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Abstract

Background
Agrimoniin, a polyphenol compounds isolated from Agrimonia pilosa ledeb, has antiviral, antimicrobial,
and anticancer activities in vivo and in vitro. However, its molecular mechanism in pancreatic cancer
remains to be determined.

Methods
The proliferation was detected by colony formation, cell proliferation and toxicity, and real-time cell
analysis techniques. The apoptosis was detected by flow cytometry and Western blot. Flow cytometry
was used to measure the level of reactive oxygen species (ROS) and apoptosis. The level of intracellular
ROS or mitochondrial membrane potential was measured with a DCFH-DA or JC-1 probe. Cell metabolism
assays were analyzed and evaluated by using Agilent Seahorse Bioscience XF96 Extracellular Flux
Analyzer. The target proteins were analyzed by Western blot. Subcutaneous cancer models in nude mice
were established to evaluate the anticancer effects in vivo.

Results
Agrimoniin inhibited cell growth and promoted cell apoptosis by regulating cell metabolism in pancreatic
cancer cells. Agrimoniin increased the ROS level in pancreatic cancer cells by suppressing Nrf2-
dependent ROS scavenging system and disrupting normal mitochondrial membrane potential. We also
found that agrimoniin significantly disrupted mitochondrial function and reduced the protein expression
of mTOR/HIF-1α pathway and subsequently decreased oxygen consumption rate and extracellular
acidification rate. Eventually, agrimoniin affected intracellular energy metabolism and induced apoptosis
of pancreatic cancer cells.

Conclusions
These findings reveal the novel function of agrimoniin in promoting apoptosis of pancreatic cancer cells
through mediating energy metabolism dysfunction.

Background
Pancreatic cancer is a highly malignant gastrointestinal tumor with a poor prognosis[1]. Many patients
with pancreatic cancer are already in the middle or late stages when they are diagnosed and have a short
five-year survival rate (approximately 10%) in the USA[2, 3]. Hence, chemotherapy has become the most
common treatment for patients with late-stage pancreatic cancer who cannot undergo an operation[4].
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However, in most cases, patients with pancreatic cancer respond poorly to chemotherapy or radiation
therapy and may be accompanied by serious adverse reactions, such as liver toxicity, renal toxicity,
gastrointestinal bleeding, and cardiovascular toxicity[5, 6]. Therefore, exploring new chemotherapy drugs
to treat and prevent this fatal disease is imperative.

Studies have found a great difference between normal differentiated cells and cancer cells in metabolic
requirements[7]. The mitochondrial oxidative phosphorylation process produces more than 90% of the
energy for cellular processes for normally differentiated cells[8]. However, most malignant cells obtain
energy through an increased rate of aerobic glycolysis rather than oxidative phosphorylation[9, 10].
However, the efficiency of glycolysis to produce adenosine triphosphate (ATP) in cancer cells is not as
high as that of oxidative phosphorylation[11]. To acclimatize to the situation of infinite proliferation and
metastasis, cancer cells must increase their glucose uptake to produce a large amount of energy[10]. This
phenomenon, which is known as the Warburg effect, depends on aerobic glycolysis[12]. New studies have
shown that inhibition of glycolysis will kill malignant cancer cells while have little or no effect on normal
cells[12, 13]. Therefore, targeted glycolysis is a new method to regulate the hyperproliferation of cancer and
a promising strategy for precision therapy of cancer.

Reactive oxygen species (ROS) generally referred to as “highly reactive oxygen free radicals” that are
produced in cells through multiple mechanisms and regulate cell metabolism, proliferation, and
apoptosis [14, 15]. ROS in cancer cells not only responds to external factors but is also produced
endogenously by a byproduct of other biological reactions or as various physiological processes in cell
itself[16, 17]. Although low and medium levels of ROS are beneficial to the growth of tumor cells,
overaccumulation of ROS may lead to cell dysfunction and apoptosis[18]. For example, sophoridine
increases the generation of ROS and induces cell apoptosis in pancreatic cancer cells[19]. Ciclopirox
olamine provokes ROS levels and induce autophagy and mitochondrial-related apoptosis in rectal cancer
cells [20]. Therefore, regulating the levels of ROS is important to affect the occurrence and development of
cancer.

In recent years, Chinese herbal medicine natural products have attracted wide attention from medicinal
chemists and clinicians due to their lower toxicity and rich structural diversity[21]. Agrimoniin, a
polyphenol compounds isolated from Agrimonia pilosa ledeb[22], metabolized by human intestinal flora
and has antiviral, antimicrobial, and other biological activities in vivo and in vitro[23–26]. Agrimoniin also
has been reported to have a strong cytotoxic effect on gastric cancer cells (SGC-7901) and mouse
mammary carcinoma (MM2) cells in vitro[26, 27]. Moreover, it can inhibit the growth of MM2 cancer,
MH134 hepatoma, and fibrosarcoma solid-type tumors[26, 28].

However, the effect of agrimoniin in pancreatic cancer and its underlying mechanism have not been
thoroughly explored and reported. Here, we demonstrate that agrimoniin has a strong anti-tumor effect
and show that it can significantly increase intracellular ROS levels, interfere with mitochondria functions,
and diminish glycolysis to cause cancer apoptosis.
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Materials And Methods
Cell culture and reagents

Human pancreatic cancer cell lines PANC-1 and CFPAC-1 were obtained from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). The cells were maintained in DMEM medium (Invitrogen, CA,
USA) (PANC-1) or RPMI-1640 (Invitrogen, CA, USA) (CFPAC-1) containing 10% FBS (Gibco, NY, USA) and
100 U/mL penicillin-streptomycin (Invitrogen, CA, USA). All cell lines were maintained at 37 °C and 5%
CO2. Agrimoniin was provided by YuanYe Biotechnology (Shanghai, China). N-acetylcysteine (NAC) and
MHY1485 were purchased from MedChemExpress (MCE, Shanghai, China) and used to pretreat the
cancer cells for 1 h before agrimoniin treated (0 or 300 μmol/L).

Cell viability assay

The cells were plated and cultured for 24 h in 96-well plates with 5.0 × 103 cells/well. After being grown
overnight, the cells were cultured another 24 h with different drug concentrations. Then, CCK-8 (Cell
Counting Kit-8, Dojindo, Shanghai, China) reagent (10 μl) was incubated with each pore for 1 h. The
absorbance of the dissolved solutions was determined at 450 nm (Thermo Scientific Varioskan
FlashUSA).

Real-time cellular analysis

In this study, about 2 × 105 cells/well were seeded in cell culture E16 plates and cultured for 24 h. During
the whole experiment, the effects of different drug concentrations on cell proliferation were automatically
monitored every 15 minutes by using the xCELLigence MP system (ACEA Biosciences, San Diego,
California, USA).

Colony formation assay

The cancer cells were evenly inoculated in 6-well plates with 1000–2000 cells per well. After the cells
formed cell colonies in the incubator for one week, the corresponding concentrations of drugs were added
and cultured for another 24 h. Then, the number of clones was counted after fixing and staining.

Cell apoptosis analysis

The cells were cultured in a 6-well plate to a certain number, then incubated for another 24 h after drug
treatment. Next, the adherent and suspension cells were collected and the resuspended cells were
incubated with 5 µL Annexin V-FITC (BD Biosciences, San Jose, CA, USA) for 15 min and 5 µL propidium
iodide (PI) (BD Biosciences, San Jose, CA, USA) for 5 min in the dark at room temperature. Apoptosis of
cultured cells was performed using flow cytometry (BD FACSVerse™, BD Biosciences, San Jose, CA, USA).

Western blot assay
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Total proteins were separated from cultured cells and analyzed by Western blotting as performed as
previously reported protocols[29]. The membranes were probed with specific primary antibodies against
Bcl2 (CST, #3498, 1:1000), Bax (CST, #2772, 1:1000), PI3K (CST, #4257, 1:1000), AKT (CST, #4691,
1:1000), p-mTOR (CST, #5536, 1:1000), mTOR (Abcam, ab87540, 1:1000), cleaved caspase-3 (Abcam,
ab2302,1:1000), Ki67 (Affinity Biosciences, AF0198, 1:1000), Nrf2 (Affinity Biosciences, AF0639, 1:1000),
HO-1 (Affinity Biosciences, AF5393, 1:1000), p-PI3K (Affinity Biosciences, AF3242, 1:1000), p-AKT (Affinity
Biosciences, AF0016, 1:1000), HIF-1α (Affinity Biosciences, AF1009, 1:1000), LDHA (Affinity Biosciences,
DF6280, 1:1000), and β-actin (Proteintech, 66009–1-Ig, 1:2000) overnight at 4 °C. The addition of ECL
substrate (Thermo Fisher Scientific) was used for visualization. Lastly, the protein membranes were
analyzed using Image-Pro Plus software (version 6.0) and normalized with β-actin protein levels.

Tumor xenograft assay

Male nude mice (BALB/c), six-week-old, were purchased from Weitong Lihua Experimental Animal
Technology (Beijing, China) and placed in SPF-level conditions. Resuspended CFPAC-1cells (1 × 106 in
100 µL PBS) were subcutaneously inoculated in the side of right flank of the nude mice. After tumors
were visible, the mice were randomly divided into two groups (n = 4/group): control (100 μL of PBS) and
Agrimoniin (20 mg/kg). All mice were treated with intraperitoneal injection once a daily. Tumor size was
measured and calculated by the formula V = π/6 × larger length × width^2 every 5 days for 30 days. All
animals were sacrificed after 30 days. The xenografted tumor weights were measured and fixed in 4%
paraformaldehyde solution or Tissue-Tek O.C.T. Compound (SAKURA; USA).

Histopathological examination and immunohistochemical staining

Hematoxylin-eosin (HE) staining and immunohistochemical staining of tumor sections were performed
as previously reported protocols[30]. Primary antibodies added to the sections were p-mTOR (CST, #5536,
1:200), Nrf2 (Affinity Biosciences, AF0639, 1:200). The images were taken using a microscope (Olympus,
Tokyo, Japan) and analyzed with Image-Pro Plus 6 software.

Immunofluorescence assay

The four‐micron frozen tumor sections were fixed with 4% formaldehyde for 30 min and then
permeabilized with 0.1% Triton X-100 (Beyotime, Shanghai, China) at room temperature for 10 min. After
being washed with PBS three times, the cells were blocked with 5% bovine serum albumin (BSA) at room
temperature for another 30 min. The primary antibody cleaved caspase-3 (Abcam, ab2302,1:200), Ki67
(Affinity Biosciences, AF0198, 1:200), and HIF-1α (Affinity Biosciences, AF1009, 1:1000) were incubated
overnight at 4 °C. After washing, the Cora Lite 488 conjugated goat anti-rabbit secondary antibodies
(1:400) were added to the cells for 1 h at 37 °C. Lastly, the nuclei of the cells were stained with DAPI
(Solarbio, C0065, Peking, China) and observed using a confocal microscope (Leica, Germany) or
fluorescence microscope (Olympus, Tokyo, Japan).

TUNEL assays
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TUNEL staining was utilized to evaluate the apoptosis in tumor tissues by using the In Situ Cell Death
Detection Kit (Roche). The fixed tumor slides (4 µm) were incubated with proteinase-K (20 mg/mL) for
15 min at 37 °C. After being washed with PBS, the sections were incubated with TUNEL reaction mixture
(50 μL) for 1 h at 37 °C. The nuclei of the cells were stained with DAPI (Solarbio, C0065, Peking, China)
and observed using a fluorescence microscope (Olympus, Tokyo, Japan).

Quantitative reverse transcriptase-PCR (qRT-PCR)

Total RNA was isolated from pancreatic cancer cells using a TRIzol Kit (Invitrogen, USA). Each sample
was subjected to reverse transcription by using the RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific, MA, USA). The mRNA expression levels were measured with the SYBR-Green Master Mix
kit (Roche, IN, USA) by using a PCR detection system (Bio-Rad CFX96, USA). The specific sequences of
the primers were as follows: β-Actin forward: AGAAAATCTGGCACCACACC, reverse:
AGAGGCGTACAGGGATAGCA; HO-1 forward: ATTCTCTTGGCTGGCTTC, reverse:
CTGGATGTGCTTTTCGTT; NQO1 forward: CATCCCAACTGACAACCA, reverse: GAAGCCTGGAAAGATACCC.

ROS assay

The intracellular levels of ROS were detected by 2,7-dichlorofluorescin-diacetate (DCFH-DA) (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). After being treated with drugs，the cells were
incubated with 10 μM DCFH-DA at 37 °C for 30 min in the dark. The dye was then removed by PBS and
the cells were immediately observed under a fluorescence microscope (Nikon Corporation, Tokyo, Japan).
For flow cytometry, according to the above method, the washed cells were resuspended in PBS, and
fluorescence was detected by using the flow cytometer (BD FACSVerse™, BD Biosciences, San Jose, CA,
USA). For tissues, the four‐micron frozen tumor sections were incubated with DCFH-DA for 30 min at 37
°C in the dark. The ROS level of tissues was measured by a fluorescence microscope (Olympus, Tokyo,
Japan).

Mitochondrial membrane potential (ΔΨm) assay

Changes in the mitochondrial membrane potential of the treated cells were measured by using a
mitochondrial membrane potential assay kit (Beyotime Co. China). We added enough JC-1 (fluorescent
probe) working solution to the plates to cover all cells for 30 min at 37 °C. Then, the cells were observed
under a fluorescence microscope (Nikon Corporation, Tokyo, Japan). Fluorescence changes from red
(high ΔΨm) to green (low ΔΨm) may indicate mitochondrial dysfunction.

Cell metabolism assays

The intact cellular oxygen consumption rate (OCR) was measured by the Mito Stress Test Kit (Agilent,
03015–100, USA), and the extracellular acidification rate (ECAR) was measured by the Glycolytic Stress
Test Kit (Agilent, 103020–100, USA) and detected in the Seahorse XF96 Extracellular Flux Analyzer
(Seahorse Bioscience, North Billerica, MA, USA). The cells were seeded into XF96 cell culture microplates
(Seahorse Bioscience) and allowed to incubate overnight at 37 °C. After being pretreated with different
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concentrations, the cells were incubated for another 24 h. Simultaneously, the calibration plates (with
calibration solution) and the assay solution (for OCR: oligomycin, 2.5 μM; FCCP, 2 μM; rotenone, 0.25 μM;
and anti-mildew A,0.25 μM, and for ECAR: glucose, 10 mM, oligomycin, 1 μM; and 2-DG, 50 mM) were
incubated overnight in a 37 °C CO2-free incubator. Before metabolism measurement, both cell culture
media were replaced with the assay solution. Lastly, the cell plate was replaced with a probe plate after
the probe calibration was completed.

Statistical analysis

Data were stated as mean ± standard error of the mean (SEM). All data were statistically analyzed by
using GraphPad Prism 7 software (GraphPad Software, Inc., La Jolla, CA, USA). The significance of
differences was analyzed by the Student’s t-test for unpaired data or one-way analysis of variance,
preceded by Dunnett’s multiple comparison test where appropriate. P-values <0.05 were considered
statistically significant. Each experiment was repeated at least three times.

Results
Agrimoniin inhibits the proliferation and induces the apoptosis of pancreatic cancer cells

CCK-8 assay, RTCA, and colony formation assay were performed to investigate the inhibitory activity of
agrimoniin in tumor growth. The chemical structure of agrimoniin is shown in Fig. 1a. As shown in Fig.
1b, the half-maximal inhibitory concentration (IC50) values of agrimoniin on PANC-1 and CFPAC-1
pancreatic cancer cells for 24 h were 269.4 and 296.8 μM, respectively. Therefore, agrimoniin of 100, 200,
and 300 μM was selected for further study. As expected, the growth of PANC-1 and CFPAC-1 cells was
significantly inhibited in a dose-dependent manner by agrimoniin treatment (100, 200, and 300 μM); RTCA
and colony formation assay are shown in Fig. 1c–e. In the colony formation assay, the formed clones
were assessed by crystal violet staining and counted manually for each group of cells. To confirm the
effects of agrimoniin on apoptosis, we assessed the apoptosis of cells by flow cytometry analysis. The
results show that the proportion of apoptosis and necrotic cells significantly increased with agrimoniin
treatment (Fig. 1f–g). Western blot results showed that after agrimoniin treatment, the protein expression
of Bax and cleaved caspase-3 in pancreatic cancer cells increased significantly, while the protein
expression of Bcl-2 decreased significantly (Fig. 1h–i).

Agrimoniin inhibits tumor growth in vivo

To evaluate whether a similar inhibitory effect of agrimoniin on pancreatic cancer growth in vivo exists,
we conducted an experiment that involves intraperitoneal injection of agrimoniin (20 mg/kg/day) or an
equal volume of PBS for 25 consecutive days to mice of the nude mouse xenograft model. As shown in
Fig. 2a–c, the volume and weight of tumors were significantly reduced under agrimoniin treatment. HE
staining showed a relatively higher density of necrotic cells and a low density of tumor cells after
agrimoniin treatment in xenograft tumor sections (Fig. 2d). Immunofluorescence assay of xenograft
tumor tissues indicated that agrimoniin treatment significantly repressed the expression of Ki-67 (marker
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of proliferation) (Fig. 2e) and increased the expression of cleaved caspase-3 (marker of apoptosis) (Fig.
2f). Similarly, TUNEL analysis demonstrated that the rate of apoptosis cells in agrimoniin-treated tumors
increased significantly (Fig. 2g). Thus, agrimoniin inhibited growth and induced apoptosis in vivo.

Agrimoniin treatment increases the ROS production in PANC-1 and CFPAC-1 cells

To evaluate the effect of agrimoniin treatment on the ROS level in pancreatic cancer cells, several
methods of vivo and in vitro detection were used. First, the ROS levels in cancer cells were investigated
using flow cytometry analysis. Figs. 3a and 3b show an accumulation of ROS in cells after exposure to
indicated concentrations of agrimoniin for 24 h and that it increased in a dose-dependent manner.
Second, DCFH-DA was adopted to detect ROS levels, and we demonstrated that agrimoniin treatment
significantly increased the DCF fluorescence intensity by using fluorescence microscopy in cells (Fig. 3c).
Similarly, the xenograft tumor tissues derived from the agrimoniin-treated group exhibited higher ROS
accumulation (Fig. 3d). To further explore the source of excessive ROS production by agrimoniin, we
detected the changes in antioxidant response signals and mitochondrial membrane potential. We found
that agrimoniin inhibits the protein levels of Nrf2 and HO-1 via Western blot analysis (Fig. 3e, f).
Furthermore, agrimoniin markedly downregulated the transcription levels of Nrf2 target genes (HO-1 and
NQO1) via qRT-PCR analyses (Fig. 3g). Similarly, we identified proteasomal downregulated expression of
Nrf2 (Fig. 3h) and repressed expression of HO-1 in xenograft tumor sections (Fig. 3i). Consistent with the
increased ROS production, the ΔΨm was significantly decreased after treatment with agrimoniin (0, 100,
200, and 300 μM) for 24 h (Fig. 4a, b). Altogether, these observations suggest that ROS production was
increased after agrimoniin-treated in pancreatic cancer cells.

Agrimoniin induces metabolic reprogramming in pancreatic cancer cells

In this study, we considered agrimoniin actions on energy metabolism and mitochondrial function.
Similar to the above result, the ΔΨm was significantly decreased after agrimoniin treated for 24 h (Fig. 4a,
b), while the mitochondrial respiration was significantly suppressed. In other words, agrimoniin
dampened mitochondrial function, and the results of OCR (an indicator of mitochondrial oxidative
phosphorylation [OXPHOS]) indicated that agrimoniin led to significant downregulation of basal
respiration, maximal respiration, and ATP production in pancreatic cancer cells (Fig. 4c–f).

In addition, the protein expression of PI3K/AKT/mTOR pathway and the key genes it regulates (HIF-1α,
LDHA) were significantly reduced after agrimoniin treatment (Fig. 5a, b). Specifically, in the drug-treated
group in cancer cells (100, 200, and 300 μM)，the protein levels of p-PI3K, p-Akt and p-mTOR were
decreased significantly. With its essential role in metabolic reprogramming of cancer cells, HIF-1α and its
target genes in agrimoniin-treated group were also reduced, which regulated the Warburg effect at the
same time. Next, we analyzed the aerobic glycolytic rate in cancer cells with agrimoniin treatment. The
results of ECAR (an indicator of cell glycolysis) showed that agrimoniin-treated cells significantly
suppressed basal glycolysis, maximal glycolysis, and glycolytic capacity in cancer cells (100, 200, and
300 μM) (Fig. 5c–f). A similar tendency of p-mTOR was exhibited in agrimoniin-treated xenografts by IHC
staining (Fig. 5g). Immunofluorescence analysis also showed that the HIF-1α-positive area of the
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agrimoniin-treated xenograft samples was significantly reduced compared with the normal samples (Fig.
5h).

Overall, these data suggest that cancer treated with agrimoniin resulted in a significant reduction in
energy metabolism. Interestingly, agrimoniin inhibited mitochondrial function and glycolysis, which might
greatly enhance the inhibitory effect of the drug on cancer.

ROS is required for agrimoniin-induced metabolic reprogramming

To further confirm whether the accumulation of ROS was caused by an intrinsic link between agrimoniin
and the changes in biological function in pancreatic cancer cells, we used an ROS inhibitor N-
acetylcysteine (NAC) (Fig. 6a). The inhibitory effect of cell viability and the promotional effect of cell
apoptosis caused by agrimoniin (300 μM) in pancreatic cancer cells were abolished after pretreatment
with NAC (5 mM) (Fig. 6b–d). JC-1 assays showed that the change of ΔΨm was significantly reversed
after pretreatment with NAC (Fig. 6e, f), while the mitochondrial function was similarly reversed (Fig. 6g),
as indicated by reduced levels of basal respiration, maximal respiration, and ATP production (Fig. 6h). In
addition, pretreatment with NAC reversed the change in protein expression of p-PI3K, p-AKT, and p-mTOR
via Western blot assays (Fig. 6i, g). Similar results were obtained in ECAR, and the basal glycolysis,
maximal glycolysis, and glycolytic capacity in pancreatic cancer cells were increased by NAC
pretreatment despite agrimoniin treatment (Fig. 6k, l). Collectively, these findings reveal that agrimoniin
induces mitochondrial dysfunction and metabolic reprogramming through accumulation of cellular ROS
in pancreatic cancer cells, thereby promoting cell apoptosis.

Enhancing mTOR/HIF-1α signaling abolishes the effects of agrimoniin on glycolysis

To evaluate whether agrimoniin regulated the cell metabolism of cancer cells by mediating the
mTOR/HIF-1α pathway, we performed a rescue experiment by pretreatment with MHY1485 (mTOR
activity). Pretreatment with MHY1485 (15 μM) increased protein expression of p-mTOR, HIF-1α and LDHA
in cancer cells despite agrimoniin treatment (300 μM). Enhancing mTOR/HIF-1α signaling abolished the
inhibitory effect of agrimoniin on cancer cell viability (Fig. 7c) and the promotional effect of cell
apoptosis (Fig. 7d, e). Importantly, mTOR activator counteracted the decreased glycolysis induced by
agrimoniin (Fig. 7f). Consistent with the above result, the basal glycolysis, maximal glycolysis, and
glycolytic capacity in pancreatic cancer cells were increased by MHY1485 pretreatment (Fig. 7g). These
data suggest that agrimoniin inhibits glycolysis and induces cell apoptosis through the mTOR/HIF-1α
signaling in pancreatic cancer cells.

Discussion
In clinical cancer treatment, although conventional chemotherapy is the main method of human cancer
treatment, its low response rates, severe toxicities, and drug resistance will greatly reduce the quality of
life of patients[31]. Hence, identifying new drug targets and finding an effective and safe drug to better
treat pancreatic cancer are urgently needed. In this study, we demonstrated that agrimoniin has a strong
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anti-tumor effect in vitro and in vivo. Moreover, the mechanism of agrimoniin treatment via regulating
intracellular ROS levels may induce mitochondrial dysregulation and mediate PI3K/Akt/mTOR pathway
to affect intracellular energy metabolism, thereby inducing pancreatic cancer apoptosis.

ROS are highly reactive molecules that are produced from both endogenous and exogenous sources[32].
The formation of ROS in mammalian cells can be caused by mitochondria, peroxisomes, endoplasmic,
plasma membranes, and NADPH oxidase as endogenous sources or by UV or ionizing radiation as
exogenous sources[19, 33]. Increased production of ROS has been detected in multiple cancer cells and
has been shown to have a variety of effects[34, 35]. For example, they can activate protumor signals,
enhance cell survival and proliferation, and drive DNA damage and genetic instability[36]. However, ROS
can also promote the generation of antitumor signals and initiate tumor cell death induced by oxidative
stress[37, 38]. Nrf2 is a main transcription factor of antioxidant defense modules that can regulate
oxidative and stress injury[39]. Changes in the Nrf2 level will affect the intracellular ROS level, which in
turn affects the occurrence and development of cancer[40]. According to the different redox balance
between cancer cells and normal differentiated cells, affecting the ROS levels in cancer cells may be a
potential strategy for cancer therapy. In this study, we showed that agrimoniin treatment could effectively
inhibit the proliferation and promote apoptosis of PANC-1 and CFPAC-1 pancreatic tumor cells. At the
same time, the expression of Nrf2, HO-1 (antioxidant enzymes) decreased, whereas the production of
ROS increased. The results indicate that agrimoniin affects the level of cellular ROS and promotes
apoptosis in pancreatic cancer cells.

Mitochondria are essential organelles for oxidative phosphorylation generation[41] and are one of the
main sources of endogenous ROS. Under normal circumstances, the increase in the production of ROS
leads to a compensatory increase in antioxidant levels, which may protect mitochondria and other
organelles[42]. With excessive production of ROS and/or depletion of antioxidants, ROS balance will be
disrupted and cause oxidative stress[37]. Interestingly, mitochondria are also the main targets of ROS
damage, which in turn destroys the function of mitochondria and leads to excessive ROS generation[43–

45]. Excessive oxidative stress can lead to the collapse of ΔΨm and mitochondrial membrane structure[46,

47]. The integrity of the mitochondrial membrane serves important roles in the mitochondrial OXPHOS
process, which is mainly responsible for the production of ATP in the cell[48]. In this study, pancreatic
cancer cells treated with agrimoniin disrupt mitochondrial function and significantly decrease
mitochondrial membrane potential, as reflected by a decrease in OCR (an indicator of mitochondrial
OXPHOS)[49] and ATP production. The collapse of mitochondria function can reduce the energy supply of
cancer cells, affect the growth of cancer cells, and promote the death of cells. Importantly, NAC, a ROS
scavenger, inhibited the significant increase the production of ROS with agrimoniin treatment. Moreover,
NAC abolished the inhibitory effect of agrimoniin on OCR and ATP levels, restored the mitochondrial
transmembrane potential, and ultimately reduced cell apoptosis in pancreatic cancer. Taken together,
agrimoniin promotes the cell apoptosis in pancreatic cancer, which may be related to ROS-mediated
mitochondrial damage.
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Cancer metabolism has a peculiar feature called the Warburg effect, which relies on aerobic glycolysis
rather than the mitochondrial OXPHOS system to produce ATP, provide energy, and ensure cell survival[50].
As aforementioned, targeting the different metabolism between cancer cells and normal cells is an
attractive therapeutic target for cancer treatment. HIF-1α plays an critical role in reprogramming cancer
metabolism and regulating glycolytic enzymes because of the Warburg effect in cancerous cells [51, 52].
HIF-1α regulates glycolysis pathway, such as HK1, GLUT-1, and LDHA[53–55]. Among them, LDHA is a
master regulator in glycolysis metabolism and can promote glycolysis by converting pyruvate into lactic
acid and maintain cancer growth[53]. The PI3K signaling regulates many cellular processes, such as cell
growth, proliferation, metabolism, and cancer progression[56]. Previous studies found that the
mammalian target of PI3K/Akt/mTOR regulates glycolysis by affecting HIF-1α and other pathways[43].
Consistent with these results, agrimoniin reduced the protein levels of HIF-1α and LDHA by regulating the
PI3K/AKT/mTOR activation. In addition, by detecting the ECAR[57], we found that the glycolysis ability of
pancreatic cancer cells was inhibited significantly with agrimoniin treatment and promoted the further
death of cells by reducing the energy supply considerably. Through the use of the mTOR activator
(MHY1485), the experimental results further confirm that PI3K/Akt/mTOR signaling is a critical mediator
of the effect of agrimoniin on glycolysis.

Conclusions
In summary, this study reveals the novel function of agrimoniin in inhibiting the proliferation of
pancreatic cancer and promoting cell apoptosis through ROS-mediated energy metabolism dysfunction
in pancreatic cancer cells. Interestingly, unlike other drugs, agrimoniin showed a dual inhibitory effect on
ATP production. In detail, agrimoniin may regulate the production of intracellular ROS, damage the
mitochondrial membrane potential and its function, mediate the inhibition of the PI3K/Akt/mTOR
signaling pathway, and affect intracellular energy metabolism, thereby inducing apoptosis of pancreatic
cancer cells. This research suggests that agrimoniin may become a potential drug in the treatment of
pancreatic cancer. However, the anti-tumor mechanisms of probable binding position and interaction
mode of the molecules of agrimoniin remain unclear and need to be explored in our next work. Altogether,
the potential new targets and their synergies discovered in this research are of great significance for
cancer treatment and drug development.

Abbreviations
DCFH-DA: 2,7-dichlorofluorescin-diacetate; ROS: reactive oxygen species; OCR: oxygen consumption rate;
ECAR: extracellular acidification rate; ATP:adenosine triphosphate; ΔΨm: Mitochondrial membrane
potential; NAC: N-acetylcysteine; OXPHOS: mitochondrial oxidative phosphorylation; Nrf2: NF-E2-related
factor 2; HO-1: Heme oxygenase-1; NQO1: NAD(P)H: quinone oxidoreductase 1; PI3K:
Phosphatidylinositol-3- kinase; mTOR: Mammalian target of rapamycin; HIF-1α: Hypoxia-inducible factor-
1α; LDHA: Lactate dehydrogenase A
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Figures

Figure 1

Effect of agrimoniin on PANC-1 and CFPAC-1 cell growth and apoptosis
(a) Chemical structure of
agrimoniin. (b) CCK8 assay following cells incubated with agrimoniin (25, 50, 75, 100, 150, 200, 300, 400,
500, and 600 μM) or untreated medium for 24 h. (c) RTCA following cancer cells incubated with indicated
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concentrations of agrimoniin (100, 200, and 300 μM) or untreated medium for 24 h. (d, e) Colony
formation assay following cancer cells incubated with indicated concentrations of agrimoniin (100, 200,
and 300 μM) for 24h. (f, g) Cell apoptosis were determined by flow cytometry assay after agrimoniin
treatment (0, 100, 200, and 300 μM) for 24 h. (h, i) Western blot assay was used to evaluate the effect of
agrimoniin (100, 200, and 300 μM) on apoptosis by detecting apoptosis-related proteins. Results are
shown as mean ± SD. * p <0.05, ** p <0.01 *** p <0.001, **** p <0.0001 versus the control group.

Figure 2
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Agrimoniin inhibits the growth of pancreatic cancer cells in vivo (a) The mice were euthanized and the
tumors were excised from the mice and photographed after last treatment. (b) The effects of agrimoniin
on tumor volumes were measured in xenograft mice. (c) Tumor weights were measured and compared.
(d) HE staining was used to evaluate the histological structure of xenograft tumor sections. Bar = 100
μm. (e, f) The expression levels of Ki-67 and cleaved caspase-3 in cancer tissues were detected by
immunofluorescence assay. Bar = 50 and 25 μm, respectively. (g) TUNEL staining was used to evaluate
the apoptotic cells in the tumor tissue by. Bar = 50 μm. Results are shown as mean ± SD. *** p <0.001,
versus the agrimoniin-treated group.

Figure 3

Agrimoniin triggered ROS generation in pancreatic cancer cells
(a, b) ROS generation was observed by
using flow cytometry following staining with DCFH-DA following agrimoniin treatment (0, 100, 200, and
300 μM) for 24 h. (c) Intracellular ROS generation was measured by using a fluorescence microscope
following treatment with agrimoniin for 24 h and staining with DCFH-DA. Bar = 50 μm. (d) Determination
of the ROS levels in frozen tissue sections of each group by using a fluorescence microscope. Bar = 50
μm. (e, f) Western blot assay was used to detected the protein expression of Nrf2 and HO-1. (g)
Agrimoniin treatment decreased the mRNA expression of NQO1 and HO-1 in cancer cells. (h)
Determination of the Nrf2 levels in tissue sections of each group by using a microscope. Bar = 50 μm. (i)
The expression levels of HO-1 in cancer tissues were detected by immunofluorescence assay. Bar = 50



Page 21/26

μm. Results are shown as mean ± SD. * p <0.05, ** p <0.01 *** p <0.001, **** p <0.0001 versus the control
group.

Figure 4

Agrimoniin disrupts mitochondrial function in pancreatic cancer cells
(a, b) JC-1 staining assay showed
that agrimoniin treated for 24 h decreased the mitochondrial membrane potential in PANC-1 and CFPAC-1
cells. (c, e) Treatment with agrimoniin significantly decreased OCR in cancer cells. (d, f) Basal respiration,
maximal respiration, and ATP production of each group was assessed. Results are shown as mean ± SD.
**** p <0.0001 versus the control group.
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Figure 5

Agrimoniin reduces glycolysis in pancreatic cancer cells.
(a, b) Treatment with agrimoniin for 24 h
significantly decreased the protein levels of PI3K/AKT/mTOR pathway and the key genes HIF-1α and
LDHA. (c, d) Treatment with agrimoniin significantly decreased ECAR in PANC-1 cells and detected in the
basal glycolysis, maximal glycolysis, and glycolytic capacity. (e, f) Treatment with agrimoniin
significantly decreased ECAR in CFPAC-1 cells and assessed basal glycolysis, maximal glycolysis, and
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glycolytic capacity. (g) The expression levels of p-mTOR in cancer tissues were assessed by
immunohistochemical staining. Bar = 50 μm. (h) The expression levels of HIF-1α in tissue sections were
detected by immunofluorescence assay. Bar = 50 μm. Results are shown as mean ± SD. * p <0.05, ** p
<0.01 *** p <0.001, **** p <0.0001 versus the control group.

Figure 6
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ROS plays an essential role in agrimoniin-induced cell apoptosis.
(a) Intracellular ROS generation was
measured by using fluorescence microscope following pretreatment with or without NAC in agrimoniin-
treated cancer cells and stained with the DCFH-DA probe. Bar = 50 μm. (b) CCK-8 assays was used to
evaluate the cell viability with or without NAC treatment in agrimoniin-treated cancer cells. (c, d) Flow
cytometry analysis was used to show cell apoptosis in agrimoniin-treated cancer cells with or without
NAC. (e, f) After agrimoniin was incubated in cancer cells with or without NAC, ΔΨm was detected by JC-1
staining and detected under a fluorescence microscope. (g) The cells incubated with agrimoniin reversed
the change of OCR by NAC. (h) Similar basal respiration, maximal respiration, and ATP production results
were obtained. (i, j) Western blot analysis showing the reversed expression of p-PI3K, p-AKT, and p-mTOR
in agrimoniin-treated cancer cells after pretreatment with NAC. (k, l) The change of ECAR and basal
glycolysis, maximal glycolysis, and glycolytic capacity in agrimoniin-treated pancreatic cancer cells were
reversed by pretreatment with NAC. Results are shown as mean ± SD. * p <0.05, ** p <0.01 *** p <0.001,
**** p <0.0001.
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Figure 7

Restoring the mTOR/HIF-1α pathway abolishes the effect of agrimoniin on glycolysis in cancer cells
(a, b)
The protein levels of mTOR/HIF-1α pathway were analyzed by Western blot analysis during MHY148
pretreatment in agrimoniin-treated cancer cells. (c) CCK-8 assays was used to evaluate the cell viability
with or without MHY148 pretreatment in agrimoniin-treated cancer cells. (d, e) Flow cytometry analysis
was used to show cell apoptosis in agrimoniin-treated cancer cells with or without MHY148. (f) The
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change of ECAR was detected. (g) The changes in basal glycolysis, maximal glycolysis, and glycolytic
capacity were measured. Results are shown as mean ± SD. * p <0.05, ** p <0.01 *** p <0.001, **** p
<0.0001.

Figure 8

Schematic representation of possible molecular mechanism by which agrimoniin mediated energy
metabolism dysfunction and inhibits promotes cell apoptosis in pancreatic cancer cells.


