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Jiedu Tongluo Tiaogan Formula protects pancreatic islet cells against

dysfunction by relieving endoplasmic reticulum stress and excessive

autophagy via regulating CaMKKβ/AMPK pathway
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Abstract
Background: Endoplasmic reticulum stress (ERS) and excessive autophagy are increasingly
recognized as risk factors associated with development and progression of β-cell dysfunction.
Jiedu Tongluo Tiaogan Formula (JTTF) has known anti-glucotoxicity activities, but its
pharmacological effects on pancreatic cell are not clearly understood. This study was designed to
investigate JTTF effects/mechanisms on in vitro glucotoxicity (HG)-induced ERS and excessive
autophagic damage of pancreatic cells in vitro and on in vivo pancreatic injury in db/db mice.
Methods: The chemical composition of a JTTF preparation were analyzed using
high-performance liquid chromatographic fingerprinting. Meanwhile, cell viability,
glucose-stimulated insulin secretion, insulin biosynthesis dysfunction, Ca2+ overload, ERS and
excessive autophagy were assessed in JTTF-pretreated pancreatic β-cells with HG-induced injury.
Hematoxylin and eosin staining and immunohistochemical analyses of pancreatic tissues revealed
effects of in vivo JTTF pretreatment on development of HG-induced pancreatic injury in db/db
mice.
Results: Five JTTF chemical components were identified. Our results revealed that JTTF



treatment protected β-cells from HG injury by increasing insulin biosynthesis and
glucose-stimulated insulin secretion (GSIS), while also decreasing Ca2+ overload, ERS and
excessive autophagy. Furthermore, protective effects of JTTF treatment against HG-induced β-cell
ERS and excessive autophagy were linked to regulation of CaMKKβ/AMPK pathway functions,
while JTTF administration as confirmed to reverse pancreatic injury in db/db mice.
Conclusions: Collectively, the results presented here indicate that JTTF may prevent islet cell
dysfunction in T2DM mice by inhibiting CaMKKβ/AMPK pathway-mediated ERS and excessive
autophagy. These findings enhance our understanding of mechanisms underlying beneficial
JTTF-induced amelioration of T2DM.
Keywords: JTTF, pancreatic β-cells, endoplasmic reticulum stress, excessive autophagy,
CaMKKβ/AMPK

Background
The prevalence of diabetes mellitus (DM) has increased dramatically in recent decades [1], with
the disease becoming a serious public health problem due to its life-threatening nature and
complications, such as kidney damage and slow-healing wounds.[2] DM is classified into several
disease categories, with type 2 diabetes mellitus (T2DM) most prevalent [3]. Progressive
deterioration in β-cells function and marked reduction of β-cells mass are classic findings in islet
cells of human T2DM patients [4]. Importantly, numerous studies have demonstrated that long-
term exposure of pancreatic β-cells to high glucose (HG) levels induces cell dysfunction and
apoptosis, thus impairing insulin secretion function and promoting eventual development of
T2DM [5]. Aside from strategies to reduce insulin resistance or promote GSIS by increasing
hepatic glucose output, maintenance of healthy pancreatic β cell function is another strategy for
preventing T2DM[6], since dysregulated pancreatic β-cells play critical roles in T2DM
pathogenesis [7] .
Recently, Traditional Chinese Medicine (TCM) has gained attention as an important source of
potential bioactive compounds for use in preventing or treating T2DM. [8] TCM is an integral
medicinal system based on clinical practice spanning thousands of years that has been shown to
effectively treat T2DM, but with fewer side effects than associated with modern medicines.
Accordingly, TCM practitioners often prescribe combinations of plant species and/or minerals,
referred to as formulae, whereby each formula consist of several herbs working harmoniously
together to achieve an ideal therapeutic outcome [9]. As a key TCM treatment modality, formulae
have been adopted by academicians and patients for treatment of multiple organ system disorders,
particularly chronic diseases and metabolic syndromes [10]. JTTF, which was formulated
according to TCM theory, is composed of Coptis chinensis Franch (Huanglian), Radix Rhei Et
Rhizome (Dahuang), Astragalus propinquus Schischkin (Huangqi), Salvia miltiorrhiza Bunge
(Danshen) and Bupleuri Radix (Chaihu). In fact, we have administered JTTF formula in our clinic
to thousands of patients and have observed beneficial JTTF effects for lowering blood glucose,
blood lipids and body weight. Notably, one previous study demonstrated that JTTF could improve
insulin resistance and reduce cell apoptosis, while stimulating glucose and lipid metabolism in rats
with type 2 diabetes. Although JTTF has been reported to alleviate T2DM via various mechanisms,
it is not yet certain whether JTTF can regulate autophagy, restore endoplasmic reticulum function
and maintain cell homeostasis.
Several mechanisms likely contribute to T2DM development, including endoplasmic reticulum



stress (ERS), abnormal autophagy, oxidative stress, inflammation, apoptosis and mitochondrial
dysfunction [11, 12]. The endoplasmic reticulum (ER) is a system of continuous flattened
membranes that serve as sites for protein synthesis, folding, and maturation[13]. However, when
certain external stimuli upset ER balance, protein synthesis signaling is interrupted, causing
accumulations of unfolded and misfolded proteins within the ER lumen that disrupt homeostasis
and ultimately lead to ERS [14, 15]. Importantly, ER homeostasis is essential for maintaining
β-cell survival and normal insulin secretion, since islet cells are very sensitive to ERS damage [16].
Previous studies have revealed a strong association between ER stress and impaired glucose
homeostasis, indicating a crucial role of homeostatic function in promoting T2DM onset and/or
progression. Consequently, if ER stress is sustained long-term and the unfolded protein response
(URP) is not powerful enough to restore normal ER function, the ERS response will be triggered
to remove stressed cells[17].
Molecular mechanisms underlying β-cell failure and dysfunction associated with T2DM
reportedly result from ERS responses induced by glucolipotoxicity and autophagy dysfunction[18,
19]. Upon initiation of ER stress, cells activate a series of complementary adaptive mechanisms to
cope with protein-folding challenges [20]. When these mechanisms fail to remove excess
aberrantly folded proteins, ER stress may trigger autophagy dysfunction [21]. Once initiated,
autophagy may progress in either direction, depending on stress severity and cell coping
mechanisms for invoking survival tactics versus self-destruction via apoptosis, with the latter
occurring under unbearable microenvironmental conditions [22]. Nevertheless, the relationship
between autophagy and ER stress is not yet fully understood[23]. Recently reported observations
suggest that β-cell exposure to high glucose conditions can easily lead to ER stress that can
progress to a T2DM state [24]. Currently it is known that excessive calcium ion levels in the ER
will activate CaMKKβ, causing calcium ions to be released into the cytoplasm leading to
activation of AMPK by AMP. In turn, a high degree of AMPK activation can cause excessive
autophagy that results in excessive consumption of integral cellular organelles and components
culminating in autophagic apoptosis and cell damage [25].
In this study, we aimed to evaluate the protective effect of JTTF on HG-induced β-cell injury,
while also exploring JTTF molecular mechanisms for improving insulin secretion function
through inhibition of ER stress and excessive autophagy. Notably, this JTTF protective effect was
shown to be mediated by the CaMKKβ-AMPK signal pathway, since addition of an AMP analog
and activator of AMPK, AICAR, could abrogate beneficial JTTF effects. Taken together, the
results of this study reveal a mechanism underlying JTTF protection of pancreatic β-cells that may
provide helpful insights for developing a potential strategy for combatting T2DM.
Materials and Methods
Preparation of JTTF
JTTF is composed of five Chinese herbs, as shown in Table 1. The five herbs were provided by the
Department of Pharmacy of the Affiliated Hospital of Changchun University of Chinese Medicine
(Jilin, China). The five herbal ingredients were mixed in standard proportions then extracted
according to TCM protocols. The filtered liquid was lyophilized then crushed to generate a fine
powder. Powdered extracts were stored at -80 ℃ for future study.
We have established a method for the detection of active ingredients of JTTF via
high-performance liquid chromatography (HPLC, Agilent, Santa Clara, CA, US) followed by
mass spectrometric analysis performed using an AB Sciex API3200MD mass spectrometer



connected to a Jasper HPLC System via an electrospray ionization (ESI) interface (Supplementary
Fig. 1).

Supplementary Fig. 1 JTTF levels were determined using HPLC.
Cell Culture and Treatments
The rat insulinoma (INS-1) cell line was purchased from the American Type Culture Collection
(Manassas, VA, US). Cells were cultured in RPMI-1640 medium (Gibco, USA) with 10% fetal
bovine serum (FBS, Hyclone, USA), 100 U/ml penicillin (Biosharp, Hefei, China) and 100 mg/ml
streptomycin (Biosharp) at 37 °C in a humidified atmosphere with 5% CO2. To establish the high-
glucose (HG) injury model, INS-1 cells were treated with 20 mM glucose for 48 h then cells were
incubated in the absence or presence of JTTF for 48 h. Next, spent medium (with or without JTTF)
was removed and replaced with fresh medium prior to incubation of cells for various periods of
time with or without glucose. Next, cells were seeded into 6-, 24-, or 96-well plates depending on
the particular assay. Mannitol was used as an osmolality control.
Cell viability assay
Cell viability, an indication of JTTF and HG cytotoxicity, was evaluated using an MTT assay.
MTT solution (0.5 mg/mL in PBS) was added to each well then plates were incubated for 4 h at
37 °C. Next, 150 μL DMSO was added to each well then absorbance readings (at 570 nm) were
recorded using a microplate reader (TECANA-5082, Magellan, Austria).
Glucose-stimulated insulin secretion (GSIS)
Cells (1 × 105 cells/well) were treated with HG and/or JTTF for 48 h then were individually
transferred to individual wells of V-bottomed 96-well plates. Next, plates were incubated for 60
min at 37 °C in HEPES-balanced Krebs-Ringer (KRH) bicarbonate buffer containing 114 mM

JTTF



NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.16 mM MgSO4, 1.2 mM KH2PO4, 25.5 mM NaHCO3 and
20 mM HEPES (pH 7.2–7.4) supplemented with 0.2% (w/v) bovine serum albumin (BSA) and 2
mM glucose. The cells were then incubated for an additional 60 min in KRH-bicarbonate buffer
containing 5 mM or 20 mM glucose. Subsequently, supernatants were collected to quantify
secreted insulin levels using a Rat/Mouse Insulin Elisa Kit (Millipore, USA).
Quantitative real-time PCR (qRT-PCR)
INS cells were seeded at a density of 2 × 105 cells/well in a 6-well plate. Cells were treated with
glucose and/or JTTF for 48 h followed by measurements of INS1, INS2, PDX1 and MaFA mRNA
expression levels. Total RNA from cultured cells was extracted with TRIzol (Invitrogen, Carlsbad,
CA, USA). Next, 1 mg of RNA was reverse transcribed into cDNA using the iScript cDNA
Synthesis Kit (Bio-Rad). Subsequently, qPCR was performed using a Bio-Rad CFX96 system
with cycling parameters of 95 °C for 5 min then 40 cycles of 95 °C for 15 s, 60 °C for 30 s and
72 °C for 30 s. Primer sequences are listed in Table 2.
Ca2+ fluorescence measurement
A novel fluorescently labeled calcium indicator, fluo-4 AM, was used to measure changes in INS
cell Ca2+ levels. Cells cultured in 6-well plates were treated with indicated drugs for 48 h then
cells were immediately washed three times with ice-cold PBS and lysed in lysis buffer. Finally, the
fluorescence intensity of lysates was detected with a multimode microplate reader (TriStar2,
Germany) using an excitation wavelength of 494 nm and an emission wavelength of 516 nm.
Western blot analysis
Cell samples were lysed in RIPA buffer (Beyotime Biotechnology) then lysate proteins were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by
transfer of proteins to membranes. After blocking with 5% non-fat milk, the membranes were
incubated with specific primary antibodies (1:1000) overnight at 4℃ : GRP78(1:1000, Abcam,
ab198787), ATF6(1:1000, Abcam, ab227830), PERK(1:1000, Abcam, ab229912), p-PERK(1:1000,
Abcam, ab192591), IRE1α(1:1000, Abcam,ab37073), p-IRE1α(1:1000, Abcam, ab81936),
p-mTOR(1:1000, Abcam, ab32028), mTOR(1:1000, Abcam, ab137133), ULK1(1:1000, CST,
#6439), p-ULK1(1:1000, CST, #14202), p62 (1:1000, Abcam, ab56416), Beclin-1 (1:1000,
Proteintech, No. 11306-1-AP), LC3 (1:1000, Proteintech, No. 14600-1-AP), p-AMPK (1:1000,
Abcam, ab23875), AMPK (1:1000, Abcam, ab80039), CaMKKβ(1:1000, CST, #11945),
p-CaMKKβ(1:1000, CST, #12716) and GAPDH (1:5,000, Bioworld, BS6007M). After incubation
with appropriate secondary antibodies (1:5000) for 1 h at room temperature. Finally, specific
bands were detected and quantified using a chemiluminescent imaging system (FluorChem M
System, Protein Simple, San Jose, CA, USA). Proteins levels were normalized against the loading
control GAPDH.
Acridine orange (AO) staining
INS cells were seeded into wells of 24-well plates at a density of 6 × 104 cells in 1 ml of medium
per well overnight. Samples were then treated with glucose and/or JTTF for 48 h. AO (Absin
Bioscience, Inc.) solution was added to each well at a concentration of 1 µg/ml, after which
samples were incubated at 37°C for 15 min. After rinsing with PBS twice, slides were removed
and inverted onto carriers made of sheet glass. Cell slides were then observed and imaged under a
confocal microscope (Hitachi, Ltd.). The filter was excited to 488 nm and blocked at 515 nm.
Animal studies
To evaluate the effect of JTTF on T2DM-associated disease parameters in vivo, healthy db/db and



db/m male mice (6 weeks old) were divided into four groups with six mice in each group as
follows:
Group 1: db/m mice-nondiabetic control mice (received distilled water) via oral gavage for 56
days
Group 2: db/db mice-control type 2 diabetic mice (received distilled water) via oral gavage for 56
days
Group 3: db/db mice receiving 2.4g/kg/d JTTF via oral gavage for 56 days
Group 4: db/db mice receiving 7.2g/kg/d JTTF via oral gavage for 56 days
All animal procedures were performed in accordance with approval of the Animal Ethics
Committee of Changchun University of Chinese Medicine. During the 56-d course of treatment,
body weight was measured once each week and fasting blood glucose (FBG) levels were
monitored every two weeks. After 56 d (treatment completion), oral glucose tolerance testing
(OGTT) was performed then mice were euthanized and serum was collected from each mouse for
lipid analysis. Next, pancreatic tissues were excised, weighed, then fixed to slides for histological
assessments. No animals became ill or died during the study period. All animal procedures were
performed in accordance with the principles approved by the Animal Ethics Committee of
Changchun University of Chinese Medicine.
Statistical analysis
Each experiment was repeated at least three times, with results expressed as means ± standard
deviations. One-way ANOVA followed by Tukey test was performed using GraphPad Prism 7
(GraphPad Software, San Diego, CA, USA). Multiple comparisons between groups were
performed using the S-N-K method. A value of p<0.05 was considered significant.
Results
JTTF protects against dysfunctional HG-induced insulin secretion by INS-1 cells.
Before JTTF effects on insulin secretion were investigated, JTTF cytotoxicity was assessed by
treating INS-1 cells with various concentrations (0-500 μg/mL) of JTTF for 24 h or 48 h followed
by assessments of viable cell numbers. Treatment with a concentration of JTTF up to 500 μg/mL
for 24 h or 48 h did not induce significant cytotoxicity, with cell viability remaining above 90%
(Fig. 1a). Next, effects of JTTF treatment on insulin secretion were assessed for glucose-starved
cells, with results shown in Fig. 1b. Cells were treated with 5.0 mM low-glucose or 20.0 mM
high-glucose concentrations then the quantity of secreted insulin was measured to assess basal
insulin secretion or GSIS, respectively. Following the same glucose starvation protocol, after
INS-1 cells were stimulated with a high glucose concentration (20 mM), levels of INS-1 cell
insulin secretion decreased as compared to the control group level. By contrast, insulin secretion
function greatly improved with JTTF treatment.



Fig.1 Effects of JTTF on cell viability and insulin secretion of INS-1 cells exposed to high glucose.
(a) After INS-1 cells were exposed to various JTTF concentrations (50, 100, 200 or 500 μg/mL)
for 24 h or 48 h, cell viability was determined by MTT assay. (b) GSIS results. Ctrl: control group.
⁎P < 0.05, ⁎⁎P < 0.01, and ⁎⁎⁎P < 0.001 versus Ctrl group (n = 3), #P < 0.05, ##P < 0.01 and ###P <
0.001 versus HG group (n = 3).
JTTF upregulates insulin biosynthesis and expression of insulin-related genes by INS-1 cells
In T2DM, dysfunctional pancreatic β-cells exhibit reduced insulin secretion, an indicator of
disease progression. PDX-1 and MafA genes are involved in development of pancreatic β-cells and
transcription of the insulin gene[6]. To further analyze protective effects of JTTF treatment on
pancreatic β cells, INS-1 cells were exposed to high-glucose conditions. Subsequently,
HG-induced impairments of INS1 and INS2 mRNA expression were reversed in the presence of
JTTF, with JTTF treatment leading to increased mRNA expression observed for PDX-1 and MafA,
key transcription factor genes that regulate β cell proliferation and insulin expression (Fig. 2a-d).
In addition, HG exposure led to significantly reduced expression of PDX-1 and MafA proteins,
which were significantly reversed by JTTF treatment (Fig.2e-f). These findings suggested that



JTTF protected INS-1 cells from HG-induced glucotoxicity.

Fig.2 Effect of JTTF treatment on insulin-related gene expression in INS-1 cells. (a-d) mRNA
levels corresponding to transcription-level expression of insulin genes (INS1 and INS2) and
transcription factors associated with pancreatic β cell gene expression (PDX-1, MafA), as
determined via qPCR. (e) PDX-1, MafA and GAPDH protein expression levels in INS-1 cells
were examined by Western blot analysis. (f) Quantification of expression levels of cleaved PDX-1
and MafA proteins in controls. Values represent mean ± SD derived from three independent
experiments. Ctrl: control group. ⁎P < 0.05, ⁎⁎P < 0.01, and ⁎⁎⁎P < 0.001 versus Ctrl group (n = 3),
#P < 0.05, ##P < 0.01 and ###P < 0.001 versus HG group (n = 3).

JTTF treatment alleviates calcium overload and ER stress after HG-induced injury of INS-1
cells
Many studies have reported that ER stress-mediated injury caused by intracellular Ca2+ overload is
involved in the pathogenesis of T2DM [26]. First, we determined whether JTTF
treatment-mediated protection against HG-induced pancreatic β-cells injury was associated with



increased intracellular Ca2+ load. Analysis of Ca2+ fluorescence intensity showed that HG
exposure enhanced intracellular Ca2+ overloading of INS-1 cells that was subsequently reduced by
JTTF treatment (Fig. 3a-b). In addition, to further clarify underlying mechanisms by which JTTF
alleviated HG-induced pancreatic β-cell injury, we measured expression levels of ER stress-related
proteins. We found that HG exposure induced significantly increased expression of GRP78, ATF6,
p-PERK and p-IRE1α, with expression levels significantly reduced by JTTF treatment (Fig. 3c-d).
These results suggest that ER stress was fully activated by HG stimulation and was almost fully
reversed by JTTF treatment.

Fig.3 Effect of JTTF on expression of ER stress indicator proteins in HG-induced INS-1 cells. (a)
Intracellular Ca2+ levels of INS-1 cells were monitored using fluorescent Ca2+ indicator Fluo-4
AM. (b) Bar graph represents fluorescence intensity based on Flou-4 AM. (c) After INS-1 cells
were subjected to JTTF pretreatment followed by addition of HG, intracellular proteins were
assayed using Western blotting, with blots probed with antibodies against GRP78, ATF6, p-PERK/
PERK, p-IRE1α/ IRE1α and GAPDH. (d) Quantification of expression levels of ER stress-related
proteins in controls. Values correspond to means ± SD from three independent experiments. Ctrl:



control group. ⁎P < 0.05, ⁎⁎P < 0.01, and ⁎⁎⁎P < 0.001 versus Ctrl group (n = 3), #P < 0.05, ##P <
0.01 and ###P < 0.001 versus HG group (n = 3).
JTTF decreases excessive autophagy after HG injury in INS-1 cell
Studies have reported that increases in ER stress might stimulate accelerated autophagy through
multiple mechanisms [27]. To confirm whether JTTF treatment inhibited autophagy and protected
β-cells from HG-induced injury, we monitored levels of several autophagy-related proteins
(mTOR, ULK1, Beclin-1, LC3, p62) in β-cells using Western blot analysis, while concurrently
assessing the level of OA-stained autophagosomes in β-cells using immunofluorescence staining.
As presented in Fig. 4a and 4b, mTOR expression decreased in untreated HG-exposed INS-1
cells (the model group) relative to untreated cells without HG exposure, but significantly increased
after JTTF treatment. ULK1 levels increased in the model group, but were significantly reduced
after JTTF treatment. Accumulation of Beclin-1, an essential autophagic protein involved in initial
stages of autophagy, was increased in the model group, but was significantly decreased after JTTF
treatment. Moreover, conversion of LC3I to LC3II, a hallmark of autophagy, was increased in the
untreated model group and significantly reduced by JTTF treatment. By contrast, p62 expression
was decreased in the untreated model group but was significantly increased after JTTF treatment
(Fig. 4c-d).
Results of AO staining of autophagosomes confirmed our Western blot results. AO is a specific
dye that can enter lysosomes and act as an indicator of lysosomal membrane permeability [28]. As
compared with the untreated, non-HG-exposed control group, significantly greater numbers of
autophagic vacuoles were observed in mice of the 48-h HG-exposed model group. After JTTF
treatment, numbers of autophagic vacuoles decreased with increasing JTTF concentration in a
dose-dependent manner as compared to numbers of untreated HG-exposed model group cells (Fig.
4e-f).



Fig. 4 JTTF reduced excessive autophagy in the HG-induced INS-1 cell injury model. (a) Western
blot analyses of p-mTOR/mTOR and p-ULK1/ULK1 levels normalized to GAPDH level as
loading control and (b) densitometric analyses of band intensities normalized to GAPDH level. (c)
Western blot analyses of LC3II/ LC3I, p62 and Beclin-1 with GAPDH serving as loading control
and (d) densitometric analyses of band intensities normalized to GAPDH. (e) Changes of



autophagosome numbers were detected by AO staining. (f) Bar graph represents fluorescence
intensity based on AO staining. Ctrl: control group. ⁎P < 0.05, ⁎⁎P < 0.01, and ⁎⁎⁎P < 0.001 versus
Ctrl group (n = 3), #P < 0.05, ##P < 0.01 and ###P < 0.001 versus HG group (n = 3).
Involvement of the CaMKKβ-AMPK pathway in JTTF inhibition of ER stress and excessive
autophagy in INS-1 cells
Several reported studies have demonstrated that the CaMKKβ-AMPK pathway, a major pathway
that regulates pancreatic ER stress and excessive autophagy, plays critical roles in maintaining the
balance between ER stress and excessive autophagy associated with T2DM development[29]. To
evaluate potential mechanisms whereby JTTF inhibits ER stress and excessive autophagy, the
CaMKKβ-AMPK pathway was examined in pancreatic β-cells. Previous studies have shown that
when homeostasis is disrupted, phosphorylated AMPK may suppress mTOR activity to release
restraints on autophagic activity [30]. Here, Western blot results revealed that HG exposure led to
markedly increased expression of p-AMPK, while JTTF treatment significantly decreased
p-AMPK levels in HG-exposed β-cells. (Fig. 5a-b)
To further confirm that AMPK regulates autophagic activation during HG-induced injury, we used
AICAR, an AMPK-specific activator, to study AMPK effects on ER stress and excessive
autophagy. Relative to cells exposed to HG alone, HG-exposed cells treated with AICAR
exhibited significantly increased p-AMPK levels. Similarly, AICAR treatment significantly
decreased intracellular levels of p-mTOR (Fig. 5c-d). These data suggest that the protective effect
of JTTF on HG-induced injury was abolished by AMPK activator AICAR. Next, we performed
AO staining to determine abundance levels of autophagic vacuoles and to confirm that
AO-staining results aligned with our Western blotting results. As compared to cells treated with
HG alone, AICAR-treated cells contained significantly more red-stained autophagic vacuoles (Fig.
5e), thus confirming that following HG-induced cell injury, ER stress and excessive autophagy are
regulated by upstream CaMKKβ-AMPK signaling.



Fig. 5 JTTF attenuates HG-induced ER stress and excessive autophagy of INS-1 pancreatic cells
through CaMKKβ-AMPK signaling. (a) Western blot analyses of p-AMPK/AMPK proteins, with
GAPDH used as loading control and (b) densitometric analyses of band intensities normalized to
GAPDH. (c) Relative changes in expression of p-AMPK/AMPK and p-mTOR/ mTOR proteins
after cell exposure to HG with or without AICAR alone or AICAR combined with JTTF. (d)



Quantitative analysis of p-AMPK/AMPK protein-level expression. Bands were quantified using
Image J software after normalization of intensities to GAPDH band intensities. (e) After
pretreatment with JTTF and/or AICAR, levels of autophagosomes in INS-1 cells were detected by
AO staining. Ctrl: control group. ⁎P < 0.05, ⁎⁎P < 0.01, and ⁎⁎⁎P < 0.001 versus Ctrl group (n = 3),
#P < 0.05, ##P < 0.01 and ###P < 0.001 versus HG group (n = 3).
Effect of JTTF on glucose and lipid metabolism in diabetic mice
No significant differences in body weights of mice across or within groups were detected during
the experiment (Fig.6a). However, we did observe significant effects of JTTF treatment (2.4 and
7.2 mg/kg), which reduced blood glucose and HbA1c levels to levels found in healthy control
mice, with beneficial treatment effects accentuated by administration of high-dose JTTF as
compared to low-dose JTTF (Fig. 6b-c). Intriguingly, JTTF administration also increased fasting
serum insulin level as compared to that of T2DM model mice (Fig. 6d). Notably, it was observed
that serum TG, TC, LDL-C and HDL-C levels were significantly higher in db/db mice as
compared to levels in normal control group mice. Furthermore, JTTF treatment (2.4 and 7.2 mg/kg)
of db/db mice markedly reduced TG, TC and LDL-C levels relative to corresponding levels
observed in untreated db/db mice (the control group), while HDL-C levels remained unchanged
(Fig. 6e-h).



Fig.6 JTTF treatment ameliorates hyperglycemia and hyperlipidemia in db/db mice.
Determination of body weight, FBG, HbA1c, Fasting serum insulin, TG, TC, LDL-C and HDL-C
among control group, model group and administration groups. (M ± SD, n = 6). *P<0.05,
**P<0.01, ***P<0.001, vs. normal group; #P<0.05, ##P<0.01, ###P< 0.001, vs. T2DM group.
HbA1c, glycated hemoglobin; TC, total cholesterol; TG, triglycerides.



JTTF protects against HG-induced β-cell injury
To evaluate effects of JTTF on T2DM indicators, in vivo experiments were performed using the
db/db mice model, with low and high doses of JTTF administered to db/db mice (n = 6 per group).
H&E-stained sections of rat pancreatic tissues from 4 groups are shown in Fig. 7a. H&E staining
of pancreatic tissues of T2DM mice demonstrated that ingestion of a high-fat diet severely injured
the pancreas, leading to decreased islet cell numbers, diminished pancreatic islet diameters,
disordered pancreatic islet structures and appearance of vacuoles and swollen nuclei.

Fig.7 Effects of JTTF treatment on H&E staining results in mice. Analysis of H&E staining of
biopsied islet cell tissue samples obtained from control, model and JTTF-treated group mice (M ±
SD, n = 6, magnification × 20)
Discussion
Pancreatic β-cells play a central role in maintaining glucose homeostasis by secreting adequate
insulin in response to hyperglycemia. However, chronic hyperglycemia in patients with T2DM
causes progressive β-cell damage that leads to deterioration of β-cell insulin secretion function and
eventual development of T2DM [5]. Available treatments for T2DM still rely mainly on
combinations of oral antidiabetic agents with lifestyle and nutritional adjustments. Despite the
continuous development of novel and improved hypoglycemic drugs, these drugs can only
ameliorate hyperglycemia or temporarily improve insulin responses in target tissues; they cannot
prevent worsening of β-cell dysfunction [31, 32]. By contrast, traditional Chinese formulas
composed of multiple herbs act on complex diseases through multiple targets, pathways and
biological processes as a suitable strategy for alleviating T2DM. Previous studies have
demonstrated that suppression of ER stress and excessive autophagy may protect β-cells from
damage in the HG model [33]. In this study, we used spontaneous type 2 diabetic db/db mice, a
classical T2DM animal model, since this model develops diabetes spontaneously without need for



additional interventions or synthetic agents[34]. Using this model, we found that blood glucose,
HbA1c, body weight and lipid levels were all significantly decreased after 8 weeks of JTTF
treatment in a dose-dependent manner, thus indicating that JTTF treatment alleviated a systemic
metabolic disorder in diabetic mice. We also researched the effect of JTTF on islet cell function
and cell mass in HG-induced pancreatic β-cells. Our results revealed that JTTF treatment
preserved β-cell function, probably via CaMKKβ/AMPK-mediated suppression of ER stress and
excessive autophagy as a potential experimental mechanism responsible for beneficial JTTF
therapeutic effects. (Fig.8)

Fig.8 Schematic illustration of mechanisms underlying JTTF protection from HG-induced ER
stress and excessive autophagy.
Epidemiological evidence in humans and recent mechanistic studies in rodents indicate that ERS
predisposes pancreatic β-cells to develop pathophysiologic disorders [35]. Due to the functional
importance of the ER to the biosynthesis, folding, modification and trafficking of secretory and
membrane proteins, it is critically important that β-cells maintain ER homeostasis[36]. When
mechanisms that maintain ER homeostasis fail, activation of cellular dysfunction-sensing
signaling pathways retore homeostasis[37]. However, excessive long-term ERS results in toxic
effects that eventually lead to pancreatic β-cell dysfunction [38]. Meanwhile, the ER, one of the
most important calcium storage sites in eukaryotic cells, plays an important role in regulating
calcium homeostasis [39]. Another marker of ERS, GRP78, is an important chaperone protein
produced during ER stress that under normal physiological conditions can bind stably to three
receptor proteins, PERK, IRE1α and ATF-6, with GRP78 itself lacking biological activity[40].
When ERS occurs, PERK, IRE1α and ATF-6 dissociate from GRP78, triggering long-term robust
expression of GRP78, PERK, IRE1α and ATF-6 proteins that can cause pancreatic islet cell
apoptosis and β-cell dysfunction, with islet β-cell apoptosis contributing to T2DM progression.
Importantly, under hyperglycemic conditions, associated, sustained ER stress triggers increases in
β-cell levels of intracellular Ca2+, with HG-induced dysfunction of ER Ca2+ transport contributing
to sustained β-cell ER stress [41]. These results thus emphasize the importance of Ca2+ levels to
β-cell function, insulin action and insulin secretion that are relevant to T2DM development [42].



Furthermore, an increase in cytosolic Ca2+ is associated with insulin secretion disorder and is
responsible for Ca2+/ CaMKII hyperphosphorylation, JNK activation, inflammatory signaling and
increased hepatic glucose production as well [43]. Here we found that long-term exposure to HG
induces ERS in INS-1 cells. Interestingly, JTTF treatment may alleviate HG-induced UPR
changes and reduce release of Ca2+ within INS-1 cells in vitro in a dose-dependent manner.
Autophagy flux plays key roles in cellular homeostasis and is characterized by formation of
double-membrane structures (autophagosomes) that engulf cytoplasmic material and subsequently
fuse with lysosomes, leading to degradation of phagocytized substances. This process is readily
enhanced by mild environmental stressors as a beneficial self-defense mechanism under normal
conditions. However, it becomes a dysfunctional defense mechanism under conditions of severe
stress, resulting in cellular injury that can progress to tissue atrophy and organ pathology [44].
Due to the fact that underexpression or overexpression of autophagy can cause disease, autophagy
is rapidly upregulated in response to limited stress stimuli (e.g., hypoxia, nutrient deprivation),
thus promoting cell survival. Nevertheless, when the stress is severe or persistent, excessive
autophagy is induced, leading to abnormal cell function that can progress to cell senescence and
death [45]. Whether autophagy produces adaptive responses to cell survival or initiates
programmed cell death depends on the stage of cell growth and types of changes in the
extracellular environment [46]. Several studies have shown that excessive autophagy can lead to
islet apoptosis-associated β-cell autophagic injury and death that involve several key
autophagy-related genes, with LC3 widely regarded as a critical marker of autophagy initiation
[47, 48].Mechanistically, conversion of LC3-I to LC3-II triggers formation of
autophagolysosomes, while p62 facilitates docking of cargo to the cell membrane [49, 50].
Another autophagy-related protein, Beclin-1, may promote autophagosome formation, since
autophagy has been shown to be up-regulated by Beclin-1 overexpression. In mammalian cells,
the autophagic process is initiated by inactivation of mechanistic/mammalian target of rapamycin
(mTOR) [51], while autophagic activation of ULKs complexes contributes to phagophore
nucleation [52]. In this study, LC3-II, ULK1 and Beclin-1 expression levels were significantly
greater in HG-exposed cells than in control cells, while decreased p62 and mTOR levels were
observed after HG-induced injury. Taken together, results obtained for autophagy-related proteins
indicated that HG induced high autophagic flux. Moreover, JTTF dose-dependent preconditioning
of cells significantly decreased autophagy accumulation relative to that in untreated HG-exposed
group cells, thus confirming the protective effect of JTTF against HG induced injury via inhibition
of autophagy.
Multiple lines of evidence suggest that phagophores form at ER-mitochondria contact sites during
starvation [53, 54]. ERS is a major factor in autophagy activation, and autophagy receptors can
mediate autophagy activation. For cells in a pathological diabetic state, a large amount of
glucotoxicity harms cells by promoting intracellular accumulations of unfolded and misfolded
proteins that thereby trigger the ERS response. In turn, ERS leads to the accumulation of a large
amount of cytoplasmic Ca2+, which may activate CaMKKβ and its substrate CaMKK to eventually
cause excessive autophagy. Meanwhile, calcium ions, ubiquitous second messengers that mediate
various physiological functions, are known to activate AMPK through CaMKKβ [55]. AMPK is
now recognized as a key cellular energy sensor that regulates several processes outside of lipid
biosynthesis, including glycolysis, protein synthesis and autophagy [56]. At the cellular level,
glucose withdrawal can deplete the cell of ATP, resulting in stimulation of AMPK, an upstream



activator of the core autophagic machinery [57]. In response to energy deprivation, AMPK then
regulates autophagy induction by triggering signaling of upstream kinases that directly stimulate
autophagy-associated proteins. Concurrently, AMPK indirectly regulates the autophagic
machinery by releasing it from mTORC1-mediated repression [58]. Thus, the CaMKKβ/AMPK
pathway mediates the interaction between ER stress and autophagy pathways to regulate protein
synthesis, cell cycle and cell metabolic processes by phosphorylating downstream proteins that
modulate cell growth, proliferation, apoptosis and autophagic processes. Therefore, we
hypothesize that the CaMKKβ/AMPK pathway is a major target of JTTF action in preventing
excessive autophagy of cells subjected to HG-induced injury. In this study, HG exposure increased
expression of CaMKKβ and AMPK, indicating that the CaMKKβ/AMPK pathway is activated by
HG exposure. Treatment with JTTF increased CaMKKβ and AMPK protein expression levels in
β-cells damaged by prior HG exposure. Furthermore, AMPK activator AICAR blocked the effect
of JTTF. Taken together, these results suggest that JTTF blocks CaMKKβ to activate the AMPK
pathway in pancreatic islet cells injured by HG exposure.
Conclusion
In summary, the findings of this study show that HG activates ERS and excessive autophagy by
inhibiting the CaMKKβ/AMPK pathway in pancreatic islet cells after injury due to HG exposure.
By contrast, JTTF inhibits ERS and excessive autophagy through the CaMKKβ/AMPK pathway.
These findings provide clues regarding the mechanism by which JTTF treatment alleviates T2DM,
while also providing a theoretical basis for future JTTF use for the clinical treatment of T2DM.
Nevertheless, more investigations are needed to elucidate detailed signaling pathways involved in
JTTF-induced inhibition of ERS and excessive autophagy at different time points during
HG-induced cellular injury.
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Table1 The Chinese herb drugs contained in Jiedu Tongluo Tiaogan Formula.
Latin name Chinese name English name in Chinese

pharmacopoeia (Ch.P.)
Plant part (s),
processing

Weight (g) Voucher numbers

Coptis
chinensis
Franch

Huanglian Coptidis Rhizoma Root 15 CM0715

Radix Rhei
Et Rhizome

Dahuang Rhei Radix Et Rhizoma Root 9 CM0728

Astragalus
propinquus
Schischkin

Huangqi Astragaliradix Root 15 CM0774

Salvia
miltiorrhiza
Bunge

Danshen Salviae Miltiorrhizae Radix
Et Rhizoma

Root and
rhizome

15 CM0739

Bupleuri
Radix

Chaihu Bupleuri Radix Root 10 CM0727

Table 2 Primer sequences for gene expression.
Primer Forward sequence (5’-3’) Reverse sequence (5’-3’)
INS1 CCATCAGCAAGCAGGTCA CCACACACCAGGTAGAGAGC
INS2 CCTGCTGGCCCTGCTCTT GGCTGGGTAGTGGTGGGTCTA
PDX1 TCCACCACCACCTTCCAGCTCA AATTCCTTCTCCAGCTCCAG
MafA ATCATCACTCTGCCCACCAT AGTCGGATGACCTCCTCCTT
GAPDH TGGTATCGTGGAAGGACTCA CCAGTAGAGGCAGGGATGAT
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