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Abstract: Digitoxin has repeatedly shown to have negative effects on cancer cell viability; how-
ever, the actual mechanism is still unknown. In this study, we investigated the effects of digitoxin
(1–100 nM) in four pancreatic cancer cell lines, BxPC-3, CFPAC-1, Panc-1, and AsPC-1. The cell lines
differ in their KRAS/BRAF mutational status and primary tumor or metastasis origin. We could
detect differences in the basal rates of cell proliferation, glycolysis, and ROS production, giving the
cell lines different phenotypes. Digitoxin treatment induced apoptosis in all four cell lines, but to
different degrees. Cells derived from primary tumors (Panc-1 and BxPC-3) were highly proliferating
with a high proportion of cells in the S/G2 phase, and were more sensitive to digitoxin treatment
than the cell lines derived from metastases (CFPAC-1 and AsPC-1), with a high proportion of cells
in G0/G1. In addition, the effects of digitoxin on the rate of glycolysis, ROS production, and pro-
liferation were dependent on the basal metabolism and origin of the cells. The KRAS downstream
signaling pathways were not altered by digitoxin treatment, thus the effects exerted by digitoxin were
probably disconnected from these signaling pathways. We conclude that digitoxin is a promising
treatment in highly proliferating pancreatic tumors.

Keywords: pancreatic cancer; digitoxin; cardiac glycosides; PDAC; KRAS; metabolism; ROS;
cell proliferation

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a tumor in the exocrine part of the
pancreas [1]. It has one of the poorest prognoses of all cancer forms, with a five-year
survival rate of less than 5% [2]. The currently used therapies have considerable adverse
side effects on unspecific targets, including healthy normal cells [3]. Hence, new treatment
regimens specifically affecting cancer cells are urgently needed. There are differences
between normal cells and cancer cells that are distinct and common for all cancers, such
as mutations in oncogenes and tumor suppressor genes, metabolic alterations, aberrant
production of reactive oxygen species (ROS), and enhanced proliferation [4,5]. Normal
cells have a strictly regulated proliferation controlled by mitogenic signaling [6]. Cancer
cells with mutations in oncogenes and tumor suppressor genes proliferate at a high rate,
without any mitogenic signaling [7]. Cancer cells also have an increased rate of metabolism
with subsequent high ROS production, which affects the proliferation rate [8].

Digitoxin is a well-known cardiac glycoside [9–11] with the potential to act as a potent
anti-cancer drug in the therapeutic concentration range of 25–40 nM [10,12,13]. Epidemi-
ological data suggest that patients who received treatment with the cardiac glycosides
digoxin or digitoxin have a higher survival rate and lower recurrence in different cancer
malignancies [14,15]. Cancer cells seem to be more sensitive to digitoxin compared with
normal cells, but the reason for this is still unknown [14]. Cardiac glycosides inhibit the
Na+/K+-ATPase by binding to the subunit α, blocking its function. Increased intracellular
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levels of sodium activates the Na+/Ca2+-exchanger to pump sodium out of the cell and
calcium into the cell [16]. The increase in intracellular calcium has several effects on cells.
The impaired Ca2+ retention affects energy metabolism in the mitochondria, causing an
increase in oxidative phosphorylation and in the production of ROS [17]. Intracellular redox
status is indispensable for normal activities in cells and is affected by the accumulation of
ROS [18]. The redox status is important for the cell signaling pathways, both in survival
and apoptosis, but also for regulation and progression of the cell cycle [19–24].

Assessment of the proliferation rate gives information about the aggressiveness, and
the prognosis of the cancer is an important step in the evaluation of the effects of different
drugs and treatments [25]. The cell cycle is divided into four phases, Gap 1 (G1), synthe-
sizing (S), Gap 2 (G), and mitosis (M). During the cell cycle, the signaling dependence on
redox status changes and the effects of ROS on cell proliferation vary [26]. Cells in the
resting, non-proliferating phase G0 have a basal oxidative metabolism. Migrating and
invading cells are mostly found in this phase [27]. Proliferating cells leave the G0 phase
and enter the G1 phase, where the metabolism shifts to glycolysis in order to meet the
demands of RNA and protein synthesis [28]. Cells in the S/G2 phase turn to glutaminolysis
and mitochondrial oxidative phosphorylation for their ATP production and nucleic acid
synthesis. The high rate of oxidative phosphorylation is connected with the subsequent
increase in the production of ROS [29]. ROS production increases during the cell cycle,
with the highest production in the G2/M phase [26]. Cancer cells produce more ROS and
tolerate higher concentrations than normal cells. When ROS reach too high levels, even
cancer cells are affected and cell division is stalled. After a prolonged arrest, cells die from
apoptosis [26,30]. Drugs and stressors in the surrounding area can affect cells through an
increased production of ROS, and thereby cause an imbalance in redox status and oxidative
stress, leading to cell cycle arrest [22,31].

Beyond its role as an ion channel, Na+/K+-ATPase is involved in intracellular signaling
pathways. According to Tian et al., 2006, Na+/K+-ATPase functions as a key member of the
signaling complex together with the non-receptor tyrosine kinase (Src kinase), which is in-
active when complex bound [32–34]. When cardiac glycosides bind to Na+/K+-ATPase, Src
kinase dissociates from the complex and becomes activated, resulting in phosphorylation of
the epidermal growth factor (EGFR) and activation of the downstream genes such as KRAS,
and further the signaling pathways Raf/MEK/ERK and PI3K/Akt [34,35]. Oncogenic sig-
naling is intertwined with metabolic pathways, redox balance, and cell proliferation [7,28].
KRAS is the most frequently mutated oncogene in pancreatic cancer, and is mutated in more
than 90% of all cases [36]. BRAF is another gene mutated in PDAC. Because of its action in
the same signaling pathway, a mutated BRAF gene never occurs together with a mutation
in KRAS [37,38]. Mutations in KRAS or BRAF gives fast proliferating cells a survival ad-
vantage in environments with a low supply of oxygen and nutrients, with an increase in
glycolytic activity [39,40]. Of the mutations in KRAS, 98% occur at position G12, with the
most common variants being KRAS p.G12D and KRAS p.G12V [40]. KRAS interacts with and
activates the signaling pathways of PI3K/Akt and RAF/MEK/ERK [41]. Through these
pathways, signals from the cell surface are transduced to effectors inside the cell, affecting
metabolism, apoptosis, and proliferation [42]. Mutated KRAS affects many genes important
for glycolysis. Hexokinase 2 (HK2) and pyruvate kinase (PK), which mediate the first
and the last step in glycolysis, respectively, are often up-regulated in cancer cells. The M2
isoform of PK (PKM2) has been associated with tissue repair and fast proliferating cells [43].
Mutations in KRAS up-regulate the expression of the glucose transporter 1 (GLUT1), which
leads to its constitutive activation and an increased uptake of glucose [44–46]. Cancer cells
with a high rate of aerobic glycolysis have an excess production of lactate [47]. Lactate
dehydrogenase A (LDHA) converts pyruvate to lactate and this enzyme is crucial for a
high glycolytic metabolism in the absence of oxygen [45]. LDHA is often up-regulated in
invasive cancer cells with a high glycolytic rate and is important for cell proliferation in
cancer [48].
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Here, we used four well-characterized pancreatic cancer cell lines with a different
mutational status and origin (primary tumor or metastasis) to cover as many variations as
possible in PDAC, so as to study the effects of digitoxin. There were major differences in
the basal phenotypes, metabolism, ROS production, and proliferation pattern in the four
cell lines. The basal proliferative phenotype was important for the response to digitoxin
treatment. Highly proliferating cancer cells were more vulnerable to the toxic effects of
digitoxin. The effects seemed to be exerted via the increase in calcium and the resulting
effects on the ROS concentration and cell proliferation. In our study, the signaling pathways
PI3K/Akt and Raf/MEK/ERK1/2 were not affected by digitoxin treatment.

2. Results
2.1. Digitoxin Treatment Decreased Pancreatic Cancer Cell Viability and Induced Apoptosis

Treatment with digitoxin at concentrations between 10–100 nM during 48 h incubation
had negative effects on cell viability in all four cell lines (Figure 1A−D). The sub-therapeutic
concentration of 10 nM digitoxin resulted in a decrease in the number of viable cells
compared with control cells, ranging between 12.6% (±2.1, p < 0.001) in Panc-1 (Figure 1C)
to 11.9% (±2.1, p < 0.001) in BxPC-3 (Figure 1A) compared with the respective controls. In
the therapeutic range (25–40 nM), the number of viable cells was more decreased, which
resulted in between 42.8% (±2.0, p < 0.001) in Panc-1, 40 nM (Figure 1C) to 22.8% (±1.8,
p < 0.001) in CFPAC-1 for 25–40 nM (Figure 1B). The digitoxin induced a reduction in the
number of viable cells, with 9.7% in the AsPC-1 treated with 25 nM digitoxin compared with
the control (±1.2, p = 0.01) and 22.0% in the samples treated with the highest concentration
of digitoxin (100 nM) (±1.9, p < 0.001). In parallel with these results, there was an increase
in apoptotic cells in the samples treated with digitoxin (Figure 1A−D). For concentrations
of digitoxin within the therapeutic range (25–40 nM), there was an increase of caspase
3/7, 2.9-fold in BxPC-3 for 25 nM (±0.62, p = 0.005), 2.6-fold in CFPAC-1 for 40 nM (±0.65,
p = 0.0497) and 3.7-fold in Panc-1 for 25 nM (±0.31, p = 0.002), compared with the untreated
control cells (Figure 1A−C). No significant change in apoptosis was seen in any of the
digitoxin concentrations in the AsPC-1 cell line (Supplementary material, Table S1).

2.2. Digitoxin Affects the Rate of Aerobic Glycolysis and Increase Intracellular ROS

Digitoxin treatment affected the rate of glycolysis differently in the four pancreatic
cancer cell lines. For BxPC-3, no significant change in glycolysis could be observed with
digitoxin treatment when analyzing the extracellular lactate levels (Figure 2A). CFPAC-1
cells treated with 100 nM digitoxin showed an altered glycolytic rate, with a 37% increased
extracellular concentration in lactate in the cells treated with 100 nM digitoxin compared
with the untreated cells (±0.09, p = 0.019); however, in the therapeutic range (25–40 nM),
no change was seen (Figure 2B). Panc-1 and AsPC-1 showed a decreasing concentration
of extracellular lactate with 40−100 nM digitoxin treatment (±0.09, p = 0.003). The rate of
glycolysis in Panc-1 was reduced to 54% (±0.03, p < 0.001) and in AsPC-1 to 55% (±0.09,
p = 0.003) when the cells were treated with 100 nM digitoxin, and with 40 nM digitoxin
treatment, the rate of glycolysis was reduced to 72% (±0.06, p = 0.01 (Panc-1)) and 66%
(±0.09, p = 0.009 (AsPC-1)) compared with the untreated cells (Figure 2C,D). A clear
distinction between the cell lines could be seen in the basal rate of glycolysis, as follows:
BxPC-3 (17 mM), CFPAC-1 (25 mM), Panc-1 (12 mM), and AsPC-1 (9 mM).
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Figure 1. PDAC fraction of non-viable cells (1-MTS) and level of apoptosis (Caspase 3/7) after
digitoxin treatment. Cell lines (A) BxPC-3, (B) CFPAC-1, (C) Panc-1, and (D) AsPC-1 incubated with
digitoxin at concentrations of 1–100 nM for 48 h, with the controls only incubated with complete cell
media. The number of viable cells was measured using the MTS assay. Apoptosis was measured
using the Caspase 3/7 assay. The fraction of non-viable cells and apoptotic cells for each treatment was
normalized to untreated cells (control). Error bars = SEM, Student’s t-test * p ≤ 0.05, and *** p ≤ 0.001.

Figure 2. Extracellular lactate as a measure of aerobic glycolysis in PDAC cells after 48 h of digitoxin
treatment and the basal expression of genes involved in glycolysis. Extracellular lactate produced
by glycolysis measured in the media after 48 h of treatment with digitoxin, normalized to the
untreated cells (control) in (A) BxPC-3, (B) CFPAC-1, (C) Panc-1, and (D) AsPC-1. The relative basal
transcriptional expression (control) of (E) GLUT1, (F) HK2, (G) PKM2, and (H) LDHA. A regression
analysis was done for the transcriptional expression after digitoxin treatment, a significant increase in
gene expression with digitoxin treatment is denoted with an arrow. The relative basal transcriptional
expression level (delta Ct value, reference gene PMM1) is shown as fold change compared with
the cell line with the lowest expression. Arrow denotes a significantly increased expression with
digitoxin treatment. Error bars = SEM, Student’s t-test * p ≤ 0.05, ** p < 0.01.
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Concerning the genes critical for glycolysis, GLUT1, HK2, and PKM2, a higher basal
transcriptional expression was seen in BxPC-3 and CFPAC-1 compared with Panc-1 and
AsPC-1, which supports the results from the lactate assay (Figure 2E–G). LDHA, catalyzing
the last step in aerobic glycolysis, was expressed the highest in CFPAC-1 compared with the
other three cell lines (Figure 2H). In CFPAC-1, an increased gene expression was found for
all of the genes tested, except for PKM2, with higher digitoxin concentrations. No change
in expression could be seen with digitoxin treatment in AsPC-1 and BxPC-3 (Figure 2E–H).
Panc-1 had an increased expression of HK2 with increasing concentrations of digitoxin
(Figure 2F) (Supplementary Figure S1).

Intracellular ROS concentrations increased significantly with digitoxin treatment
in all four cell lines (Figure 3A–D). In BxPC-3 and Panc-1, the increase in intracellular
ROS was 1.8 and 1.9, respectively, in the therapeutic concentration for 25 nM (±0.07,
p = 0.002 (BxPC-3), ±0.14, p = 0.015 (Panc-1)), and 1.5-fold in CFPAC-1 and AsPC-1 (±0.03,
p < 0.001 (CFPAC-1), ±0.10, p = 0.037 (AsPC-1)) for the same digitoxin concentration.
At the supratherapeutic concentration of 100 nM, intracellular ROS increased 2.3-fold in
BxPC-3 and CFPAC-1, 2.0 in Panc-1, and 1.6 in AsPC-1 (±0.02, p = 0.02 (BxPC-3), ±0.10,
p < 0.001 (CFPAC-1), ±0.09, p = 0.002 (Panc-1), ±0.11, p = 0.02 (AsPC-1)).

Figure 3. Intracellular ROS in PDAC cells after 48 h of digitoxin treatment and for the controls
without digitoxin. (A) BxPC-3, (B) CFPAC-1, (C) Panc-1, and (D) AsPC-1 intracellular ROS as the
mean signaling intensity. Digitoxin concentrations in nM on the x axis. ROS values normalized to
MTS and the control for each cell line. Error bars = SEM, Student’s t-test * p ≤ 0.05, ** p ≤ 0.01 and
*** p ≤ 0.001.

2.3. The Cell Cycle Is Affected by Digitoxin Treatment

The proportion of cells in the different stages of the cell cycle differed in the basal
conditions between the four cell lines. A high proportion of cells were in the S/G2 phase in
BxPC-3 (70.5%) and Panc-1 (68%) compared with CFPAC-1 (41%) and AsPC-1 (18%) (Figure 4).
Only 11% of Panc-1 cells were in G0/G1 (Figure 4C); this was low compared with the other
three cell lines, BxPC-3 (19.5%), CFPAC-1 (49%), and AsPC-1 (69.5%) (Figure 4A–B,D).
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Figure 4. Cell proliferation in PDAC cells in vitro assessed with the Cell-Clock assay (Bio-Color, UK).
(A) BxPC-3, (B) CFPAC-1, (C) PAnc-1, and (D) AspC-1. Proportions of cells in different phases—for
the control and with digitoxin treatment (25 nM, 40 nM, and 100 nM) for 48 h. G0/G1 (yellow), S/G2
(green), and M (blue). Error bars = SEM, Student’s t-test * p ≤ 0.05; and ** p ≤ 0.01.

Following digitoxin treatment for 48 h, both BxPC-3 and CFPAC-1 showed a significant
increase in the proportion of cells in G0/G1 at 40.5% (±3.5, p = 0.027, 25 nM BxPC-3),
64.5%, and 73.0% (±0.5, p = 0.046, 25 nM CFPAC-1 and ±3.0, p = 0.034, 40 nM CFPAC-1)
(Figure 4A,B). In Panc-1, the proportion of cells in the S/G2 phase increased to 84.0%, 87.0%,
and 81.0% with digitoxin treatment (±2.0, p = 0.015, 25 nM, ±0.5, p < 0.001, 40 nM, ±2.0,
p = 0.023, 100 nM) (Figure 4C). AsPC-1 had a very low proportion of cells in the S/G2
phase, only 18% in the basal conditions, and showed no significant changes with digitoxin
treatment (Figure 4D) (Supplementary Table S2).

2.4. Oncogenic Signaling in the PDAC Cell Lines

In order to analyze the basal PI3K/Akt and/or Raf/MEK/ERK activity in the cell
lines and the possible effects of digitoxin treatment, we evaluated the protein levels of
pAkt, Akt, pErk1/2, and Erk1/2 after 48 h of treatment and controls (Figure 5A–H). The
Western blot analysis showed no significant change in the protein expression after digitoxin
treatment, except for the total Akt levels in CFPAC-1, and there was a significant increase
in the Akt-level with increasing the concentrations of digitoxin (F1,4, p = 0.002) (Figure 5B).
Only Panc-1 had detectable levels of phosphorylated Akt (S473) (pAkt), but the protein
level was very low and was not affected by digitoxin treatment (Figure 5C).

ERK1/2 was expressed in all four cell lines, and the active form, pERK1/2, was
detectable in CFPAC-1, Panc-1, and AsPC-1 (Figure 5F–H); however, the pERK1/2 and
ERK1/2 levels were not significantly affected by digitoxin treatment in any of the cell lines.
The total level of both Akt and ERK1/2 was higher in CFPAC-1 and Panc-1 compared with
the other cell lines (Supplementary Figure S2).
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Figure 5. Protein expression of Akt, pAkt, ERK1/2, and pERK1/2 normalized to the total protein for
each sample. Untreated cells (control) compared to cells treated with digitoxin for 1−100 nM for 48 h.
In (A,E) BxPC-3, (B,F) CFPAC-1, (C,G) Panc-1, and (D,H) AsPC-1.

3. Discussion

We have focused on the potential use of an already established cardiotonic drug,
digitoxin, for the purpose of treating pancreatic cancer. Digitoxin has fatal effects on cell
viability and it induced apoptosis to different degrees in the four pancreatic cancer cell lines
examined in this study. These results are in accordance with previous studies using cardiac
glycosides in human glioma and pancreatic cancer cell lines [49,50]. In an earlier study,
we found intracellular calcium was significantly increased in the cell lines BxPC-3 (120%),
CFPAC-1 (117%), and Panc-1 (160%) treated with digitoxin at therapeutic concentrations of
25–40 nM. In AsPC-1 cells, only the supra-therapeutic concentration, 100 nM, induced a
significant increase in intracellular calcium with 12% (unpublished data) [51]. An increase
in the intracellular Ca2+ concentrations affects cell metabolism, proliferation, and apoptosis
in cancer cells [52,53]. The four cell lines used in this study had major differences in their
basal phenotype, which seemed to affect and dictate the response to digitoxin treatment.
BxPC-3 and Panc-1, both derived from primary human tumors, were most affected by
digitoxin treatment regarding their negative effects on cell viability. CFPAC-1, derived from
a liver metastasis, and AsPC-1, from an ascites metastasis (mouse xenograft), were less
affected by digitoxin. In contrast with the general negative effects of digitoxin on cancer
cell viability, we detected differences in metabolism, ROS production, and proliferation in
the PDAC cell lines [54,55].

The four investigated cell lines differed in their mutations in KRAS or BRAF, potentially
affecting the downstream signaling pathways of PI3K/Akt and/or Raf/MEK/ERK [56–59].
CFPAC-1 with the KRAS p.G12V and BxPC-3 with BRAF mutation had a relatively high
rate of glycolysis under basal conditions and also a high transcriptional expression of
GLUT1, HK2, and PKM2. These genes are often found to be highly expressed in primary
pancreatic tumors with the KRAS p.G12V mutation [46]. Fritsche-Guenther et al. concluded
that colorectal carcinoma cells with the KRAS p.G12V mutation are highly glycolytic [60].
According to Yun et al., colorectal cancer cells with KRAS and BRAF mutations have
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a constitutively activated GLUT1 and enhanced glycolysis, in contrast with cells with
mutations in PIK3CA (the catalytic part of PI3K) [44]. Panc-1 and AsPC-1 with the KRAS
p.G12D mutation, had a lower basal rate of glycolysis and a low transcriptional expression of
the genes important for glycolysis and glucose transport.

With digitoxin treatment, the BxPC-3 and CFPAC-1 cells maintained the rate of gly-
colysis, while the glycolysis rate decreased in Panc-1 and AsPC-1. However, digitoxin
treatment did not affect the phosphorylation of Akt (PI3K/Akt pathway) or ERK1/2
(Raf/MEK/ERK1/2 pathway) in the cell lines in this study. Therefore, we conclude that
the changed glycolysis rate is controlled via other pathways.

The high glycolytic activity in BxPC-3 and CFPAC-1 could be the reason for the
relatively low increase in intracellular Ca2+ in these two cell lines. Maintaining a low
concentration of intracellular Ca2+ is fundamental for the normal function of the cell and is
mainly managed by PMCA [61]. As shown in a study by James et al., 2020, PMCA function
depends on ATP produced by glycolysis in PDAC [52].

In contrast, Panc-1 with its low glycolysis rate was not able to provide PMCA with
enough ATP, hence the large increase of intracellular Ca2+. Mitochondria are also important
in the regulation of calcium homeostasis [23,62,63]. When the intracellular concentrations
of Ca2+ increase, some of the excess Ca2+ is transported into the mitochondria, causing
upregulation of the citric acid cycle and oxidative phosphorylation [62]. If the intracellular
Ca2+ increases too much, it will induce apoptosis [64].

Digitoxin treatment caused an increase in ROS production in all four cell lines, but
to the highest degree in BxPC-3 and Panc-1. As oxidative phosphorylation is the major
producer of ROS, we hypothesized that the increase in ROS was due to the increased
activity of oxidative phosphorylation caused by Ca2+. ROS is important for controlling
the redox state of the cell and, further, to control the cell cycle [26,28,31]. We found that
BxPC-3 and Panc-1 have a high proportion of cells in S/G2 phase. Cells in this phase
are more dependent on oxidative phosphorylation than cells in the other phases in the
cell cycle [29]. The large proportion of cells in S/G2 in Panc-1 make this cell line highly
dependent on oxidative phosphorylation for energy and molecules for nucleotide and lipid
synthesis [65]. Panc-1 also had an increased proportion of cells in S/G2 with digitoxin
treatment, which was reflected in the increase in oxidative phosphorylation (ROS) and
decrease in the glycolysis rate. An increase in the proportion of cells in the S/G2-phase
might imply DNA damage. In a study on HeLa cells by Gan et al., 2020, they found
digitoxin to cause cell arrest in G2 due to DNA double strand breaks [66].

Both BxPC-3 and CFPAC-1 had an increase in cells in the G0/G1 phase when treated
with digitoxin. These cell lines were similar in their basal rate and response in glycolysis
rate to digitoxin treatment, and during treatment, they increased the proportion of cells in
G0/G1. The increased proportions of cells in G0/G1 in BxPC-3 and CFPAC-1 with digitoxin
treatment could be due to an arrest in G1. In earlier studies, cardiac glycosides have been
shown to introduce arrest in G1 both in non-small cell lung cancer and in large cell lung
cancer [67,68]. As the cells in the G1 phase are dependent on energy and products from
glycolysis, this is a feasible explanation for the maintained rate of glycolysis in BxPC-3 and
CFPAC-1 [69].

AsPC-1 with KRAS p.G12D was outstanding because of the exceptionally low effects
of digitoxin treatment compared with the other cell lines. AsPC-1 had a low basal rate
for both glycolysis and oxidative phosphorylation, which could reflect a high proportion
of cells in G0/G1. We believe that most of the cells in AsPC-1 were in the quiescent G0
phase, with only basal oxidative metabolism. They were slow growing and had a longer
doubling time compared with the other cell lines, which supports the idea of a quiescent
mode. Invading cancer cells are quite insensitive to digitoxin and have most of their cells
in G0 [70]. The high chemoresistance found in invading cancer cells was probably due to
the fact that they are mainly in the G0/G1 phase [27].

We found large differences in response to digitoxin in the cell lines in this study. BxPC-
3 and CFPAC-1 seemed to be halted in G1, Panc-1 in G2 in the cell cycle, while AsPC-1 was



Int. J. Mol. Sci. 2022, 23, 8237 9 of 14

unaffected. Wang et al., 2021, also found large differences in response to digoxin treatment
between two cell lines derived from non-small cell lung cancer (NSCLC)—one of the cell
lines was arrested in G1 and the other in G2 [68].

We therefore conclude that the beneficial effects of digitoxin on pancreatic cancer cells
are the most pronounced in primary, highly proliferating and non-migrating tumors. In
addition, when using cell lines as model systems in cancer research, it is important to be
aware of the phenotypic/genotypic differences between the cell lines.

4. Materials and Methods
4.1. Cell Culturing

Four pancreatic cancer cell lines were used: BxPC-3, CFPAC-1, Panc-1, and AsPC-1
(ATCC, Wesel, Germany) (Table 1).

Table 1. Pancreatic cancer cell lines.

ATCC® No. Name Histology Tumour Source Mutant Gene

CRL-1687™ BxPC-3 Adenocarcinoma Primary
BRAF, CDKN2A,

MAP2K4, SMAD4,
TP53

CRL-1918™ CFPAC-1 Ductal
adenocarcinoma Metastasis, liver KRAS p. G12V,

SMAD4, TP53

CRL-1469™ Panc-1 Adenocarcinoma Primary KRAS p. G12D, TP53

CRL-1682™ AsPC-1 Adenocarcinoma Xenograft
KRAS p. G12D,

CDKN2A, MAP2K4,
FBXW7, TP53

Pancreatic cancer cell lines, classification by ATCC (ATCC – LGC Standards GmbH, Wesel, Germany).

BxPC-3 and AsPC-1 were grown in RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO,
USA) supplemented with 1% HEPES and 1% sodium pyruvate. CFPAC-1 was grown in
Iscoves Modified Dulbecco’s Medium (IMDM) (Sigma-Aldrich, St. Louis, MO, USA), Panc-
1 in Dulbecco´s Modified Eagle Medium (DMEM) (Sigma-Aldrich, St. Louis, MO, USA)
with the addition of 1% L-glutamine. All of the media were additionally supplemented
with 10% FBS and 1% PEST (Sigma-Aldrich, St. Louis, MO, USA). PCR was used for testing
the cell lines for mycoplasma infection (LookOut Mycoplasma PCR Detection Kit #MP0035,
Sigma-Aldrich, St. Louis, MO, USA).

4.2. Seeding and Treatment with Digitoxin

All of the analyses were performed in 96-well plates and after 48 h of treatment with
digitoxin (Sigma-Aldrich, St. Louis, MO, USA), 5000 cells were seeded in 100 µL complete
growth medium and incubated at 37 ◦C with 5% CO2 to a sub-confluent monolayer. After
20 h of incubation, the media were removed and 100 µL new media containing digitoxin
were added to the cells. The control cells only received new media. The concentrations
of digitoxin used were 0 nM (controls), 1 nM, 10 nM, 25 nM, 40 nM, and 100 nM (human
therapeutic range, 25–40 nM). Cells were further incubated at 37 ◦C with 5% CO2 for 48 h.

4.3. RNA-Extraction, cDNA Synthesis, and Real-Time PCR

For each RNA extraction, 1 × 105 cells were seeded in 6-well plates in 2.4 mL complete
medium, and they were incubated for 20 h at 37 ◦C with 5% CO2 to a sub-confluent
monolayer. After 20 h, the media were removed and new media were added together
with digitoxin in the same concentrations as previously mentioned. The control cells only
received new media.

The cells were treated for 48 h with digitoxin, and RNA was extracted using the
RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. For
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cDNA synthesis, 1 µg of RNA from each sample was used in High-Capacity cDNA Reverse
Transcription Kit Reagent (Thermo Fisher Scientific, Waltham, MA, USA).

cDNA corresponding to 5 ng of RNA was used in each qPCR reaction. qPCR was
performed on a Pikoreal qPCR System (Thermo Fischer Scientific Waltham, MA, USA) in
duplicate for the TaqMan target transcripts (TaqMan Gene Expression Assays, Applied
Biosystems, Foster City, CA, USA), using TaqMan™ Gene Expression Master Mix (4369016,
Applied Biosystems, Foster City, CA, USA) for the genes GLUT1 (Assay ID: Hs00892681),
HK2 (Assay ID: Hs00606086), LDHA (Assay ID: Hs03405707), and the reference gene PMM1
(Assay ID: Hs00963626_m1).

A 5 µL reaction mixture was prepared with 1.3 µM of each primer, 5 ng of cDNA,
and 2x Fast SYBR™ Green Master Mix (4385617, Applied Biosystems, Foster City, CA,
USA). Primers for the gene PKM2 were forward 5′-GTCTGGAGAAACAGCCAAGG and
reverse 5′-CGGAGTTCCTCGAATAGTG. The PCR cycling conditions were 95 ◦C for 7 min,
40 cycles of 95 ◦C for 10 s, and 60 ◦C for 15 s, followed by a melt curve setting. Quantitative
gene expression data were normalized to the expression level of the human reference gene
PMM1 (Figure S1: Gene expression).

4.4. Protein Extraction and Western Blot (WB)

Cells were seeded in a quantity of 5 × 105 cells per 75 cm2 flask and incubated for
20 h at 37 ◦C with 5% CO2; thereafter, the old media were removed and new media with
digitoxin in different concentrations were added. The controls only received new, complete
media. Proteins were extracted after 48 h of treatment with digitoxin and the cells were
lysed in a lysis buffer (FNN0011, Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with phenylmethylsulphonyl fluoride (PMSF) (36978, Thermo Fisher Scientific,
Waltham, MA, USA) and protein inhibitor cocktail (P2714, Sigma-Aldrich, St. Louis, MO,
USA). The protein concentration in the samples was determined using the Pierce™ BCA
Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA).

The samples were separated using SDS-PAGE (sodium dodecyl sulfate-polyacrylamide
electrophoresis) (8–16% gel), blotted to PVDF membranes, blocked in PBST with 5% milk,
and incubated for 16–20 h with primary antibodies (Akt #9272, pAkt #9271, ERK1/2 #4695,
and pERK1/2 #4695) (Cell signaling Technology, Danvers, MA, USA) (1:1000) at 4 ◦C. The
membranes were further incubated with a secondary antibody in PBST with 5% milk, Alexa
Fluor 488 (1:2500). The protein expression was measured using the ChemiDoc System
(BioRad Laboratories Inc., Hercules, CA, USA). The protein expression was normalized to
the total protein for each sample (Figure S2: WB).

4.5. Cell Viability Assay

Cell viability analysis was performed with the CellTiter 96® AQueous One Solution Cell
Proliferation Assay (MTS) (Promega, Madison, WI, USA). This is a colorimetric method for
determination of the number of viable cells. After 48 h of incubation with digitoxin, 20 µL of
MTS tetrazolium was added to each well and they were then incubated for 1 h. The quantity
of the formazan product was measured using a spectrophotometer at 490 nm (FLUOstar
Omega, BMG Labtech, Ortenberg, Germany). The value was directly proportional to the
number of living cells in the cell culture. All of the assays were performed in octuplicates
and were repeated five times (Table S1: MTS).

4.6. Caspase 3/7 Assay

Cells were seeded in black-walled 96-well cell culture plates and were treated with
digitoxin, as previously described, and incubated for 48 h. The endpoint assay in the
CellEvent™ Caspase-3/7 Green Detection Reagent kit (C10423, Invitrogen/ThermoFisher
Scientific, Waltham, MA, USA) was performed. Reagents in this assay consisted of a DEVD
peptide conjugated to a fluorescent dye binding to nucleic acids. The activation of Caspase
3 and/or Caspase 7 cleaved the conjugated DEVD peptide and the nucleic acid binding dye
became fluorescent when binding to the DNA. The fluorescence intensity was measured
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with a microplate reader, FluoStar, at Ex/Em 485/520 (FLUOstar Omega, BMG Labtech,
Ortenberg, Germany). The assay was performed in triplicate and repeated three times.

4.7. Extracellular Lactate-Aerobic Glycolysis

Cells were seeded in 96-well plates and after 48 h of treatment with digitoxin, 5 µL
of media was diluted 1:20 in PBS and kept in –20 ◦C until the analysis. The samples
were further diluted to a final dilution of 1:800 and were analyzed in by Lactate-Glo™
Assay (Promega, Madison, WI, USA). Luminescence was measured in a microplate reader,
FluoStar. The assay was performed in duplicate and was repeated twice.

4.8. Intracellular ROS

Cells were seeded and treated with digitoxin in triplicate for 48 h, as described earlier.
The oxidative stress was measured using the CellROX green reagent (C10444, Invitro-
gen/ThermoFisher Scientific, Waltham, MA, USA). The dye has a bright green fluorescence
when oxidated by ROS and after subsequent binding to DNA. The fluorescence intensity
was measured with a microplate reader, Fluostar, at Ex/Em = 485/520 (FLUOstar Omega,
BMG Labtech, Ortenberg, Germany). The assay was performed for two biological replicates
and two technical replicates.

4.9. Cell Cycle Analysis

The Cell-Clock assay (Biocolor, Carrickfergus, UK) was used to assess the basal pro-
liferation status and the effects of digitoxin on the cell cycle in the four cell lines. This is
a system to measure the four phases, G0-G1, S, G2, and M, of the cell cycle in live cells.
Cells were seeded in 96-well plates, treated with digitoxin for 48 h, and incubated with the
provided redox dye for 1 h at 37 ◦C; then, they were manually evaluated by two researchers
blinded to the actual treatment. The ratio of each phase was calculated (Table S2: Cell cycle).

4.10. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics 27.0 (Armonk, NY, USA:
IBM Corp), Student’s t-test (paired, two-tailed) for cell viability, caspase 3/7, and Cell-
Clock results to confirm significance among treatments, compared with the control. The
effect of digitoxin treatment on the transcriptional expression, protein expression, and
lactate production was assessed by linear regression. Significance values were * p ≤ 0.05,
** p ≤ 0.01, and *** p ≤ 0.001.

5. Conclusions

The high malignancy and poor prognosis of PDAC, together with increasing patient
numbers, call for the development of new treatment strategies. Increased knowledge
about the effect that digitoxin exerts on PDAC cells is needed to validate its use for the
treatment of pancreatic cancer. In order to obtain a maximal effect on cancer cell viability, a
combination of treatments affecting metabolism and proliferation in cancer is preferable.

We have shown that digitoxin can act as an anti-cancer agent in several pancreatic
cancer cell lines, but it affects metabolism, ROS production, and proliferation differently
depending on the cell type. Cell metabolism and proliferation are closely connected because
of the changing demands in the different phases in the cell cycle, and the proportion of
cells in the S-phase seems to determine the success of digitoxin treatment.

Our results show that BxPC-3 and Panc-1, derived from primary tumors, have a high
proportion of cells in the building/synthesizing phases in the cell cycle, and are also the
most vulnerable to digitoxin treatment. Knowing the metabolic and proliferative pattern in
human tumors will be critical for choosing the correct treatment.
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