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Dictamnine inhibits pancreatic cancer cell growth and epithelial-mesenchymal 
transition by blocking the PI3K/AKT signaling pathway 
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Many different treatments are available for pancreatic cancer (PC), including surgical resection, chemotherapy, radio-
therapy, and immunotherapy, but these treatments are often ineffective at curing PC. Hence, identifying new and effective 
agents or strategies to improve therapeutic effects is critical. This study focused on the efficacy of dictamnine (DTM), a furan 
quinoline alkaloid extracted from Dictamnus dasycarpus Turcz., in treating PC. Our in vitro results showed that DTM can 
mitigate cell proliferation and induce cell cycle arrest and apoptosis in two different human PC cell lines. Moreover, epithe-
lial-mesenchymal transition (EMT) was prevented during DTM treatment, reflected by reduced cell migration and invasion 
abilities. In vivo studies demonstrated that DTM treatment led to a remarkable inhibition of tumor growth in a xenograft 
nude mouse model. Mechanistic investigation showed that DTM might act by restraining constitutive and induced PI3K/
AKT activity. In summary, our results demonstrated that DTM slows PC progression by inhibiting the activity of the PI3K/
AKT signaling pathway and its downstream effectors and that DTM is effective as a pathway-specific cancer therapy. These 
findings could provide a greater understanding of the function of anticancer drugs and new options for PC treatment. 
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Pancreatic cancer (PC) is a highly fatal malignancy in 
humans and has been a major health concern since the 
beginning of this century [1]. Although multimodal treat-
ment options are available for PC, it has a very unfavorable 
prognosis, with a low five-year survival of approximately 
6% (ranging from 2% to 9%) [2]. Surgery remains the most 
effective method to treat PC, especially when diagnosed at 
an early stage; unfortunately, the majority of PC cases exhibit 
regional or distant metastases at the time of diagnosis, and 
surgical options are often limited [3]. In addition, PC has 
relatively low sensitivity to chemoradiotherapy, aggressive 
biological behaviors, and is unresponsive to available treat-
ments, all resulting in therapeutic dilemmas [4]. Therefore, 
novel treatment strategies and drugs are urgently needed to 
effectively treat this malignant disease.

Certain drugs used in traditional Chinese medicine have 
shown good antitumor activity against malignant tumors 
with minor side effects. Dictamnine (DTM) is a compo-
nent of the traditional herb Dictamnus dasycarpus Turcz., 
and modern pharmacological studies have shown that it 
is effective against many pathological processes, such as 
slowing viral replication, inhibiting bacterial infection, and 

suppressing inflammatory responses [5–7]. A recent study 
by Wang et al. found that DTM has a significant inhibitory 
effect against several cancer types, such as colorectal and 
liver cancer [8]; however, the mechanism by which DTM 
inhibits PC development has not been revealed, which 
provides the motivation for our follow-up work.

Epithelial-mesenchymal transformation (EMT) is a 
crucial process that enables tumor development and is 
characterized by decreased expression of epithelial markers 
and increased expression of mesenchymal markers. Due 
to decreased intercellular adhesion and degradation of 
basement membranes via the EMT process, tumor cells can 
acquire motility and invasion abilities, which are essential 
for tumor growth and metastasis [9, 10]. As a highly aggres-
sive malignancy, EMT induction has also been regarded as 
the main cause of PC cell migration, invasion, and metas-
tasis [11, 12]. According to previous studies, reducing 
p-protein kinase B (p-AKT) levels in the phosphatidylino-
sitol-3 kinase (PI3K)/AKT signaling pathway can weaken 
the EMT process in PC, suggesting that inhibition of the 
PI3K/AKT pathway contributes to reducing the ability of 
PC to metastasize [13, 14].
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PI3K transduces intracellular signals and regulates various 
cellular processes involving lipid kinases; AKT is an impor-
tant downstream effector of PI3K-mediated signal transduc-
tion. PI3K increases phosphatidylinositol-3,4,5-triphosphate 
(PIP3) formation, which promotes translocation of AKT to 
the cell membrane, where it is subsequently phosphorylated 
at Thr308 or Ser473 [15, 16]. Many researchers have demon-
strated that the PI3K/AKT signaling is necessary for many 
aspects of tumor development, such as cell transformation, 
proliferation, growth, motility, and survival [17]. Approxi-
mately half of the patients with PC exhibit a corresponding 
increase in the PI3K/AKT signaling. Upregulation of the 
PI3K/AKT signaling pathway may lead to an unfavorable 
prognosis and low-grade tumor differentiation, whereas 
inhibiting this pathway blocks cell cycle progression and 
induces apoptosis in PC cells [13, 18]. These findings provide 
a theoretical basis and research direction for further study of 
targeted tumor therapy.

Our study results indicate that DTM reduces the levels 
of phosphorylated PI3K/AKT, thereby affecting a series 
of downstream proteins and, consequently, the malignant 
behavior of PC. In a murine xenograft model, DTM was 
effective at mitigating tumor growth. Moreover, no apparent 
hepatic or renal toxicity was observed in animals adminis-
tered DTM. These results indicate that DTM may be a poten-
tial targeted therapeutic drug for human PC.

Materials and methods

Materials. DTM (HPLC ≥98%) was purchased from 
Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, 
China). The primary antibodies (Abs) used in this research 
recognized the following proteins: PI3K (ab86714, Abcam), 
p-PI3K (Tyr458) (ab278545, Abcam), AKT (10176-2-
AP, Proteintech), p-AKT (Ser473) (66444-1-Ig, Protein-
tech), Ki-67 (ab15580, Abcam), E-cadherin (#14472, CST), 
β-catenin (#8480, CST), vimentin (#5741, CST), cyclin D1 
(#2922, CST), CDK6 (19117-1-AP, Proteintech), P21 (10355-
1-AP, Proteintech), P27 (25614-1-AP, Proteintech), Bcl-2 
(ab32124, Abcam), Bax (ab32503, Abcam), PARP/cleaved 
PARP (#9532, CST), and β-actin (ab8226, Abcam). The 
secondary Abs used in the study were obtained from Protein-
tech (Rosemont, IL, USA).

Cell culture. Human PC cell lines (PANC-1 and BxPC-3) 
and a human pancreatic duct epithelial cell line (hTERT-
HPNE) were obtained from Shanghai Fuheng Biotechnology 
Co., Ltd. (Shanghai, China). The above cell lines were cultured 
in RPMI 1640 medium (HyClone China Ltd., China) supple-
mented with 10% fetal bovine serum (FBS; Gibco, Carlsbad, 
CA, USA) at 37 °C with 5% CO2 and routinely passaged 
every 3 days. Each of the experiments described below was 
repeated three times.

Cell proliferation assay. Cell viability was determined 
with CCK-8 assays. Cells (5×103 cells/well) were plated in a 
medium (200 μl) in 96-well plates. After 24 h, the medium 

was replaced with a fresh complete medium containing 
specific concentrations of DTM (0–100 μM), and the cells 
were further incubated for different periods (0–24 h). At 
the indicated time points, CCK-8 solution was added to 
the wells for 90 min at 37 °C. Cell viability was determined 
with a microplate reader and is reported as the OD value at a 
wavelength of 490 nm.

Plate clonogenicity assay. Briefly, cells (1×103 cells/well) 
were seeded in 6-well plates and maintained overnight. The 
cells were then treated with DTM (0–80 μM) for another 24 h, 
after which the medium was replaced with a fresh culture 
medium containing 10% FBS, and the cells were cultured at 
37 °C with 5% CO2 for 14 days. Cell colonies were then fixed 
with methanol, stained with 0.5% crystal violet, and counted 
manually.

Tumor cell migration and invasion assays. A wound-
healing assay was performed to evaluate cell migration. Cells 
were cultured in 6-well plates until they were completely 
confluent and then treated with DTM (60 μM) for 24 h. A 
scratch was then made in the cell monolayer with a plastic 
pipette tip (100 μl), and the cells were washed and maintained 
in a serum-free medium. The scratch width was recorded 
under a microscope (Olympus Corporation, Tokyo, Japan, 
100× magnification) at 0 h and 24 h after scratching. Cell 
migration was quantified in multiple regions and is presented 
as the rate of closure.

Cell invasion was evaluated using a Transwell invasion 
assay. Matrigel and serum-free medium were added to the 
membrane in the upper Transwell chamber, which was 
air-dried for 2 h at 37 °C. A total of 5×103 cells in a serum-free 
medium (300 μl) were placed in the upper chambers, and the 
lower chambers were filled with a medium containing 10% 
FBS (500 μl). The cells were treated with DTM (60 μM) and 
incubated for 24 h, after which the cells on the membranes 
were stained with 0.5% crystal violet and analyzed under a 
microscope (Olympus, 400× magnification). The invasion 
ability of PC cells was quantified as the mean number of cells 
in three randomly selected fields.

Cell cycle analysis. Cells (approximately 1×106) were 
treated with DTM (60 μM) for 24 h before collection, stored 
in cold ethanol overnight, washed with PBS, and centrifuged 
(3000×g, 5 min). Afterward, 2.5 g/l RNase A and 40 μg/ml PI 
were added and incubated with the cell suspensions for 0.5 h 
in the dark. The cell cycle distribution was assessed via flow 
cytometry (BD Biosciences, Bedford, MA, USA).

Hoechst staining. Before cells were stained with Hoechst 
33342 (Beyotime Institute of Biotechnology, Beijing, China), 
they were treated with DTM (60 μM) for 24 h. Apoptotic cells 
were identified under a fluorescence microscope (Olympus) 
based on morphological changes [19].

Apoptosis assay. Briefly, cells (3×103 cells/well) were 
plated in 6-well plates, cultured overnight, and then incubated 
with increasing doses of DTM (control, 20, 40, 60, or 80 μM) 
for 24 h or a fixed dose of DTM (60 μM) for 0, 4, 8, 16, or 
24 h. Afterward, the cells were stained using reagents from 
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an Annexin V-FITC/PI Apoptosis Detection Kit (Thermo 
Fisher Scientific, MA, USA). Apoptotic cells were detected 
via flow cytometry (BD Biosciences). Morphological changes 
were also recorded under an inverted fluorescence micro-
scope (Olympus).

Western blot analysis. Total protein was extracted from 
cells and tissues using RIPA buffer (Beyotime), mixed well, 
and homogenized several times. The protein concentra-
tions were measured with a Bradford Protein Assay Kit 
(Beyotime). Equal amounts of protein (20–30 µg) were 
separated in 8–15% SDS-PAGE gels and then transferred 
onto PVDF membranes via electroblotting, after which the 
membranes were blocked with a 5% blocking solution. The 
membranes were then incubated with different primary Abs 
and corresponding HRP-labelled secondary Abs. The signals 
were assessed with an Odyssey infrared imaging system 
(LI-COR, Inc., Lincoln, NE, USA) according to the instru-
ment instructions.

Immunofluorescence (IF) staining. For immunofluores-
cence assays, cells in confocal dishes were exposed to DTM 
(60 μM) for 24 h, fixed with 4% paraformaldehyde, and 
incubated with 0.3% Triton X-100 for 15 min. Primary Ab 
against p-AKT was added and incubated with the samples 
overnight at 4 °C. After the slides were repeatedly washed 
with PBS, a fluorescein isothiocyanate (FITC)-conjugated 
secondary Ab (CST, Danvers, MA, USA) was incubated 
with the slides for 1 h at 20 °C. Cell nuclei were stained with 
DAPI, and the slides were subjected to three additional 5 min 
washes before being sealed with an antifade reagent. Finally, 
the IF signals were observed via fluorescence microscopy 
(Olympus).

Molecular docking. The crystal structures of PI3K (PDB 
ID: 5JHB) [20] and AKT (PDB ID: 6S9W) [21] were obtained 
from RCSB PDB (https://www.rcsb.org/). The 3D structure 
of DTM (ZINC 265517 (dictamnine)) [8] was acquired from 
the Zinc database (https://zinc.docking.org/). A molec-
ular docking test was performed to investigate the binding 
mode between the small molecule compound and the target 
proteins using AutoDock Vina 4.2. The molecular docking 
results were analyzed using PyMoL 2.3.4 software (http://
www.pymol.org/).

Establishment of tumor xenografts in nude mice. 
Male BALB/c nude mice (5–6 weeks old, 19.1 ± 1.7 g) were 
obtained from VitalRiver Laboratory Animal Technology 
Co., Ltd. (Beijing, China). All experiments related to animals 
were approved by the Ethics Committee of the First Affiliated 
Hospital of Harbin Medical University on October 10, 2020 
(No. 2, 020, 097). BxPC-3 cells (1×106) in PBS (10 μl) were 
injected into the right flanks of each mouse. One week later, 
BxPC-3 tumor-bearing nude mice (tumor volume approxi-
mately 100 mm3) were randomly assigned to two groups 
(n=5): a DTM treatment group or a control group, which 
were intraperitoneally injected with DTM (15 mg/kg) or 
PBS, respectively, once a day. The tumor volume was calcu-
lated as V = length × width2/2. The experiment was termi-

nated four weeks later, the nude mice were sacrificed, and the 
tumors were excised and photographed. Tumor tissues were 
processed for protein expression analysis and immunohisto-
chemical staining. Liver and kidney tissues were stored in 4% 
paraformaldehyde at 4 °C for subsequent hematoxylin-eosin 
(H&E) staining and analysis.

Immunohistochemistry (IHC). Tumors were fixed with 
4% paraformaldehyde, embedded in paraffin, and cut into 
4 µm slices. Subsequently, the slices were incubated with 
Abs against target proteins. IHC staining was conducted 
using a diaminobenzidine substrate kit (Sigma). Images 
were captured under a vertical fluorescence microscope 
(Olympus).

ELISAs. To determine whether DTM damaged the 
visceral organs of nude mice, we used ELISA kits (Thermo) 
to assess the levels of alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), and creatinine (Cr).

Statistical analysis. Quantitative data are expressed as the 
means ± standard deviation (SD). Differences between the 
two groups were analyzed by Student’s t-test, and compari-
sons among multiple groups were conducted by one-way 
ANOVA. The data were statistically analyzed and visualized 
with GraphPad Prism software (GraphPad Software, La Jolla, 
CA, USA). p-values indicating statistically significant differ-
ences are presented with asterisks in the figures as follows: 
*p<0.05 and **p<0.01.

Results

DTM suppresses PC cell proliferation. DTM is a 
monomeric compound with a molecular weight of 199.21 
Da, and the molecular structure of DTM is presented in 
Figures 1A and 1B. Recent pharmacological evaluations 
have revealed that some small molecules display significant 
cytotoxicity to cancer cells, and we decided to determine the 
effect of DTM on the viability of two PC cell lines (PANC-1 
and BxPC-3) and human pancreatic duct epithelial cells 
(hTERT-HPNE) using a CCK-8 assay. By incubating PANC-1 
and BxPC-3 cells with different concentrations of DTM 
(0–500 μM) for 24 h, we found that DTM noticeably reduced 
the proliferation of the two PC cell lines, with observed IC50 
values of 66.35 and 58.55 μM, respectively; however, in the 
hTERT-HPNE cell line, this value was as high as 475.86 μM 
(Figure 1C). These results preliminarily indicated an inhibi-
tory effect of DTM on PC cells, but no significant inhibition 
of normal human pancreatic duct cells was observed. In 
other words, DTM is specifically cytotoxic to PC cells.

DTM suppresses PC cell growth in a concentration- 
and time-dependent manner. To further explore the mode 
of action of DTM, we conducted the following tests. First, 
PANC-1, BxPC-3, and hTERT-HPNE cells were treated with 
various concentrations of DTM (0–100 μM) for 8, 16, and 
24 h to evaluate the viability of the three cell lines (Figures 
2A–2C). Then, a similar experiment was performed by 
exposing cells to a specific DTM concentration (60 μM) for 
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DTM suppresses PC cell migration and invasion. As 
a manifestation of the metastatic ability of PC, we next 
investigated the ability of DTM to prevent PC cell migra-
tion and invasion. In wound healing assays (Figure 3A), we 
noted that the wound area observed between the cells 24 
h after scratching was larger in cultures treated with DTM 
(60 μM) than in control cultures (Figure 3B). According to 
the results of Transwell assays (Figure 3C), the number of 
invading cells was diminished to a great extent after treat-
ment with DTM (Figure 3D). In addition, the expression 
levels of EMT markers related to cell migration and invasion 
were determined. As shown in the western blotting analysis 
(Figures 3E, 3G), the expression levels of the mesenchymal 
markers vimentin and β-catenin were significantly reduced 
in PANC-1 and BxPC-3 cells treated with DTM, but the level 
of E-cadherin, an epithelial marker, was increased. As shown 
in Figures 3F and 3H, these changes exhibited dose- and 
time-dependent trends. These results indicate that PC cell 
migration and invasion were restrained by DTM through 
regulation of EMT-related marker levels.

DTM alters the expression of cell cycle-related proteins 
and induces G0/G1 phase arrest in PC cells. Flow cytom-
etry was used to evaluate the effect of DTM on PC cell cycle 
progression (Figure 4A). After culture with DTM (60 μM, 
24 h), increases were observed in the number of PANC-1 and 
BxPC-3 cells in the G0/G1 phase from 48.83% (control) to 
59.79% and from 48.13% (control) to 60.81% (Figure 4B), 
respectively. Western blotting results revealed reduced cyclin 
D1 and CDK6 protein expression; however, the expres-
sion levels of P21 and P27, which are members of the Cip/
Kip family that inhibit several cyclin-dependent kinase 
complexes (CDKs), were exceptionally high (Figures 4C, 4E). 
Furthermore, the expression of these key regulators related 
to G0/G1 transition was altered in a concentration- and 
time-dependent manner after DTM treatment (Figures 4D, 
4F). These results suggest that DTM-induced G0/G1 phase 
arrest is one of the mechanisms by which PC cell prolifera-
tion is inhibited.

DTM induces PC cell apoptosis. The nuclear morphology 
of PC cells treated with DTM (60 μM) for 24 h was examined 
via staining with Hoechst 33342 to confirm a relation-
ship between the DTM-mediated inhibition of cell prolif-
eration and increased activation of the apoptotic pathway. 
Treated PC cells showed shrinkage, nuclear fragmenta-
tion or condensation, a reduction in cell volume, and other 
abnormal morphological characteristics (Figure 5A). The 
percentage of apoptotic cells is shown in Figure 5B. As 
shown in Figures 5C–5F and Supplementary Figures S1–
S4, DTM treatment induced significant concentration- and 
time-dependent increases in the number of apoptotic PC 
cells. In addition, the expression of key proteins related to 
apoptosis was examined using western blotting (Figures 5G, 
5I). The levels of Bcl-2 (an anti-apoptotic marker) and PARP 
were decreased and the levels of Bax (a proapoptotic marker) 
and cleaved PARP were increased in PC cells treated with 

multiple time periods (8, 16, and 24 h) (Figure 2D). The test 
results indicated that DTM significantly prevented the prolif-
eration of PC cells but did not inhibit the growth of normal 
human pancreatic duct cells. We also found that the inhibitory 
effect became more obvious with increasing concentration 
and time. Subsequently, a clonogenic assay was performed to 
further investigate the effects of DTM on PC cells and hTERT-
HPNE cell proliferation (Figure 2E). The experimental results 
showed that the colony-forming ability of PC cells decreased 
with increasing concentrations of DTM, but that of hTERT-
HPNE cells was not affected by DTM (Figure 2F). According 
to the experimental data, we concluded that DTM not only 
reduces the viability of PC cells but also exhibits a concentra-
tion- and time-dependent effect.

Figure 1. DTM suppresses PC cell proliferation. A) Chemical structure 
of DTM. B) 3D structure of DTM; the molecular formula is C12H9NO2. 
C) IC50 values for DTM in PANC-1, BxPC-3, and hTERT-HPNE cells. 
Different cells were treated with DTM (0–500 μM, 24 h), and cell viability 
was detected using CCK-8 assays. Abbreviations: DTM-dictamnine
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DTM (Figures 5H, 5J). Based on these results, DTM induces 
apoptosis by regulating the expression of apoptosis-related 
proteins, and this is one of the mechanisms through which 
DTM can inhibit the proliferation of PC cells.

DTM inhibits PI3K/AKT phosphorylation and 
prevents nuclear translocation of p-AKT. Numerous 
studies have shown that the PI3K/AKT pathway is a notable 
signaling target for the treatment of certain solid neoplasms 

Figure 2. DTM suppresses PC cell growth in a concentration- and time-dependent manner. PANC-1, BxPC-3, and hTERT-HPNE cells were treated 
with 0–100 μM DTM for 8 h (A), 16 h (B), and 24 h (C), and the cell survival rate was determined using CCK-8 assays. D) Treatment with 60 μM DTM 
reduced the viability of PC cells in a time-dependent manner (8, 16, and 24 h). E) After treatment with DTM (0–80 μM), the colony formation ability 
of the two PC cell lines decreased but that of hTERT-HPNE cells was not affected by DTM. F) Comparison of the clone numbers of the two PC cell and 
hTERT-HPNE cell lines in each group. Notes: The analysis results are presented as the means ± standard deviations (n=3); *p<0.05, compared with the 
control group; **p<0.01, compared with the control group. Abbreviations: DTM-dictamnine; PC-pancreatic cancer
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Figure 3. DTM suppresses PC cell migration and invasion. A) Wound healing assay of the two PC cell lines treated with DTM (60 μM, 24 h). Scale bar 
= 200 μm. B) Bar graphs represent migration rates. C) Transwell invasion assay of the two PC cell lines treated with DTM (60 μM, 24 h). Scale bar = 
50 μm. D) Bar graphs represent invading cells. E, G) Western blots showing concentration- and time-dependent changes in the levels of EMT-related 
proteins in DTM-treated PC cells. F, H) Bar graphs represent the relative protein levels. Notes: The analysis results are presented as the means ± 
standard deviations (n=3); *p<0.05, compared with the control group; **p<0.01, compared with the control group. Abbreviations: DTM-dictamnine; 
PC-pancreatic cancer; PI3K-phosphatidylinositol-3 kinase; AKT-protein kinase B; EMT-epithelial-mesenchymal transition; E-cad-E-cadherin; β-cat-
β-catenin; Vimen-vimentin
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Figure 4. DTM alters the expression of cell cycle-related proteins and induces cell cycle arrest at the G0/G1 phase in PC cells. A) The cell cycle distri-
butions of the two PC cell lines treated with DTM (60 μM, 24 h) were examined using flow cytometry. B) Quantification of the cell cycle distribution 
of the two PC cell lines. C, E) Densitometric analysis of the expression of cycle-related proteins in PC cells. D) Bar graphs represent relative protein 
expression. Notes: The analysis results are presented as the means ± standard deviations (n=3); *p<0.05, compared with the control group; **p<0.01, 
compared with the control group. Abbreviations: DTM-dictamnine; PC-pancreatic cancer
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Figure 5. DTM induces apoptosis in PC cells. A) Morphological changes in apoptotic nuclei in the two groups were observed by performing Hoechst 
33342 staining and viewing the cells under a fluorescence microscope (magnification: ×200; scale bar = 100 μm). B) The apoptotic cells in each group 
were quantitated. C, F) Apoptosis assays using the two PC cell lines treated with DTM (0–80 μM) for 24 h or with DTM (60 μM) for 0, 4, 8, 16, and 24 
h. D, E) Quantification of apoptotic cells. G, I) Densitometric analysis of the expression of apoptosis-related proteins. H, J) Bar graphs represent rela-
tive protein expression. Notes: The analysis results are presented as the means ± standard deviations (n=3); *p<0.05, compared with the control group; 
**p<0.01, compared with the control group. Abbreviations: DTM-dictamnine; PC-pancreatic cancer
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Figure 6. DTM inhibits PI3K/AKT phosphorylation and prevents the nuclear translocation of p-AKT. A, B) Representative images of cells detected 
by immunofluorescence staining with anti-p-AKT antibody after treatment with DTM (60 μM, 24 h) (magnification: ×200; scale bar = 10 μm). C, D) 
Western blots showing concentration- and time-dependent changes in the p-PI3K/p-AKT levels in DTM-treated PC cells. E, F) Bar graphs represent 
relative protein expression. Notes: The analysis results are presented as the means ± standard deviations (n=3); *p<0.05, compared with the con-
trol group; **p<0.01, compared with the control group. Abbreviations: DTM-dictamnine; PC-pancreatic cancer; PI3K-phosphatidylinositol-3 kinase; 
AKT-protein kinase B
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in humans. In addition, several studies have indicated that 
excessive activation of the PI3K/AKT signaling occurs in 
approximately 50% of all PC cases and is usually related to 
an undifferentiated tumor state and an unfavorable patient 
prognosis [18, 22, 23]. Therefore, we postulated that DTM 
might affect PC development by regulating PI3K/AKT 
signaling and carried out subsequent experimental verifi-
cation. Immunofluorescence assays indicated a markedly 
decreased level of nuclear p-AKT in PC cells treated with 
DTM (60 μM) for 24 h, and nuclear translocation of p-AKT 
was effectively prevented (Figures 6A, 6B). Moreover, 
western blotting results indicated concentration- and time-
dependent decreases in the p-PI3K and p-AKT protein levels 
in cultured cells treated with DTM, but the total PI3K and 
AKT protein levels were unchanged (Figures 6C–6F). The 
above results indicate that DTM is an upstream inhibitor of 
p-AKT. Moreover, the influence of DTM on the malignant 
behavior of PC is most likely realized through the PI3K/AKT 
signaling pathway.

DTM docks at the binding site of PI3K and AKT. 
Because activation of the PI3K/AKT signaling pathway 
depends on either autophosphorylation or transphosphor-
ylation by other molecules, to verify the correctness of the 
immunofluorescence results, we investigated whether the 
suppression of PI3K/AKT phosphorylation by DTM was 
due to direct binding. The theoretical binding mode of DTM 
with the key molecule AKT is described in Figure 7A. The 

interactions between DTM and the Lys143, Phe182, and 
Pro180 residues of AKT involve strong hydrogen bonds, 
with binding energies ranging from –3.19 to –4.85 kcal/mol, 
and this tight binding conformation of DTM to AKT directly 
changes the function of AKT. The theoretical combina-
tion of DTM and PI3K was also predicted, as shown in 
Figure 7B. DTM purportedly binds inside the hydrophobic 
pocket of PI3K with a compact conformation; the pocket is 
surrounded by Tyr867, Ile879, Val882, and Glu880 residues, 
which form hydrophobic bonds with DTM. These molec-
ular docking results could explain the interactions between 
DTM and PI3K/AKT, particularly the DTM interaction with 
multiple amino acid residues in AKT via hydrogen bonding, 
which may prevent auto- or transphosphorylation through 
allosteric effects and ultimately lead to inactivation of the 
PI3K/AKT signaling pathway.

DTM suppresses tumor progression in a PC xenograft 
mouse model. Based on the results of the in vitro studies, 
we further evaluated the effect of DTM on tumorigenesis in 
vivo using a BxPC-3 cell xenograft tumor model. The tumor 
volume in mice intraperitoneally injected with DTM (15 mg/
kg) was monitored for four weeks, and protein expression in 
tumor tissues was examined after the mice were euthanized. 
According to Figure 8A, the tumor volumes in the mice in 
the DTM-treated group were effectively reduced compared 
with those in the control group, and growth graphs illus-
trated a lower tumor growth rate in the DTM-treated group 

Figure 7. Molecular interactions of DTM with PI3K and AKT. A) Molecular docking of DTM with AKT. The hydrogen bond lengths of residues Phe182, 
Lys143, and Pro180 were 2.1, 2.5, and 3.4 angstroms, respectively. B) Molecular docking of DTM with PI3K. DTM is surrounded by residues Tyr867, 
Ile879, Val882, and Glu880 of PI3K, forming strong hydrophobic bonds. Notes: The analysis results are presented as the means ± standard deviations 
(n=3); *p<0.05, compared with the control group; **p<0.01, compared with the control group. Abbreviations: DTM-dictamnine; PI3K-phosphati-
dylinositol-3 kinase; AKT-protein kinase B
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(Figure  8B). Based on the quantitative analysis results, we 
concluded that the tumors from mice in the control group 
were larger and exhibited a higher tumor volume than those 
from mice in the DTM-treated group (Figure 8C); however, 
the body weights of the mice in the two groups were nearly 
identical (Figure 8D).

Western blot analysis showed substantial decreases in 
vimentin, β-catenin, cyclin D1, CDK6, Bcl-2, and PARP levels 
in the tumor tissues from DTM-treated mice; in contrast, 
E-cadherin, P21, P27, Bax, and cleaved PARP levels showed 
an increasing trend in vivo (Figures 9A–9D). Meanwhile, 
p-PI3K and p-AKT levels were significantly decreased but 
total PI3K and AKT levels were unchanged in the tumor 
tissues (Figures 9E, 9F).

IHC staining was employed to assess the levels of progres-
sion-related markers in xenograft tumors from the two mouse 
groups. As illustrated in Figures 10A and 10B, Ki-67, p-PI3K, 
p-AKT, and CDK6 levels were decreased in the DTM-treated 
group compared with the control group, in contrast to the 
differences in cleaved PARP levels between the DTM-treated 
group and control group.

Histological evaluation of the liver and kidney via H&E 
staining revealed no distinct structural difference between 
the two groups (Figure 10C). We evaluated liver and kidney 
function based on standardized criteria to determine the 

potential toxicity of DTM, and no evident negative effects 
were observed in either treatment group (Figure 10D). In 
summary, all results showed that DTM effectively suppresses 
the growth of PC and has no apparent toxicity in mice. DTM 
also has specific cytotoxicity to cancer cells in vivo, and these 
results were consistent with those of our in vitro experiments.

Discussion

Despite the progress achieved in PC treatment, it remains 
one of the most lethal tumors worldwide, and less than 5% of 
patients survive more than 5 years. As the basic chemotherapy 
modality, gemcitabine shows a relatively low response rate 
(effectiveness < 12%) and leads to chemotherapy resistance 
to some extent [24–26]. Therefore, new therapeutic agents 
designed to prolong the survival of PC patients are highly 
desirable. In the present study, DTM exhibited antineoplastic 
effects by inducing cell cycle arrest, promoting apoptosis, 
and inhibiting migration and invasion ability in both PC 
cell lines. To explain the underlying mechanism by which 
DTM restrained tumor cell proliferation and EMT progres-
sion, we performed immunofluorescence, western blotting, 
and molecular docking studies (Figures 6, 7). Analysis of 
experimental results indicated that DTM plays an antitumor 
role by inhibiting the PI3K/AKT signaling pathway. Then, 

Figure 8. DTM suppresses tumor progression in PC xenograft mouse models. A) BXPC-3 cell xenografts were collected and photographed 35 days after 
transplantation. B) Growth curve for monitoring tumor volume. C) Tumor weights and volumes were calculated. D) The weight of mice was measured 
weekly. Notes: The analysis results are presented as the means ± standard deviations (n=3); *p<0.05, compared with the control group; **p<0.01, com-
pared with the control group. Abbreviations: DTM-dictamnine; PC-pancreatic cancer
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Figure 9. DTM alters the levels of proteins closely related to tumor progression in vivo. After completion of the treatment regimen, fresh tumor tis-
sues excised from nude mice in the DTM-treated and control groups were processed, and protein levels were detected via western blotting. A, C, E) 
The levels of progression-related proteins were assessed in xenograft tumors using western blotting. B, D, F) Bar graphs represent progression-related 
protein levels. Notes: The analysis results are presented as the means ± standard deviations (n=3); *p<0.05, compared with the control group; **p<0.01, 
compared with the control group. Abbreviations: DTM-dictamnine
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Figure 10. Related biological testing of tissue samples from model mice. A) The expression of Ki-67, p-PI3K, p-AKT, CDK6, and cleaved PARP in tumor 
tissues was measured using IHC staining. B) Quantitative analysis of IHC staining for the indicated proteins. C) H&E staining is presented to illustrate 
differences in liver and kidney histology between the two groups (magnification: ×100; scale bar = 200 μm). D) ALT, AST, and Cr levels in the blood of 
mice from each group were detected using ELISAs. Notes: The analysis results are presented as the means ± standard deviations (n=3); *p<0.05, com-
pared with the control group; **p<0.01, compared with the control group.
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the inactivation of the PI3K/AKT signaling pathway and the 
expression of downstream effectors after DTM treatment was 
confirmed.

First, we investigated the intrinsic molecular mecha-
nism by which DTM induces PC cell cycle arrest (Figure 4). 
Cyclins and CDK complexes are crucial factors necessary 
for cell cycle completion, and binding of cyclin D1 to CDK6 
activates transcription factors that promote the transcrip-
tion of genes required for G1 to S phase progression and the 
initiation of cell proliferation [27, 28]. As a major step in cell 
proliferation, the successful transition of cells from the G1 to 
S phase is critical for cells to replicate all biomolecules related 
to cell division and ultimately complete mitosis. However, 
cyclin-CDK activities are controlled by cellular CDK inhibi-
tors (CKIs). CKIs belong to the Cip/Kip family; mainly 
include P27Kip1, P21Cip1, and P57KIP2; and are potent inhibi-
tors of CDKs [29–31]. An overwhelming number of studies 
have reported that suppression of the PI3K/AKT signaling 
pathway can upregulate P27 and P21 expression and then 
downregulate cyclin D1 expression, inducing cell cycle arrest 
at the G0/G1 phase [32, 33]. Consistently, in our study, after 
DTM intervention, the expression of P21 and P27 was signif-
icantly increased, which directly led to a decrease in cyclin 
D1 and CDK6 levels, ultimately resulting in cell cycle arrest 
at the G0/G1 phase. Coincidentally, this trend is consistent 
with the changes observed in the main indicators of the PI3K/
AKT signaling pathway. The results showed a possibility that 

the interaction between the PI3K/AKT signaling pathway 
and cyclin-CDK complexes is related to the blockade of cell 
cycle progression in PC.

Next, we revealed the potential mechanism by which 
DTM induces apoptosis in PC cells (Figure 5). Proteins in 
the Bcl-2 family are important for controlling apoptosis and 
mainly comprise anti-apoptotic proteins (e.g., Bcl-2 and 
Bcl-XL) and proapoptotic proteins (e.g., Bax and Bak). The 
interaction between members of the Bcl-2 family defines the 
boundary between pro- and anti-apoptotic activity [34]. Bax 
is a downstream effector of AKT, and inhibition of the p-AKT 
level contributes to a low Bcl-2/Bax ratio, which mediates 
the downstream activation of caspase proteins. Activated 
caspases cleave the pivotal death substrate PARP, decrease 
the mitochondrial membrane potential, and promote 
apoptosis of tumor cells [35–38]. In our study, we found that 
treatment with DTM increased Bax protein expression and 
reduced Bcl-2 protein expression, which led to a decreased 
Bcl-2/Bax ratio; these changes facilitated PARP cleavage and 
initiated PC cell apoptosis. DTM promoted PC cell apoptosis 
by adjusting the Bcl-2/Bax ratio via the PI3K/AKT signaling 
pathway, which may be the main mechanism by which DTM 
inhibits tumor proliferation.

In addition to its effects on cell cycle progression and 
apoptosis, DTM restrained PC cell migration and invasion 
through the PI3K/AKT signaling pathway (Figure 3). EMT 
is a complicated multistep process that plays an important 
role in promoting tumor invasion and metastasis. The most 
striking features of EMT are loss of E-cadherin expression and 
increased vimentin expression, which are considered critical 
processes in carcinoma progression [39]. In addition, proteins 
such as β-catenin are indispensable in this process [40]. Their 
joint actions lead to the continuous shifting of tumor cells 
towards an EMT phenotype. Although it has been reported 
that DTM regulates the expression of EMT-associated genes 
by downregulating HIF-α and slug, thereby reducing the 
migration and invasion abilities of carcinoma cells, plant-
derived natural products reportedly inhibit tumor progression 
through different signaling pathways [8, 41]. The PI3K/AKT 
pathway is one of the most frequently altered signal transduc-
tion pathways in human cancer and has long been implicated 
in cancer metastasis through its ability to regulate the migra-
tion and invasion of tumor cells [13, 42]. As reported in the 
literature, inhibition of the PI3K/AKT signaling pathway can 
restrain PC cell migration and invasion in vitro by regulating 
EMT-related factors [14]. In DTM-treated PC cells, AKT 
activation was suppressed, preventing nuclear transloca-
tion of p-AKT; further regulating vimentin, β-catenin, and 
E-cadherin levels; and thus, restraining the EMT process. 
Therefore, the hypothesis that treatment with DTM inhibits 
EMT in PC cells by targeting the PI3K/AKT signaling 
pathway is reasonable and logical.

Multiple studies have focused on the development and 
innovative use of new drugs based on plant-derived natural 
products. Nevertheless, the problem of how to effectively 

Figure 11. Schematic of the proposed mechanism by which DTM inhibits 
PC progression. DTM potentially blocks the PI3K/AKT signaling path-
way to inhibit PC, but this effect requires further verification. Notes: The 
analysis results are presented as the means ± standard deviations (n=3); 
*p<0.05, compared with the control group; **p<0.01, compared with the 
control group. Abbreviations: DTM-dictamnine; PC-pancreatic cancer; 
PI3K-phosphatidylinositol-3 kinase; AKT-protein kinase B
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identify the proteins or genes targeted by these small molecules 
remains unsolved. Based on accumulating evidence, AKT is 
a major signaling molecule that regulates cell proliferation 
and growth, cell migration and invasion, glucose metabo-
lism and angiogenesis, and approximately 50% of all human 
malignancies of various types exhibit alterations in the PI3K/
AKT pathway [43, 44]. PI3K/AKT signaling is constitu-
tively activated in the majority of PC patients and has been 
presented as a rational target for therapeutic intervention. 
PC growth is suppressed by inhibiting AKT activation [45, 
46]. In our study, DTM inhibited AKT phosphorylation by 
either inactivating upstream PI3K or directly blocking its 
phosphorylation. Direct evidence of these possibilities was 
obtained via molecular docking analysis (Figure 7), which 
showed that DTM strongly interacts with PI3K and AKT 
by forming different chemical bonds that may directly lead 
to protein inactivation through allosteric effects. Excessive 
p-AKT levels were repressed due to DTM-mediated inter-
ference, and the nuclear translocation of activated AKT was 
hindered (Figure 6), thus affecting the activity of downstream 
effector proteins, such as P27, Bax, and E-cadherin, in PC 
cells (Figure 11) [47–50]. In addition, western blotting and 
immunohistochemical staining revealed a decreased level of 
p-AKT in the tumor tissues, consistent with the results of the 
in vitro experiments (Figures 9, 10A, and 10B). Moreover, 
toxicological experiments showed no apparent patholog-
ical changes in the visceral organs of DTM-treated animals 
(Figures 10C, 10D). All these findings indicate that DTM is 
an effective and safe potential drug for the treatment of PC.

Despite these notable findings, some limitations should 
be addressed. First, an in vitro test of AKT kinase activity in 
the presence or absence of DTM should provide conclusive 
evidence of the obvious effects of DTM on AKT. Second, the 
relationship between DTM restraint of PC cell proliferation 
and EMT remains to be further clarified. To remedy these 
design defects, we will perform more detailed experiments 
in the future.

In conclusion, DTM inhibits PC cell growth in vitro 
and in vivo while showing low hepatic and kidney toxicity. 
Furthermore, DTM restrains PC cell migration and invasion, 
induces apoptosis, and arrests cell cycle progression at G0/
G1 phase; these effects are due to the inactivation of the 
PI3K/AKT signaling pathway. Our results provide evidence 
supporting the development of DTM as a promising thera-
peutic approach for PC treatment.

Supplementary information is available in the online version 
of the paper.
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