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Abstract

Glucagonoma, a rare neuroendocrine tumor, lacks targeted treatment drugs. Excessive
secretion of glucagon is the main cause of its clinical syndrome. To explore targeted thera-
peutic drugs that can inhibit glucagon secretion and tumor proliferation, we investigated
the effect of Trametenolic Acid (TA) on mouse pancreatic alpha TC1 clone 6 (αTC1-6) cells
and its regulatory role in the PI3K/AKT signaling pathway. Cell viability of αTC1-6 cells
was assessed via the MTT assay. Glucagon content in cell culture supernatants was mea-
sured using an Enzyme-Linked Immunosorbent Assay (ELISA). Autophagic vacuoles were
visualized through Monodansylcadaverine (MDC) staining. The expression of autophagy-
related proteins including Atg7, LC3 II and PI3K/AKT signaling pathway-related proteins
mTOR and FoxO1 were determined by Western blot. The results showed that the prolif-
eration of αTC1-6 cells was significantly inhibited by TA in a dose- and time-dependent
manner, and the IC50 was 140.71, 26.77 and 1.99 µM after treatment of 12, 24, and 48 h,
respectively. The secretion of glucagon was significantly inhibited by TA. The MDC stain-
ing results showed that the fluorescent labeled autophagic vesicles in the TA group were
increased. The Western blot results showed that the expression of Atg7 and LC3 II was
promoted by TA in a dose-dependent manner, the phosphorylation of PI3K, AKT, mTOR
and FoxO1 was significantly inhibited, and the expression of FoxO1 protein was increased.
These results demonstrated that TA can inhibit glucagon secretion, induce autophagy, and
suppress cell proliferation in αTC1-6 cells. The mechanism may be associated with the
PI3K/AKT signaling pathway.

Keywords: trametenolic acid B; glucagonoma; αTC1-6 cells; autophagy; PI3K/AKT
signaling pathway; FoxO1

1. Introduction
Glucagonoma (GCGN) is a rare pancreatic endocrine tumor, which originates from

the pancreatic islet alpha cells, most of which are malignant [1,2]. The typical clinical
manifestation is GCGN syndrome, which is a series of metabolic abnormalities caused
by excess glucagon in the blood [3]. Therefore, the adjustment of glucagon secretion and
its receptor’s effectiveness is a crucial aspect in the therapeutic strategy [4–7]. At present,
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there is a scarcity of targeted drug applications for this condition [8,9]. The identification
of therapeutic agents for GCGN, particularly targeted medications that are capable of
modulating glucagon secretion and function while simultaneously inducing the demise
of GCGN cells, holds immense potential in overcoming the long-standing challenges in
GCGN treatment.

Poria cocos (Schw.) Wolf is a traditional Chinese herbal medicine with common ef-
fects of promoting diuresis to eliminate dampness, invigorating the spleen, regulating the
stomach, calming the mind, and tranquilizing the spirit. It can be used in the treatment
of digestive system diseases; in addition, it is applied to the management and regulation
of various tumor conditions [10–15]. Trametenolic acid (TA) (Figure 1) is a triterpenoid
compound with potent antitumor activity isolated from Poria cocos. Previous studies
have shown that TA exerts multiple pharmacological effects, including antitumor activ-
ity, anti-gastric ulcer effects, neuroprotection, antiviral activity, anti-inflammatory effects,
reversal of drug resistance, and enhancement of insulin sensitivity [16,17]. Moreover, by
inhibiting PI3K/AKT/mTOR pathway, TA can significantly increase the autophagy level of
HepG2/2.2.15 cells and gastric cancer HGC-27 cells, leading to autophagy death of tumor
cells [18]. PI3K/AKT is a crucial autophagic signaling pathway that has been extensively
validated to be involved in various physiological and pathological processes. It has the
capacity to influence tumor cell proliferation and is intimately linked to the development
of insulin resistance [19–21].

Figure 1. TA can inhibit the proliferation and glucagon secretion of αTC1-6 cells. Specifically, TA
is capable of suppressing glucagon secretion in mouse pancreatic αTC1 clone 6 (αTC1-6) cells and
inducing their cell death triggered by autophagy activation. This provides a potential approach for
the targeted therapy of glucagon-related disorders.
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Based on previous studies, TA has been shown to stimulate autophagy in various
tumor cell types, which in turn contributes to its antitumor effects. Given that αTC1-6 cells
serve as a cell model for glucagonoma (a type of pancreatic neuroendocrine tumor), we hy-
pothesized that the biological effects of TA on αTC1-6 cells might also be mediated through
autophagy. Therefore, the present study aims to explore the effects of TA on autophagy
in αTC1-6 cells and the PI3K/AKT signaling pathway. This exploration aims to establish
a foundation for the development of safe and efficacious drugs that not only modulate
glucagon secretion but also eliminate tumor cells (Figure 1), and further contributes for the
management of GCGN by presenting novel targeted drugs and therapeutic strategies.

2. Materials and Methods
2.1. Chemicals and Reagents

Trametenolic acid (TA) was provided by Hubei Key Laboratory of Natural Products
Research and Development (China Three Gorges University) with purity over 98% (The
structure of TA was shown in Figure 1). Phosphate-buffered saline (PBS, ZA13E01) was
obtained from absin Company (Shanghai, China). Penicillin and streptomycin (2149393),
Dimethyl sulfoxide (DMSO, 20211011), fetal bovine serum (2222092) were obtained from
Gibco Company (Carlsbad, CA, USA). Trypsin (2907B503) and MTT (K0063) were pur-
chased from Sigma Company (St. Louis, MO, USA), MDC kit (20220601) was purchased
from Solarbio (Beijing, China). ELISA kit was purchased from Elabscience Biotechnology
Co., Ltd. (Wuhan, China), BCA kit was purchased from Beyotime (Shanghai, China).

2.2. Cell Culture

Mouse pancreatic αTC1-6 cells (purchased from Shanghai Zeye Biotechnology Co.,
Ltd., Shanghai, China) were maintained at 37 ◦C in a humidified atmosphere with 5%
CO2 in Dulbecco’s Minimum Essential Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). For the experiments, cells of passages No. 3 to 6 were grown to 60–80%
confluence and subsequently treated with TA at the specified time points. The TA stock
solutions were dissolved in DMSO and then sterilized by passing through filter membranes
(Millipore, 0.22 mm pore size). The working solutions were serially diluted in the culture
medium to achieve the desired final concentrations.

2.3. Cell Viability Assay

αTC1-6 cells were seeded in 96-well plates for 12 h and then treated with TA (5, 10,
20, 40, 60 and 80 µM) continuously for 12 h, 24 h and 48 h. After the incubation, the MTT
assay was used to assess the proliferation of TA on the αTC1-6 cells. The experiment was
repeated three times to calculate the inhibition rate of TA on cell proliferation.

2.4. Detection of Glucagon Secretion

αTC1-6 cells were plated in 24-well culture plates and grown to 50–70% confluence.
After treating with TA for 12 h and 24 h, the content of glucagon in the supernatant of cell
culture was detected by Elisa kit. Insulin was used as a positive control at a concentration
of 5 µM.

2.5. Monodansylcadaverine (MDC) Staining

αTC1-6 cells were seeded in a 6-well plates at a density of approximately 1 × 105 cells/well
and incubated for 12 h. TA (10, 20, 40 µM) was added and incubated for 12 h. Then, the cells
were collected in a 1.5 mL centrifuge tube and centrifuged at 800× g for 5 min. The pelleted
cells were resuspended in 500 µL 1× wash buffer. In another 1.5 mL centrifuge tube, 90 µL of
the cell suspension and 10 µL of MDC staining solution were added, and upon gentle mixing,
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the mixture was incubated for 30 min in the dark. The mixture was centrifuged at 800× g for
5 min. The pelleted cells were washed with 300 µL 1× wash buffer two times and resuspended
in 100 µL of collection buffer. Slides were prepared using 5 µL of the cell suspension and
observed under a fluorescence microscope to detect autophagy. The intensity of fluorescence
was calculated by Image J software (version 1.48).

2.6. Western Blot Analysis

The total proteins of αTC1-6 cells were extracted by using RIPA Lysis buffer. The
protein concentration was determined by BCA kit. 50 µg of protein in each group was
separated by 8% or 12% SDS-PAGE gels and then transferred onto the PVDF membrane.
The nitrocellulose membranes with transferred proteins were incubated with primary
antibodies against the target proteins (to be verified) and β-actin at 4 ◦C overnight (The
primary antibody required for the experiment is shown in Table 1), and followed by the
addition of HRP-labeled secondary antibody and incubation at 37 ◦C for 1 h. The target
protein bands were visualized on X-ray film by ECL coloration. Quantitative analysis was
performed using the ImageJ Morphology Analysis System (National Institutes of Health,
NIH, Bethesda, MD, USA), and the expression levels of target molecules were normalized
to that of β-actin.

Table 1. Information of primary and secondary antibodies used for Western blot analysis.

Name Molecular Weight (kDa) Dilution Rate Art. No. Company

LC3A/B 14/16 1:1000 12741S Cell Signaling Technology
ATG7 78 1:1000 8558S Cell Signaling Technology
β-actin 45 1:1000 5125S Cell Signaling Technology
PI3K 85 1:1000 4249S Cell Signaling Technology

p-PI3K 85 1:1000 17366S Cell Signaling Technology
AKT 60 1:1000 4691S Cell Signaling Technology

p-AKT 60 1:1000 4060S Cell Signaling Technology
mTOR 289 1:1000 2983S Cell Signaling Technology

p-mTOR 289 1:1000 5536S Cell Signaling Technology
FoxO1 82 1:1000 2880S Cell Signaling Technology

p-FoxO1 82 1:1000 9461S Cell Signaling Technology
Anti-rabbit IgG - 1:5000 7074S Cell Signaling Technology

2.7. Statistical Analysis

All experiments were performed in triplets and all data were presented as mean ± SD.
Database was set up with SPSS 21.0 software package (SPSS Inc., Chicago, IL, USA),
multiple variables were performed by one-way ANOVA, Dunn’s multiple comparison test
and Kruskal–Wallis test were used for comparison of variable pairs. p < 0.05 was considered
statistically significant.

3. Results
3.1. TA Suppressed the Proliferation of αTC1-6 Cells

After treatment with TA for 12, 24, and 48 h, the proliferation of αTC1-6 cells was
significantly inhibited in a dose- and time-dependent manner (p < 0.05), with IC50 values
of 140.71 µM, 26.77 µM, and 1.99 µM, respectively. These results indicated that TA had a
good inhibitory effect on proliferation of αTC1-6 cells (Figure 2).
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Figure 2. Effect of TA on cell proliferation and cytotoxicity in αTC1-6 cells. The ordinate represents
cell inhibition rate (%). The results are expressed as mean ± SD (n = 3). * p < 0.05 and ** p < 0.01
indicate significant differences compared to the control group.

3.2. TA Inhibited Glucagon Secretion in αTC1-6 Cells

αTC1-6 cells treated with 5 µM insulin (INS) were selected as positive control group.
After 12 h of treatment with TA, glucagon secretion was inhibited dose-dependently as
compared with the control group, and the results at 24 h were not significantly different
from those at 12 h (Figure 3). No significant difference was observed between high dose
(40 µM) and positive control group (INS group), indicating that higher dose of TA had a
similar inhibitory effect on glucagon secretion as insulin. When TA (10 µM) was combined
with insulin, the inhibitory effect on glucagon secretion was greater than that of each drug
administered individually (Figures 3 and 4).

Figure 3. Effects of TA treatment for 6, 12 and 24 h on glucagon secretion in αTC1-6 cells. The results
are expressed as mean ± SD performed on (n = 3). * p < 0.05 and ** p < 0.01 show a significant
difference compared to the control group, # p < 0.05 and ## p < 0.01 show a significant difference
compared to the INS group.
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Figure 4. Effects of TA combined with Insulin on glucagon secretion in αTC1-6 cells for 12 h. The
results are expressed as mean ± SD performed on n = 3. * p < 0.05 and ** p < 0.01 show a significant
difference compared to the control group, # p < 0.05 show a significant difference compared to the
INS group, ˆ p < 0.05 show a significant difference compared to the TA group.

3.3. Effect of TA on the Autophagy of αTC1-6 Cells

To investigate the effect of TA on autophagy, autophagosomes in αTC1-6 cells were
detected by MDC staining where MDC bound to autophagic lysosomes and emitted green
fluorescence. As shown in Figure 5, with the increase in TA concentration, the number
of green fluorescent vacuoles and thus the fluorescence intensity in the TA-treated group
were significantly higher than those in the control group, demonstrating that TA promotes
autophagic death in αTC1-6 cells.

Figure 5. MDC-labeled autophagic vacuoles in αTC1-6 cells (×200). Bright spot fluorescence rep-
resents autophagy vacuoles, and the higher the fluorescence intensity, the higher the autophagy
level. The relative fluorescence intensity is shown in the histogram. * p < 0.05 and ** p < 0.01 show a
significant difference compared to the control group.

3.4. Effect of TA on the Expression of Autophagy-Related Proteins in αTC1-6 Cells

As shown in Figure 6, compared with control group, the level of autophagy-associated
proteins ATG7 and LC3II increased significantly in a concentration-dependent manner after
being treated with TA, indicating that TA inhibited the proliferation of α TC1-6 cells by
enhancing autophagy activity.
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Figure 6. Cont.
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Figure 6. Effects of TA on the expression of ATG7 and LC3II proteins in αTC1-6 cells, as well as LC3II
protein expression and cell viability following treatment with 3-MA or HCQ. Data are presented as
mean ± SD (n = 3). * p < 0.05 and ** p < 0.01 indicate significant differences compared to the control
group; # p < 0.05 and ## p < 0.01 indicate significant differences compared to the TA group.

After the addition of 3-methyladenine (3-MA), compared with the TA group, the rela-
tive expression level of LC3 protein in the 3-MA group decreased significantly (## p < 0.001);
while compared with the TA group, the relative expression level of LC3 protein in the
TA + 3-MA group decreased significantly (## p < 0.001), and was slightly higher than that
in the group treated with 3-MA alone. After the addition of hydroxychloroquine (HCQ),
compared with the TA group, the relative expression level of LC3 protein in the HCQ group
decreased (# p < 0.05); while there was no significant change in the relative expression
level of LC3 protein in the TA + HCQ group compared with the TA group. This indicates
that TA may play a role in promoting the autophagy process in the subsequent lysosomal
degradation step. In addition, TA can counteract the inhibition of 3-MA to a certain extent,
and the overall situation shows that the initiation of autophagy is significantly inhibited.

3.5. Effect of TA on PI3K/AKT Pathway Related Protein Expression in αTC1-6 Cells

As shown in Figure 7, TA significantly inhibited the expression of phosphorylated
PI3K, AKT, mTOR and FoxO1 protein while significantly increased the expression of
FoxO1 protein which suggested that TA stimulated autophagy in αTC1-6 cells by inhibiting
PI3K/AKT signaling pathway through the regulation of both PI3K/AKT/mTOR and
PI3K/AKT/FoxO1 axes.

Figure 7. Effect of TA on the related proteins in PI3K/AKT pathway. The results are expressed as
mean ± SD performed on (n = 3). * p < 0.05 and ** p < 0.01 show a significant difference compared to
the control group.
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4. Discussion
Glucagonoma, a slow-growing pancreatic neuroendocrine tumor, autonomously se-

cretes excessive amounts of glucagon due to the lack of regulation by the body’s negative
feedback mechanisms, leading to glucagonoma syndrome [19]. Clinically, the primary
manifestations are necrolytic migratory erythema (NME), elevated blood glucose levels,
anemia, and chronic inflammation, particularly evident in areas like the corners of the
mouth, lips, and tongue [20–22]. At present, surgery remains the viable treatment option
for the cure of GCGN [2,23]. In the event that the tumor cannot be fully excised or resected,
additional chemotherapy and medical interventions are still deemed necessary [24].

Endocrine therapy is of great significance for GCGN [25], as it reduces plasma glucagon
levels by inhibiting the secretion of glucagon, rapidly alleviating symptoms [26–28]. How-
ever, these drugs cannot directly kill tumor cells, and whether they can inhibit tumor
growth remains controversial [9]. To achieve the dual purposes of inhibiting glucagon
secretion and killing tumors, endocrine therapy is often combined with chemotherapeutic
agents. Nevertheless, further research is needed to confirm the efficacy, especially since
studies have shown that GCGN is resistant to chemotherapy and have poor systemic
chemotherapy efficacy, which requires high attention. Targeted drugs have brought new
hope for the treatment of GCGN, but currently there is a lack of specific targeted drugs for
the treatment of glucagonoma, and the long-term application of targeted drugs is highly
likely to lead to drug resistance. Due to the small size and non-specific symptoms of early
stage glucagon tumors, they are prone to misdiagnosis. Therefore, when diagnosed, they
are mostly in the late stage and have already metastasized [29]. The common metastatic
sites are the liver, lymph nodes, and mesentery/greater omentum/peritoneum [3]. Many
patients eventually die from complications, the most common of which are thrombosis [30],
sepsis, and gastrointestinal bleeding [31]. Hence, it is of great practical importance to
investigate and develop targeted drugs for the treatment of GCGN. The present study
reveals that TA effectively inhibits glucagon secretion and concurrently eradicates tumor
cells, providing a novel approach for early intervention, treatment, and postoperative
reinforcement of GCGN.

The mechanism of TA inhibiting glucagon secretion and inducing autophagic death
in GCGN cells is closely related to the PI3K/AKT signaling pathway. FoxO1 and mTOR
are downstream genes of the PI3K/AKT pathway [32]. FoxO1 is a crucial autophagy-
inducing factor that exhibits abnormal expression in diverse tumor cells, encompassing
pancreatic cancer [33,34]. The FoxO1 activity is primarily regulated by its own level of
protein phosphorylation, with the PI3K/AKT signaling pathway serving as the direct
upstream regulator of FoxO1 phosphorylation [35]. By inhibiting the PI3K/AKT signal-
ing pathway, TA weakens the phosphorylation of multiple residues in FoxO1, thereby
enhancing the transcriptional activity of FoxO1 [27–36]. FoxO1 promotes the binding
of phosphatidylethanolamine (PE) to LC3-I by directly interacting with the cytoplasmic
autophagy-related protein ATG7, forming LC3-II, and subsequently facilitates the bind-
ing of LC3-II to the autophagosome membrane, thereby enhancing autophagy [37–39].
Studies have shown that autophagy plays an important role in the development of insulin
resistance [40,41]. Furthermore, after the addition of 3-methyladenine (3-MA), an inhibitor
of autophagosome initiation (also a class III PI3K inhibitor), the level of LC3-II induced by
trametenolic acid (TA) was significantly reduced. In contrast, hydroxychloroquine (HCQ),
an inhibitor of autophagosome-lysosome fusion, did not further increase the LC3-II level in
the TA-treated group. These results suggest that TA exerts its effect primarily by promoting
autophagosome initiation rather than blocking autophagic degradation. Both impaired
autophagy and inhibition of ATG7 can induce disruption of the insulin pathway and insulin
tolerance, meaning that decreased autophagy activity can lead to insulin resistance [42]. In
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the present study, the results showed that TA can reduce glucagon levels in αTC1-6 cells,
which is probably related to that TA improved autophagy activity and insulin resistance by
inhibiting PI3K/AKT signaling pathway. Furthermore, previous studies have affirmed that
TA has hypoglycemic activity, which is related to the improvement of insulin sensitivity.
Therefore, TA directly inhibits glucagon secretion and improves insulin resistance, and
indirectly regulates glucagon secretion and function, both of which are beneficial to the
treatment of GCGN.

mTOR, another important downstream effector of the PI3K/AKT signaling pathway,
is involved in a variety of functions such as cell growth and proliferation and maintenance
of energy homeostasis [43]. mTOR is likely to be the core regulator of autophagy [44]. The
mTOR signaling is complexly regulated within cells and is modulated by multiple signal-
ing pathways [45–47]. PI3K/AKT signaling pathway, which is upstream of mTOR, can
activate autophagy by inhibiting mTOR [15]. The previous study showed that TA induced
autophagic death of various tumor cells including hepatocellular carcinoma HepG2/2.2.15
and gastric cancer HGC-27 cells by inhibiting mTOR through PI3K/AKT signaling
pathway [48]. In present study, the results showed that TA induced autophagic death
in glucagonoma αTC1-6 cells, which was also associated with inhibition of mTOR, demon-
strating that TA can inhibit PI3K/ AKT signaling pathway, and then activate autophagy by
affecting FoxO1, mTOR and other downstream signals. AKT may be the core target affected
by TA. Notably, AKT may serve as the core target of TA. Consistent with our findings, TA
may promote the initiation of autophagy, which in turn inhibits the PI3K/AKT signaling
pathway—this regulatory cascade is supported by our observation that TA reduces LC3-II
levels following 3-MA treatment (an autophagy initiation inhibitor) and suppresses the
phosphorylation of AKT.

AKT also plays an important role in the development of malignant tumors, participat-
ing in the regulation of various tumor cell signaling pathways, promoting cell proliferation,
inhibiting apoptosis, regulating autophagy, and affecting the inflammatory and tumor
micro-environment [49,50]. Precisely regulating AKT activity can provide new approaches
for clinical treatment of inflammation-related diseases, tumors, and overcoming resistance
in malignant tumors. Therefore, targeting the AKT signaling pathway may be an effective
anti-tumor prevention and treatment measure [51]. Currently, inhibitors targeting the
PI3K/AKT signaling pathway have begun to be developed, such as the AKT inhibitor
Perifosine [52,53], which is preparing to enter phase III clinical trials, and the mTOR in-
hibitor Temsirolimus [54,55], which has been applied in clinical practice, However, there is
an issue of increased adverse reactions and the effects are still not satisfactory [56].

Therefore, extensive basic and clinical research is needed in the future to develop po-
tent AKT inhibitors for tumor therapy, which will ultimately contribute to the development
of effective clinical treatments for tumors. TA possesses the capability of inhibiting AKT,
effectively suppressing the PI3K/AKT signaling pathway, triggering autophagy-mediated
death in diverse tumor cells, and reversing acquired drug resistance, including but not
limited to paclitaxel and sorafenib. TA is a prevalent active constituent of many antitumor
drugs such as Poria cocos and Inonotus obliquus, providing the basis for the discovery of
secure and potent inhibitors targeting the PI3K/AKT signaling pathway. However, the
function of autophagy in tumor cells is dual—it can either protect cells under stress condi-
tions, helping them resist damage and maintain survival, or be excessively activated under
the regulation of specific signals, ultimately leading to cell death. Both its specific regulatory
mechanisms and modulation methods require us to conduct more in-depth exploration.

Poria cocos is extensively utilized in the treatment of digestive system tumors, and its
efficacy has been fully affirmed [57–59]. It can be used for both food and medicine, with
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long-term application and safety assurance [60,61]. The present study provides a basis for
further research of Poria cocos on anti-tumor components and mechanisms [62–65].

5. Conclusions
Trametenolic acid (TA) exerts dual therapeutic effects in αTC1-6 cells (a cell model of

glucagonoma, GCGN): it inhibits glucagon secretion and induces autophagic cell death.
These effects are mediated, at least in part, by the inhibition of the PI3K/AKT signaling
pathway (via suppressing AKT phosphorylation and regulating downstream FoxO1/mTOR
signaling), supporting TA as a potential targeted agent for GCGN treatment.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cimb47100871/s1

Author Contributions: Conceptualization, J.W. and H.Z.; methodology, S.P.; software, W.Y. and X.Z.;
validation, W.Y. and X.Z.; formal analysis, W.Y. and X.Z.; investigation, X.Z.; resources, W.Y.; data
curation, W.Y.; writing—original draft preparation, W.Y.; writing—review and editing, S.P. and H.Z.;
visualization, W.Y.; supervision, J.W.; project administration, J.W. and S.P.; funding acquisition, S.P.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China grant
number 82360286.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Material. Further inquiries can be directed to the corresponding author(s).

Conflicts of Interest: The authors declare no conflicts of interest, financial or otherwise.

Abbreviations

TA Trametenolic Acid
αTC1-6 alpha TC1 clone 6
MDC Monodansylcadaverine
GCGN Glucagonoma
INS Insulin

References
1. Boujan, N.; Géraud, C. Neuropsychiatric symptoms, skin disease, and weight loss: Necrolytic migratory erythema and a

glucagonoma. Lancet 2020, 395, 985. [CrossRef]
2. Perrier, M.; Brugel, M.; Gérard, L.; Goichot, B.; Lièvre, A.; Lepage, C.; Hautefeuille, V.; Cao, C.D.; Smith, D.; Thuillier, P.; et al.

Characteristics and treatment options of glucagonomas: A national study from the French Group of Endocrine Tumors and
ENDOCAN-RENATEN network. Eur. J. Endocrinol. 2023, 189, 575–583. [CrossRef]

3. Marini, F.; Giusti, F.; Brandi, M.L. Genetic disorders and insulinoma/glucagonoma. Endocr. Relat. Cancer 2024, 31, e230245.
[CrossRef] [PubMed]

4. Onyango, A.N. Mechanisms of the Regulation and Dysregulation of Glucagon Secretion. Oxidative Med. Cell. Longev. 2020,
2020, 3089139. [CrossRef]

5. Merkhassine, M.; Coch, R.W.; Frederick, C.E.; Bennett, L.L.; A Peng, S.; Morse, B.; Cummings, B.P.; Loftus, J.P. Glucagon infusion
alters the circulating metabolome and urine amino acid excretion in dogs. J. Endocrinol. 2024, 262, e240051. [CrossRef]

6. Stacpoole, P.W. The glucagonoma syndrome: Clinical features, diagnosis, and treatment. Endocr. Rev. 1981, 2, 347–361. [CrossRef]
[PubMed]

7. Popoviciu, M.S.; Paduraru, L.; Nutas, R.M.; Ujoc, A.M.; Yahya, G.; Metwally, K.; Cavalu, S. Diabetes Mellitus Secondary to
Endocrine Diseases: An Update of Diagnostic and Treatment Particularities. Int. J. Mol. Sci. 2023, 24, 12676. [CrossRef] [PubMed]

8. Andersen, K.Ø.; Detlefsen, S.; Brusgaard, K.; Christesen, H.T. Well-differentiated G1 and G2 pancreatic neuroendocrine tumors:
A meta-analysis of published expanded DNA sequencing data. Front. Endocrinol. 2024, 15, 1351624. [CrossRef]

https://www.mdpi.com/article/10.3390/cimb47100871/s1
https://www.mdpi.com/article/10.3390/cimb47100871/s1
https://doi.org/10.1016/S0140-6736(20)30324-X
https://doi.org/10.1093/ejendo/lvad157
https://doi.org/10.1530/ERC-23-0245
https://www.ncbi.nlm.nih.gov/pubmed/38552306
https://doi.org/10.1155/2020/3089139
https://doi.org/10.1530/JOE-24-0051
https://doi.org/10.1210/edrv-2-3-347
https://www.ncbi.nlm.nih.gov/pubmed/6268399
https://doi.org/10.3390/ijms241612676
https://www.ncbi.nlm.nih.gov/pubmed/37628857
https://doi.org/10.3389/fendo.2024.1351624


Curr. Issues Mol. Biol. 2025, 47, 871 12 of 14

9. Radny, P.; Eigentler, T.K.; Soennichsen, K.; Overkamp, D.; Raab, H.-R.; Viebahn, R.; Mueller-Horvart, C.; Sotlar, K.; Rassner, G.
Metastatic glucagonoma: Treatment with liver transplantation. J. Am. Acad. Dermatol. 2006, 54, 344–347. [CrossRef]

10. Ye, H.; Ma, S.; Qiu, Z.; Huang, S.; Deng, G.; Li, Y.; Xu, S.; Yang, M.; Shi, H.; Wu, C.; et al. Poria cocos polysaccharides rescue
pyroptosis-driven gut vascular barrier disruption in order to alleviates non-alcoholic steatohepatitis. J. Ethnopharmacol. 2022,
296, 115457. [CrossRef]

11. Wan, J.; Wang, F.; Xiao, Y.; Cheng, Y.; Zheng, S.; Jiang, Q.; Tan, B.; Li, X.; Chen, J.; Liao, S. Poria cocos polysaccharide alleviates
dextran sulphate sodium-induced ulcerative colitis in mice by modulating intestinal inflammatory responses and microbial
dysbiosis. Int. J. Biol. Macromol. 2024, 283 Pt 2, 137450. [CrossRef]

12. Zheng, G.; Liu, X.; Abuduwufuer, A.; Yu, H.; He, S.; Ji, W. Poria cocos inhibits the invasion, migration, and epithelial-mesenchymal
transition of gastric cancer cells by inducing ferroptosis in cells. Eur. J. Med. Res. 2024, 29, 531. [CrossRef]

13. Xu, T.; Zhang, H.; Wang, S.; Xiang, Z.; Kong, H.; Xue, Q.; He, M.; Yu, X.; Li, Y.; Sun, D.; et al. A review on the advances in the
extraction methods and structure elucidation of Poria cocos polysaccharide and its pharmacological activities and drug carrier
applications. Int. J. Biol. Macromol. 2022, 217, 536–551. [CrossRef]

14. Li, X.; He, Y.; Zeng, P.; Liu, Y.; Zhang, M.; Hao, C.; Wang, H.; Lv, Z.; Zhang, L. Molecular basis for Poria cocos mushroom
polysaccharide used as an antitumour drug in China. J. Cell Mol. Med. 2019, 23, 4–20. [CrossRef] [PubMed]

15. Chen, L.; Zhao, S.; Chen, Q.; Luo, P.; Li, X.; Song, Y.; Pan, S.; Wu, Q.; Zhang, Y.; Shen, X.; et al. Poria cocos polysaccharides
ameliorate AOM/DSS-induced colorectal cancer in mice by remodeling intestinal microbiota composition and enhancing
intestinal barrier function. Int. J. Biol. Macromol. 2025, 315 Pt 2, 144477. [CrossRef] [PubMed]

16. Nie, A.; Chao, Y.; Zhang, X.; Jia, W.; Zhou, Z.; Zhu, C. Phytochemistry and Pharmacological Activities of Wolfiporia cocos (F.A.
Wolf) Ryvarden & Gilb. Front. Pharmacol. 2020, 11, 505249. [CrossRef] [PubMed]

17. Zhang, Q.; Wang, J.; He, H.; Liu, H.; Yan, X.; Zou, K. Trametenolic acid B reverses multidrug resistance in breast cancer cells
through regulating the expression level of P-glycoprotein. Phytother. Res. 2014, 28, 1037–1044. [CrossRef]

18. Wang, H.; Liu, Y.; Wang, D.; Xu, Y.; Dong, R.; Yang, Y.; Lv, Q.; Chen, X.; Zhang, Z. The Upstream Pathway of mTOR-Mediated
Autophagy in Liver Diseases. Cells 2019, 8, 1597. [CrossRef]

19. Wei, Z.; Xie, B.; Meng, X.; Zhang, K.; Wei, H.; Gao, Y.; Liang, C.; Chen, H. HSC70 Promotes Breast Cancer Progression via PTEN
Autophagic Degradation and PI3K/AKT/mTOR Activation. Mol. Carcinog. 2025, 64, 1287–1301. [CrossRef]

20. Wu, G.; Yao, W.; Cheng, L.; Wang, X.; Chen, T. SIRT1 rescues autophagic flux via PI3K/AKT/mTOR inactivation to suppress
DOX-induced senescence in MCF-7 cells. Exp. Cell Res. 2025, 452, 114754. [CrossRef]

21. Villalobos-Labra, R.; Subiabre, M.; Toledo, F.; Pardo, F.; Sobrevia, L. Endoplasmic reticulum stress and development of insulin
resistance in adipose, skeletal, liver, and foetoplacental tissue in diabesity. Mol. Asp. Med. 2019, 66, 49–61. [CrossRef] [PubMed]

22. Cai, J.; Pires, K.M.; Ferhat, M.; Chaurasia, B.; Buffolo, M.A.; Smalling, R.; Sargsyan, A.; Atkinson, D.L.; Summers, S.A.;
Graham, T.E.; et al. Autophagy Ablation in Adipocytes Induces Insulin Resistance and Reveals Roles for Lipid Peroxide and Nrf2
Signaling in Adipose-Liver Crosstalk. Cell Rep. 2018, 25, 1708–1717.e5. [CrossRef]

23. Wendt, A.; Eliasson, L. Pancreatic α-cells–The unsung heroes in islet function. Semin. Cell Dev. Biol. 2020, 103, 41–50. [CrossRef]
24. Qu, S.; Li, H.; Liu, Z. A Rare Cause of Rash. Gastroenterology 2021, 160, 1943–1946. [CrossRef]
25. Anelli, S.; Mazzilli, R.; Zamponi, V.; Giorgini, B.; Golisano, B.; Mancini, C.; Russo, F.; Panzuto, F.; Faggiano, A. Glucagonoma and

Glucagonoma Syndrome: An Updated Review. Clin. Endocrinol. 2025, 103, 417–426. [CrossRef]
26. McGlone, E.R.; Bloom, S.R.; Tan, T.M. Glucagon resistance and metabolic-associated steatotic liver disease: A review of the

evidence. J. Endocrinol. 2024, 261, e230365. [CrossRef]
27. Ishida, H.; Lam, A.K. Pancreatic neuroendocrine neoplasms: The latest surgical and medical treatment strategies based on the

current World Health Organization classification. Crit. Rev. Oncol. Hematol. 2020, 145, 102835. [CrossRef]
28. Bevere, M.; Gkountakos, A.; Martelli, F.M.; Scarpa, A.; Luchini, C.; Simbolo, M. An Insight on Functioning Pancreatic Neuroen-

docrine Neoplasms. Biomedicines 2023, 11, 303. [CrossRef]
29. Giri, S.; Sahoo, J. Advancements in medical treatment for pancreatic neuroendocrine tumors: A beacon of hope. World

J. Gastroenterol. 2024, 30, 1670–1675. [CrossRef] [PubMed]
30. Melhorn, P.; Raderer, M.; Mazal, P.; Berchtold, L.; Beer, L.; Kiesewetter, B. Liver metastases in high-grade neuroendocrine

neoplasms: A comparative study of hepatic tumor volume and biochemical findings in NET G3 versus NEC. J. Neuroendocrinol.
2024, 36, e13454. [CrossRef] [PubMed]

31. Lamarca, A.; Cives, M.; de Mestier, L.; Crona, J.; Spada, F.; Öberg, K.; Pavel, M.; Alonso-Gordoa, T. Advanced small-bowel
well-differentiated neuroendocrine tumours: An international survey of practice on 3rd-line treatment. World J. Gastroenterol.
2021, 27, 976–989. [CrossRef]

32. Rogoza, O.; Megnis, K.; Kudrjavceva, M.; Gerina-Berzina, A.; Rovite, V. Role of Somatostatin Signalling in Neuroendocrine
Tumours. Int. J. Mol. Sci. 2022, 23, 1447. [CrossRef]

33. Mavi, M.E.; Tuncel, M. Treatment of Glucagonoma-Related Necrolytic Migratory Erythema With Peptide Receptor Radionuclide
Therapy. Clin. Nucl. Med. 2021, 46, 1002–1003. [CrossRef]

https://doi.org/10.1016/j.jaad.2005.05.023
https://doi.org/10.1016/j.jep.2022.115457
https://doi.org/10.1016/j.ijbiomac.2024.137450
https://doi.org/10.1186/s40001-024-02110-0
https://doi.org/10.1016/j.ijbiomac.2022.07.070
https://doi.org/10.1111/jcmm.13564
https://www.ncbi.nlm.nih.gov/pubmed/30444050
https://doi.org/10.1016/j.ijbiomac.2025.144477
https://www.ncbi.nlm.nih.gov/pubmed/40419041
https://doi.org/10.3389/fphar.2020.505249
https://www.ncbi.nlm.nih.gov/pubmed/33071776
https://doi.org/10.1002/ptr.5089
https://doi.org/10.3390/cells8121597
https://doi.org/10.1002/mc.23931
https://doi.org/10.1016/j.yexcr.2025.114754
https://doi.org/10.1016/j.mam.2018.11.001
https://www.ncbi.nlm.nih.gov/pubmed/30472165
https://doi.org/10.1016/j.celrep.2018.10.040
https://doi.org/10.1016/j.semcdb.2020.01.006
https://doi.org/10.1053/j.gastro.2020.08.033
https://doi.org/10.1111/cen.15300
https://doi.org/10.1530/JOE-23-0365
https://doi.org/10.1016/j.critrevonc.2019.102835
https://doi.org/10.3390/biomedicines11020303
https://doi.org/10.3748/wjg.v30.i12.1670
https://www.ncbi.nlm.nih.gov/pubmed/38617746
https://doi.org/10.1111/jne.13454
https://www.ncbi.nlm.nih.gov/pubmed/39402903
https://doi.org/10.3748/wjg.v27.i10.976
https://doi.org/10.3390/ijms23031447
https://doi.org/10.1097/RLU.0000000000003731


Curr. Issues Mol. Biol. 2025, 47, 871 13 of 14

34. Liu, R.; Qiu, M.; Deng, X.; Zhang, M.; Gao, Z.; Wang, Y.; Mei, H.; Zhai, M.; Zhang, Q.; Hao, J.; et al. Erianin inhibits the progression
of pancreatic cancer by directly targeting AKT and ASK1. Cancer Cell Int. 2024, 24, 348. [CrossRef]

35. Lepareur, N.; Ramée, B.; Mougin-Degraef, M.; Bourgeois, M. Clinical Advances and Perspectives in Targeted Radionuclide
Therapy. Pharmaceutics 2023, 15, 1733. [CrossRef] [PubMed]

36. Ballesteros-Álvarez, J.; Andersen, J.K. mTORC2: The other mTOR in autophagy regulation. Aging Cell 2021, 20, e13431. [CrossRef]
[PubMed]

37. Wu, J.; Huang, S.; Yu, Y.; Lian, Q.; Liu, Y.; Dai, W.; Liu, Q.; Pan, Y.; Liu, G.; Li, K.; et al. Human adipose and synovial-derived
MSCs synergistically attenuate osteoarthritis by promoting chondrocyte autophagy through FoxO1 signaling. Stem Cell Res. Ther.
2024, 15, 261. [CrossRef]

38. Xing, Y.Q.; Li, A.; Yang, Y.; Li, X.X.; Zhang, L.N.; Guo, H.C. The regulation of FOXO1 and its role in disease progression. Life Sci.
2018, 193, 124–131. [CrossRef] [PubMed]

39. Zhang, H.; Ge, S.; He, K.; Zhao, X.; Wu, Y.; Shao, Y.; Wu, X. FoxO1 inhibits autophagosome-lysosome fusion leading to endothelial
autophagic-apoptosis in diabetes. Cardiovasc. Res. 2019, 115, 2008–2020. [CrossRef]

40. Liang, R.; Liu, N.; Cao, J.; Liu, T.; Sun, P.; Cai, X.; Zhang, L.; Liu, Y.; Zou, J.; Wang, L.; et al. HIF-1α/FOXO1 axis regulated
autophagy is protective for β cell survival under hypoxia in human islets. Biochim. Biophys. Acta Mol. Basis Dis. 2022, 1868, 166356.
[CrossRef]

41. Wang, P.; Li, J.; Li, C.G.; Zhou, X.; Chen, X.; Zhu, M.; Wang, H. Restoring Autophagy by Exercise Ameliorates Insulin Resistance
Partly via Calcineurin-Driven TFEB Nuclear Translocation. Clin. Exp. Pharmacol. Physiol. 2025, 52, e70010. [CrossRef]

42. Yue, J.; Aobulikasimu, A.; Sun, W.; Liu, S.; Xie, W.; Sun, W. Targeted regulation of FoxO1 in chondrocytes prevents age-related
osteoarthritis via autophagy mechanism. J. Cell Mol. Med. 2022, 26, 3075–3082. [CrossRef]

43. Ye, S.; Cheng, Z.; Zhuo, D.; Liu, S. Different Types of Cell Death in Diabetic Neuropathy: A Focus on Mechanisms and Therapeutic
Strategies. Int. J. Mol. Sci. 2024, 25, 8126. [CrossRef] [PubMed]

44. Meijer, A.J.; Codogno, P. Autophagy: Regulation and role in disease. Crit. Rev. Clin. Lab. Sci. 2009, 46, 210–240. [CrossRef]
[PubMed]

45. Zhao, X.; Bie, L.Y.; Pang, D.R.; Li, X.; Yang, L.-F.; Chen, D.-D.; Wang, Y.-R.; Gao, Y. The role of autophagy in the treatment of type
II diabetes and its complications: A review. Front. Endocrinol. 2023, 14, 1228045. [CrossRef] [PubMed]

46. Boortz, K.A.; Syring, K.E.; Pound, L.D.; Wang, Y.; Oeser, J.K.; O’Brien, R.M. Functional Analysis of Mouse G6pc1 Mutations Using
a Novel In Situ Assay for Glucose-6-Phosphatase Activity and the Effect of Mutations in Conserved Human G6PC1/G6PC2
Amino Acids on G6PC2 Protein Expression. PLoS ONE 2016, 11, e0162439. [CrossRef]

47. Hao, C.; Wei, Y.; Meng, W.; Zhang, J.; Yang, X. PI3K/AKT/mTOR inhibitors for hormone receptor-positive advanced breast
cancer. Cancer Treat. Rev. 2025, 132, 102861. [CrossRef]

48. Huang, S. mTOR Signaling in Metabolism and Cancer. Cells 2020, 9, 2278. [CrossRef]
49. Deleyto-Seldas, N.; Efeyan, A. The mTOR-Autophagy Axis and the Control of Metabolism. Front. Cell Dev. Biol. 2021, 9, 655731.

[CrossRef]
50. Liu, G.Y.; Sabatini, D.M. mTOR at the nexus of nutrition, growth, ageing and disease. Nat. Rev. Mol. Cell Biol. 2020, 21, 183–203.

[CrossRef]
51. Xu, Z.; Han, X.; Ou, D.; Liu, T.; Li, Z.; Jiang, G.; Liu, J.; Zhang, J. Targeting PI3K/AKT/mTOR-mediated autophagy for tumor

therapy. Appl. Microbiol. Biotechnol. 2020, 104, 575–587. [CrossRef]
52. Tang, W.; Chen, Z.; Zhang, W.; Cheng, Y.; Zhang, B.; Wu, F.; Wang, Q.; Wang, S.; Rong, D.; Reiter, F.P.; et al. The mechanisms of

sorafenib resistance in hepatocellular carcinoma: Theoretical basis and therapeutic aspects. Signal Transduct. Target. Ther. 2020,
5, 87. [CrossRef]

53. Hua, H.; Zhang, H.; Chen, J.; Wang, J.; Liu, J.; Jiang, Y. Targeting Akt in cancer for precision therapy. J. Hematol. Oncol. 2021,
14, 128. [CrossRef] [PubMed]

54. Alzahrani, A.S. PI3K/Akt/mTOR inhibitors in cancer: At the bench and bedside. Semin. Cancer Biol. 2019, 59, 125–132. [CrossRef]
55. Martorana, F.; Motta, G.; Pavone, G.; Motta, L.; Stella, S.; Vitale, S.R.; Manzella, L.; Vigneri, P. AKT Inhibitors: New Weapons in

the Fight Against Breast Cancer? Front. Pharmacol. 2021, 12, 662232. [CrossRef]
56. Sabbah, D.A.; Hajjo, R.; Bardaweel, S.K.; Zhong, H.A. Targeting the PI3K/AKT signaling pathway in anticancer research:

A recent update on inhibitor design and clinical trials (2020–2023). Expert Opin. Ther. Pat. 2024, 34, 141–158. [CrossRef]
57. Zhang, W.Y.; Wang, M.H.; Xie, C. Potential of traditional Chinese medicine in the treatment of nonalcoholic fatty liver disease:

A promising future. World J. Gastroenterol. 2024, 30, 4597–4601. [CrossRef] [PubMed]
58. Gupta, A.A.; Xue, W.; Harrison, D.J.; Hawkins, D.S.; Dasgupta, R.; Wolden, S.; Shulkin, B.; Qumseya, A.; Routh, J.C.;

MacDonald, T.; et al. Addition of temsirolimus to chemotherapy in children, adolescents, and young adults with intermediate-risk
rhabdomyosarcoma (ARST1431): A randomised, open-label, phase 3 trial from the Children’s Oncology Group. Lancet Oncol.
2024, 25, 912–921. [CrossRef] [PubMed]

https://doi.org/10.1186/s12935-024-03533-9
https://doi.org/10.3390/pharmaceutics15061733
https://www.ncbi.nlm.nih.gov/pubmed/37376181
https://doi.org/10.1111/acel.13431
https://www.ncbi.nlm.nih.gov/pubmed/34250734
https://doi.org/10.1186/s13287-024-03870-6
https://doi.org/10.1016/j.lfs.2017.11.030
https://www.ncbi.nlm.nih.gov/pubmed/29158051
https://doi.org/10.1093/cvr/cvz014
https://doi.org/10.1016/j.bbadis.2022.166356
https://doi.org/10.1111/1440-1681.70010
https://doi.org/10.1111/jcmm.17319
https://doi.org/10.3390/ijms25158126
https://www.ncbi.nlm.nih.gov/pubmed/39125694
https://doi.org/10.1080/10408360903044068
https://www.ncbi.nlm.nih.gov/pubmed/19552522
https://doi.org/10.3389/fendo.2023.1228045
https://www.ncbi.nlm.nih.gov/pubmed/37810881
https://doi.org/10.1371/journal.pone.0162439
https://doi.org/10.1016/j.ctrv.2024.102861
https://doi.org/10.3390/cells9102278
https://doi.org/10.3389/fcell.2021.655731
https://doi.org/10.1038/s41580-019-0199-y
https://doi.org/10.1007/s00253-019-10257-8
https://doi.org/10.1038/s41392-020-0187-x
https://doi.org/10.1186/s13045-021-01137-8
https://www.ncbi.nlm.nih.gov/pubmed/34419139
https://doi.org/10.1016/j.semcancer.2019.07.009
https://doi.org/10.3389/fphar.2021.662232
https://doi.org/10.1080/13543776.2024.2338100
https://doi.org/10.3748/wjg.v30.i43.4597
https://www.ncbi.nlm.nih.gov/pubmed/39575403
https://doi.org/10.1016/S1470-2045(24)00255-9
https://www.ncbi.nlm.nih.gov/pubmed/38936378


Curr. Issues Mol. Biol. 2025, 47, 871 14 of 14

59. Abuzakhm, S.M.; Sukrithan, V.; Fruth, B.; Qin, R.; Strosberg, J.; Hobday, T.J.; Semrad, T.; Reidy-Lagunes, D.; Kindler, H.L.;
Kim, G.P.; et al. A phase II study of bevacizumab and temsirolimus in advanced extra-pancreatic neuroendocrine tumors. Endocr.
Relat. Cancer 2023, 30, e220301. [CrossRef]

60. Pungsrinont, T.; Kallenbach, J.; Baniahmad, A. Role of PI3K-AKT-mTOR Pathway as a Pro-Survival Signaling and Resistance-
Mediating Mechanism to Therapy of Prostate Cancer. Int. J. Mol. Sci. 2021, 22, 11088. [CrossRef]

61. Xu, H.; Wang, S.; Jiang, Y.; Wu, J.; Chen, L.; Ding, Y.; Zhou, Y.; Deng, L.; Chen, X. Poria cocos Polysaccharide Ameliorated
Antibiotic-Associated Diarrhea in Mice via Regulating the Homeostasis of the Gut Microbiota and Intestinal Mucosal Barrier. Int.
J. Mol. Sci. 2023, 24, 1423. [CrossRef] [PubMed]

62. Ng, C.Y.J.; Lai, N.P.Y.; Ng, W.M.; Siah, K.T.H.; Gan, R.Y.; Zhong, L.L.D. Chemical structures, extraction and analysis technolo-
gies, and bioactivities of edible fungal polysaccharides from Poria cocos: An updated review. Int. J. Biol. Macromol. 2024,
261 Pt 1, 129555. [CrossRef] [PubMed]

63. Lan, K.; Yang, H.; Zheng, J.; Hu, H.; Zhu, T.; Zou, X.; Hu, B.; Liu, H. Poria cocos oligosaccharides ameliorate dextran sodium
sulfate-induced colitis mice by regulating gut microbiota dysbiosis. Food Funct. 2023, 14, 857–873. [CrossRef] [PubMed]

64. Wang, N.; Zhang, Y.; Wang, X.; Huang, X.; Fei, Y.; Yu, Y.; Shou, D. Antioxidant property of water-soluble polysaccharides from
Poria cocos Wolf using different extraction methods. Int. J. Biol. Macromol. 2016, 83, 103–110. [CrossRef]

65. Zhang, D.D.; Li, H.J.; Zhang, H.R.; Ye, X.C. Poria cocos water-soluble polysaccharide modulates anxiety-like behavior induced by
sleep deprivation by regulating the gut dysbiosis, metabolic disorders and TNF-α/NF-κB signaling pathway. Food Funct. 2022,
13, 6648–6664. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1530/ERC-22-0301
https://doi.org/10.3390/ijms222011088
https://doi.org/10.3390/ijms24021423
https://www.ncbi.nlm.nih.gov/pubmed/36674937
https://doi.org/10.1016/j.ijbiomac.2024.129555
https://www.ncbi.nlm.nih.gov/pubmed/38278384
https://doi.org/10.1039/D2FO03424G
https://www.ncbi.nlm.nih.gov/pubmed/36537246
https://doi.org/10.1016/j.ijbiomac.2015.11.032
https://doi.org/10.1039/D2FO00811D

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Cell Culture 
	Cell Viability Assay 
	Detection of Glucagon Secretion 
	Monodansylcadaverine (MDC) Staining 
	Western Blot Analysis 
	Statistical Analysis 

	Results 
	TA Suppressed the Proliferation of TC1-6 Cells 
	TA Inhibited Glucagon Secretion in TC1-6 Cells 
	Effect of TA on the Autophagy of TC1-6 Cells 
	Effect of TA on the Expression of Autophagy-Related Proteins in TC1-6 Cells 
	Effect of TA on PI3K/AKT Pathway Related Protein Expression in TC1-6 Cells 

	Discussion 
	Conclusions 
	References

