported method and generated as shown in Figure 1.
Chlorogenic acid, calycosin-7-glucoside, salvianolic acid B, hara-
goside, and aloe-emodin were used as surrogate markers (Figure
2(a)). Five major peaks of JTTF extract were identified on the
HPLC fingerprints and 5 peaks were identified (Figure 2(b)).
Previous studies have reported that salvianolic acid B and aloe-
emodin are the key active ingredients of Radix Salviae and Radix
Rhei Et Rhizome respectively in the treatment of diabetes (Dong
et al. 2020; Shi et al. 2020).

Beclin 1, and LC3

JTTF improved blood glucose and metabolic parameters in
HFD-induced ZDF rats

After a 12-week HFD feed, the ZDF rats showed a higher body
weight compared with the control group (Figure 3(a)). JTTF
treatment could decrease body weight at all tested concentra-
tions, with the greatest effect observed for the JTTF-H group. As
shown in Figure 3(b), the FBG level in T2DM animals were
greater than the control group. Treatment with 1, 3, or 5g/kg/
day JTTF decreased the elevation of FBG level compared with
the T2DM group. Similarly, the HbAlc ratio, IPGTT, FINs level,
and HOMA-IR were decreased by the administration of JTTF
(Figure 3(c-f)). Moreover, increased serum levels of TG, TC and
LDL-C and reduced HDL-C could be ameliorated by JTTF treat-
ment (Figure 4). Therefore, JTTF could alleviate glucose and
lipid metabolism disorder in ZDF rats.

JTTF reduces pancreas injury in ZDF rats

As shown in Figure 5(a), compared with the normal group, the
pancreatic islet cells in the endocrine area showed irregular
shape, the boundary between islet cells and acinus was blurred,
the islet cells were atrophic and distributed unevenly, and more
local nuclear necrosis and lysis were observed in model group.
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Figure 2. HPLC fingerprint of JTTF extract. (a) HPLC chromatograms of chlorogenic acid, calycosin-7-glucoside, salvianolic acid B, haragoside, and aloe-emodin with
UV detection at 254 nm are shown. (b) HPLC chromatogram of JTTF with UV detection at 254 nm is shown. HPLC: high performance liquid chromatography.

Compared with the model group, the pancreatic islet cells in
JTTF-H group were distributed in a mass, with clear and intact
edges, and intact nuclei and exocrine acinus were irregular pol-
ygonal, neatly arranged, and the boundary among acinus was
clearly visible. In the JTTF-M groups, the above pathological
conditions were also improved. As shown in Figure 5(b,c), com-
pared with the normal group, hepatocyte swelling, steatosis with
lots of intercellular vacuoles, and infiltration of inflammatory
cells were observed in model group. Compared with the model
group, the degree of hepatocyte steatosis and the number of
intercellular vacuoles in JTTF-H and JTTF-M groups were both
significantly reduced, and hepatocytes were normal in size,
orderly, and clear in structure.

JTTF protected pancreatic  cells and ameliorated
GSIS damage

To examine the cytoprotective role of JTTF, INS-1 cells were
treated different concentrations (12.5-200 pg/mL) of JTTF to
assess JTTF cytotoxic effects. As shown in Figure 6, INS-1 cells
cultured for 24h with LPS to simulate inflammation exhibited
reduced cell proliferation. Exposure of cells to various JTTF con-
centrations led to a concentration-dependent cytoprotective
effect; all JTTF concentrations, (12.5, 25, 50, 100, and 200 pg/
mL) promoted proliferation of INS-1 cells, with a JTTF concen-
tration of 200 pg/mL exerting the greatest effect (Figure 6(a)).

Then, we investigated the effects of JTTF on insulin secretion
by injured INS-1 cells by using an ELISA kit. LPS exposure
reduced INS-1 cell insulin content, while JTTF treatment exerted
a potent insulinotropic effect on INS-1 cells (Figure 6(a)). The
level of insulin secretion by INS-1 cells after treatment with
JTTF at all tested concentrations was increased as compared to
that of the LPS-only group, with the greatest effect observed for
200 pg/mL JTTF (Figure 6(b)). PDX1, a homeodomain transcrip-
tion factor, is required for early embryonic development of the
pancreas (Stoffers et al. 1997). In mature beta-cells, depletion
and reduction of PDX1 induces glucose intolerance as evidence
for a critical role of PDX1 for maintaining beta-cell function
(Holland et al. 2002). Our preliminary results showed that JTTF
treatment could restore PDX1 expression levels (Figure 6(c)).
The expression of mRNA of PDX1, MafA, INSI and INS2 were
upregulated in all four groups (Figure 6(d-g)).

JTTF decreased the expression of proinflammatory cytokine
and chemokine in HFD rats

To further investigate the effects of JTTF on inflammatory fac-
tors, IL-6, IL-1B, and TNF-o were measured using an ELISA Kkit.
As shown in Figure 7, JTTF treatment exerted a potent anti-
inflammatory effect on HFD ZDF rats. In addition, JTTF treat-
ment could decrease IL-6, IL-1B, and TNF-o expression levels
after treatment with JTTF at all tested concentrations, with the
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greatest effect was observed for 200 pg/mL JTTF (Figure 8). Our
study demonstrated that JTTF can alleviate the expression of
inflammatory factors.

JTTF treatment reduced calcium release and
ameliorated ERS

Next, we attempted to measure intracellular Ca** concentration
in LPS-exposed INS-1 cells. As illustrated in Figure 9, Fluo-4
AM fluorescence intensity was increased in INS-1cells exposed to
LPS. Conversely, treatment with all JTTF concentrations (50,
100, and 200 pg/mL), led to decreased Fluo-4 AM fluorescence
intensity results across all treatment groups, thus demonstrating
that the Ca®" concentration gradually decreased with increasing
JTTF concentration. HFD induced significant increases in levels
of IREla and PERK in ZDF rats as compared to corresponding
levels in the normal control. However, JTTF treatment induced a
significant decrease in IREla and PERK levels as compared to
corresponding levels in the model group, and the greatest
decreases of IRElor and PERK levels were observed for cells
treated with 200 pg/mL JTTF. In addition, JTTF treatment dras-
tically reduced protein levels of elF2a, ATF6 and GRP78 as com-
pared to their respective levels in the model group; elF20, ATF6
and GRP78 are master regulators of the UPR that normally
occur in the ER of cells (Ibrahim et al. 2019). All of our results
indicated that ERS was significantly attenuated by treatment with
JTTF (Figure 10).

JTTF treatment down-regulated autophagy and decreased
apoptosis in HFD rats

Consistently, we found that JTTF treatment reduced phosphoryl-
ation of mTOR. In addition, JTTF treatment reduced levels of

ULK1 and phospho-ULK1 in ZDF rats (Figure 11(a)). Beclin 1, a
protein associated with gene expression involved in the forma-
tion of autophagosomes, may influence the rate of autophagy.
Autophagy can be monitored using LC3 as a specific marker of
autophagy and LC3II as a marker is highly correlated with auto-
phagosome number. Therefore, to examine the role of Beclin 1
in autophagy, here we quantified expression levels of Beclin 1,
p62, and LC3II/LC3I. Following JTTF treatment, a dose-depend-
ent increase in p62 expression was observed that was accompa-
nied by decreases of Beclin 1 and LC3II/LC3I levels (Figure
11(b)). In addition, autolysosomes significantly increased after
treatment of LPS by AO dye staining analyses. As shown in
Figure 10(c), excess autophagy induced by LPS could be inhib-
ited by JTTF in INS-1 cells. The expression of Bax and
CASPASE3 were significantly increased and the expression of
Bcl-2 was decreased in ZDF rats. However, treatment with JTTF
significantly increased the expression of Bcl-2, and reduced the
expression of Bax and CASPASE3 in ZDF rats (Figure 12). These
results suggested that JTTF could alleviate cell apoptosis.

JTTF treatment alleviated ERS and prevented excessive
autophagy via the CaMKKf,/AMPK pathway

To investigate potential mechanisms by which JTTF treatment
regulated the connection between ERS and autophagy, we moni-
tored the activity of the CaMKKB/AMPK signalling pathway.
Our data revealed that JTTF decreased CAMKK activity and lev-
els of phospho-CAMKKJ, as well as AMPK activity and levels of
phospho-AMPK in HFD ZDF rats (Figure 13). Thus, JTTF may
inhibit ERS and excessive autophagy by modulating CaMKKf-
AMPK pathway activity. Analog 5-aminoimidazole-4-carboxa-
mide ribonucleotide (AICAR), as the agonist of the AMPK,
could promote AMPK/ULK1/2 signalling axis in the regulation
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Figure 5. Histopathological examination of pancreas and liver histomorphology of ZDF rats of each group. (a) H&E staining of pancreas; (b) H&E staining of liver; (c)
Oil red staining of liver.
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of autophagy (Knudsen et al. 2020). Protein levels of p-AMPK/ Discussion
AMPK, LC3II/LC3I and Beclin 1 significantly increased in the
AICAR group than in the control and model group. The JTTE-
treated group showed a significantly reduced expression of p-
AMPK/AMPK, LC3II/LC3I and Beclin 1 protein. Thus, JTTF
may inhibit ERS and excessive autophagy by modulating
CaMKKB-AMPK pathway activity.

Here, we found that JTTF relieved HFD-induced obesity and
hyperglycaemia of ZDF rats, as well as improved LPS-induced
ERS and autophagy of INS-1 cell demonstrate that the JTTF may
have beneficial effects on T2DM. The major findings of the pre-
sent study emphasise that JTTF reduced the release of Ca*" in
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INS-1 cells to ultimately alleviate ERS and prevent excessive
autophagy, suggesting that JTTF is a promising therapeutic treat-
ment for diabetes. Mechanistically, JTTF appeared to regulate
diabetes-promoting ERS and excessive autophagy by modulating
CAMKKPB/AMPK signalling pathway activity, one of the critical
signal transduction pathways linking ERS to autophagy. Thus,
our current results outline a novel therapeutic approach for use
in developing more effective diabetes treatments.

PDXI1 is an important transcription factor that regulates islet
B-cell proliferation, differentiation, and function (Zhu et al
2017). Reduced expression of PDX1 is thought to contribute to
B-cell loss and dysfunction in diabetes (Fujimoto and Polonsky
2009). Decreased expression of PDX1 has been closely related to
islet B-cell apoptosis induced by oxidative stress and ERS stress
(Cnop et al. 2017). Furthermore, studies have found that restor-
ing PDX1 protein levels can normalise B-cell mass by modulat-
ing B-cell survival under the diabetic condition (Claiborn et al.
2010). Thus, promoting PDX1 expression can be an effective
strategy to preserve P-cell mass and function. In our study,
PDX1 levels were consistently higher in JTTF treatment groups
although ZL control group had higher PDX1 mRNA expression,
indicating that JTTF may exhibit strong protective effects on islet
B-cells by promoting PDX1 protein expression rather than

increasing the number of genes. However, further experimental
experiments were demanded to validate the hypothesis.

Moderate ERS can protect B cells from damage by activating
the UPR to preserve ER homeostasis (Kong et al. 2017). IR is
countered by increased secretion of insulin during the develop-
ment of diabetes. However, as insulin demand exceeds [-cell
secretory capacity, the level of unfolded ER proteins in B-cells
increase. Such sustained high-intensity stimulation can eventually
trigger non-adaptive ERS and apoptotic responses (Fonseca et al.
2011; Walter and Ron 2011; Wang et al. 2018). In recent years,
autophagy has been extensively studied, because of its role in
regulating B-cell function and cell damage (Rivera et al. 2014).
Under conditions, autophagy is key to maintaining B-cell func-
tion and survival by serving as an important mechanism for pre-
venting P-cell failure (Hayes et al. 2017). In addition, autophagy
plays an important role in maintaining both structural and func-
tional integrity of the ER (Bernales et al. 2007), which are crucial
for B-cell survival (Laybutt et al. 2007). Intriguingly, another
study demonstrated that under diabetic conditions, upregulation
of LC-3 and Beclin 1 expression after attenuation of PERK/elF2a
pathway activity could improve impaired autophagy (Fang et al.
2013). Meanwhile, endostatin-activated autophagic gene expres-
sion has been shown to alter XBP1 mRNA splicing via a
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mechanism involving IREla, with altered XBP1 mRNA splicing
triggering an autophagic signal pathway linked to transcriptional
regulation of Beclin 1 expression (Margariti et al. 2013). More
recent research has revealed that in the presence of autophagy-
stimulating factors such as IRElo, UPR and ubiquitin-prote-
asome activities cannot adequately remove misfolded and
unfolded proteins from the ER to prevent autophagy as long as
stimulating factors are present (Qi and Chen 2019). Here we
verified that JTTF treatment of HFD ZDF rats could decrease
intracellular expression of PERK, p-PERK, IREla, p-IREla,
ATF6, elF2a, and GRP78 as compared to the model group. In
addition, JTTF significantly increased cell viability and insulin
secretion, as demonstrated using MTT assays and GSIS, as evi-
dence for a cell-protective effect of JTTF treatment.

As for all endocrine diseases, including diabetes, autophagy
appears to be beneficial or harmful, with the final outcome
depends on the delicate balance between the amount of autoph-
agy-triggering substrate and the capacity of autophagy machinery
to remove the triggering substrate. Importantly, inflammation
can regulate autophagy, while autophagy can shape the inflam-
matory response (Lapaquette et al. 2015). Autophagy is a
dynamic and multistep process regulated by the ULK1 complex
(Ravikumar et al. 2010). In our study, the model DM group had
a higher level of Beclinl than the normal group. Although the
JTTF-L group had a slightly higher level of Beclinl than the
model group, the JTTF-H group and JTTF-M had a significantly
lower level of Beclinl and LC3 than the model DM group. This
may be related to the JTTF dose-dependence and needs further
study. Therefore, it could be expected that JTTF could decrease
the level of Beclinl/LC3 to protect the islet cells by suppressing
excessive autophagy.

The cellular stress response would lead to decreased ATP con-
centration with concomitantly increased AMP concentration that
together increase the intracellular AMP/ATP ratio, triggering
AMPK activation (Motoshima et al. 2006; Gwinn et al. 2008).

Importantly, AMPK can also be activated by upstream CaMKKf
kinases (Maeda et al. 2018). AMPK/mTOR pathway, as a potent
regulator, opposes each other to regulate ULK1 complex activity,
with phosphorylation of AMPK previously shown to positively
regulate autophagy by regulating downstream signalling mole-
cules (Hardie 2011; Sanli et al. 2014). Importantly, earlier
research had shown that AMPK binds and phosphorylates ULK1
that then triggers downstream signals to induce autophagy, while
mTOR could inhibit autophagy to promote cell growth and pro-
liferation (Nojima et al. 2003). Meanwhile, mTORC1 has been
shown to inhibit ULK1 activation and interrupting its interaction
with AMPK (Egan et al. 2011; Kim et al. 2011), while activation
of AMPK signalling and inhibition of mTORC1 activity
decreased phosphorylation of ULKI under hyperglycaemia con-
dition (Zhou et al. 2019). Based on these results, here we further
used AMPK activators to assess AMPK signalling pathway activ-
ity, showing that treatment with AICAR effectively activated
LPS-induced AMPK, thereby inhibiting B-cell excessive autoph-
agy through JTTF treatment. Collectively, these results provide
new insights to enhance our understanding of mechanisms of
pancreatic dysfunction by showing that JTTF treatment acts via
the AMPK/mTOR pathway to prevent excessive autophagy and
maintain appropriate autophagy.

ERS causes misfolding of the ER cavity and aggregation of
unfolded proteins, both of which disrupt homeostatic control of
calcium ion levels (Wang et al. 2013). As activation of CaMKKf
is primarily dependent on conformational protein structural
changes induced by binding of Ca®" and calmodulin, the level of
free cytoplasmic Ca®" is an essential requirement for subsequent
activation of CaMKK[ (Hassan et al. 2016; Yin et al. 2018).
Moreover, we found that increased Ca*" level activated
CaMKKR by showing that LPS exposure, which increases Ca**
concentration, leading to CaMKKQP activation. However, ERS, or
excessive Ca’" can cause excessive autophagy, a state whereby
autophagosomes formation exceeds lysosomal degradation
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zole-4-carboxamide ribonucleotide.

capacity, resulting in cell death (Ma et al. 2011). In this study,
we confirmed that JTTF downregulated excessive autophagy and
repressed ERS by inhibiting the CaMKKB/AMPK/mTOR/
ULK1 pathway.

ERS directly regulates autophagy through UPR pathway-asso-
ciated proteins PERK, IREla, and ATF6 (Kouroku et al. 2007),
while also indirectly regulating autophagy by altering intracyto-
plasmic Ca®* concentration. In addition, autophagy can also syn-
ergistically regulate ERS to either restore cell stability or promote
cell death, underscoring the potential of regulatory targets com-
mon to both ERS and autophagy pathways to serve as a founda-
tion for future development of novel diabetes treatments. In fact,
appropriate ERS and autophagy work together to exert independ-
ent cytoprotective effects by participating in a coordinated inter-
action that promotes cell survival. However, after cells are
subjected to continual high-intensity stress, the coordinated and
protective interaction between ERS and autophagy becomes an
unbalanced and destructive interaction, leading to cell damage
and even cell death.

Conclusions

Our study demonstrated the mechanism whereby JTTF treatment
protects against pancreatic -cell injury. Notably, JTTF treatment
led to reduced apoptosis of pancreatic B-cells via a putative
mechanism involving decreased ERS and autophagic activity.
JTTF protective effects against cell damage in HFD ZDF rats and
LPS-exposed INS-1 cell-based diabetes model result from inhib-
ition of ERS and excessive autophagy due to JTTF modulation of
CaMKKPB/AMPK signalling pathway activity. Therefore, JTTF
displayed positive effects in the treatment of diabetes and the

mechanism of its anti-diabetes activity was initially investigated,
which related to suppressing excessive autophagy and ERS.
However, there are also some limitations. (i) The underlying
mechanism by which active ingredients of JTTF balance autoph-
agy and ERS remains unclear; (ii) the active ingredients screened
might be inconsistent with the ingredients actually absorbed in
the blood of the diabetic rats. Thus, in vivo and in vitro verifica-
tions of active ingredients are needed for further evaluation.
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