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People with cancer often experience long-term physical and psychological stress, which can
have a significant impact on tumor metabolism and treatment. The effects of adrenergic
signaling on metabolic pathways are well known, but only a few studies have looked into the
connection between this signaling and tumor metabolism. This study examined the effects of
treatment with isoproterenol (Iso) alone and in combination with B-hydroxybutyrate (BHB), a
mitochondrial fuel, on the metabolism, survival, and migration of SW480 colon cancer cells
treated with 5-fluorouracil (5FU). The researchers measured the oxygen consumption rate
(OCR) and extracellular acidification rate (ECAR) to determine the metabolic profile of these
cells. They also analyzed the gene expression of PGC-1a, c-MYC, and NANOG to investigate
the relationship between metabolic phenotype and stemness status. Scratch assays were used to
assess cell migration. The results showed that 1so treatment increased cell viability in both
SW480 and 5FU-treated SW480 cells. There was a significant decrease in ECAR and an
increase in OCR after Iso treatment in both cell types. The expression of c-MYC and NANOG,
genes associated with stemness, increased, while the expression of PGC-1a, a gene related to
oxidative phosphorylation, decreased following Iso treatment. Iso treatment also increased the
migration potential of both SW480 and 5FU-treated SW480 cells. These findings suggest that
under stressful conditions, 5FU-treated colon cancer cells can utilize the oxidative
phosphorylation pathway for growth and migration.
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Introduction

Epidemiological observations have demonstrated the role of stress and sympathetic nervous system
activation in tumorigenesis, cancer progression, and metastasis (1, 2). Further studies have shown that the
long-term use of beta-blockers decreases tumor progression in several types of cancers (3, 4). The presence
of large numbers of beta-adrenergic receptors on tumor and stromal cells' surfaces including colon cancer
cells, (5, 6) shows that they can be influenced by both systemic epinephrine and local sympathetic nerves.
For example, histological examinations of breast and ovarian carcinomas have shown localized nerve
expansion of catecholaminergic fibers in parenchymal tumor tissues due to chronic stress. Moreover,
repeated stimulation increases the density of these fibers (7, 8). Similarly, mouse xenograft models confirm
that stress is enhancing the effects on the growth and dissemination of tumor cells (9).

Activation of B-adrenergic receptors results in increased intracellular cyclic AMP following the
activation of G-protein mediated adenylyl cyclase. Cyclic AMP, as the main intracellular mediator of the [3-
adrenergic receptor, induces two opposite effects in cancer cells. The majority of published studies have
explored the effect of cyclic AMP on the regulation of apoptosis in tumor cells. In some types of cancers,
cyclic AMP has a pro-apoptotic effect. This has been demonstrated in lung carcinoma, (10) melanoma, (11)
and ovarian cancer, (12) conversely, in other cancers, augmentation of cyclic AMP promotes tumor growth
and dissemination. These cancers include colorectal cancer (13) and lymphoma cells treated with DNA
damaging agents (14). B-adrenergic associated protein kinase A (PKA) activation and Ras-Raf pathway are
involved in controlling a range of cellular processes, such as inflammation, angiogenesis, apoptosis, cellular
immune responses, DNA-damage repair, differentiation, movement, invasion, secretion, and proliferation by
regulating the various expression of genes (15).

Despite the well-known effects of adrenergic signaling on cancer progression, and considering that
tumor cells are metabolically diverse and flexible to maintain survival and growth, few studies have explored
the precise role of catecholamines in cancer progression and the potential impact of metabolic alterations.
Thus, the pro-carcinogenic effects of B-adrenergic signaling, specifically the role of p-adrenergic receptors
in the switch between oxidative metabolism and glycolysis, require further investigation.

We have recently suggested that a sub-population of grade 1V colorectal adenocarcinoma, treated with
5FU for 3 days, shows a preference for recruiting BHB as a fuel in their mitochondrial oxidative pathways.
BHB also promoted the expression of stemness genes, increased migration, and enhanced the invasiveness
of the cancer cells (16).

In this study, we focused on the effect of B-adrenergic receptor stimulation using Iso on the shift of
metabolism from glycolysis to oxidative phosphorylation or vice versa in SW480 cells and 5FU-treated cells,
both in the absence and the presence of BHB. We also investigated the effects of Iso and HB on cell viability
and migration in these cells.

Materials and methods

Colon Cancer Cell Line and Culture
SW480 cells from Grade I11-1V human colon cancer cell line (obtained from the National Cell Bank of
Iran, Pasteur Institute, Iran) that are undifferentiated, invasive, and tumorigenic were compared with
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chemotherapy-treated SW480 cells. These treated cells, according to the protocol described in our previous
study, (16) survived and grew 72 hours after treatment with 20 uM of SFU (equivalent to the calculated ICso
dose) (Ebewe PHARMA, AUSTRIA). They were cultured in DMEM medium with 10% fetal bovine serum
(GIBCO, Life Technologies), 1% L-glutamine, 1% penicillin/streptomycin (Sigma, St. Louis, USA) under
standard conditions for single layer culture of eukaryote cells at 37 °C temperature, 95% humidity, and 5%
CO. Confluent cells were harvested by EDTA-trypsin (Sigma, St. Louis, USA) and their old media was
replaced twice a week.
Survival of Cells after Iso Treatment with MTT Test

We investigated the viability of SW480 and 5FU-treated SW480 cells after treatment with Iso at 20,
100, and 150 uM concentrations (Isoprenalina Cloridrato, Monico, Italy), as well as, Iso in combination with
250 um BHB that was calculated and described in our previous study as the ECso dose of it. The ECso dose
of Iso was calculated by plotting the concentration curves against the percentage of live cells. After
determining the ECso dose of Iso, 3000 cells/well were seeded in a 96-well plate. After 24 hours, they were
treated with 100 UM Iso alone or its combination with 250 uM BHB for 72 hours. Following this, the old
media was removed, and 200 pL of a 5 mg/ml solution of MTT salts (Sigma, St. Louis, USA) dissolved in
phosphate-buffered saline (PBS) was added to each well. The plate was then placed in the incubator for 4
hours. Then, the supernatant of the cells was replaced with 200 uL. DMSO to dissolve the formazan crystals.
The optical absorption at 570 nm was measured by an Elisa reader (ELx808, BioTek, USA) to assess cell
viability.
Determination of Metabolic Phenotype Based on Measurements of Oxygen Consumption and Extrace-
llular Acidity

OCR in living cells in real-time can be used as an indicator of oxidative phosphorylation. The OCR of
SW480 and 5FU-treated SW480 cells was investigated by analyzing the changes in fluorescence over time
using the MitoXpress® Xtra kit (Luxcel Bioscience, Cork, Ireland # MX-200) and calculating ECAR as a
measure of glycolysis using a pH-Xtra kit (Luxcel Bioscience, Cork, Ireland # PH-200). Approximately
70000 cells for each well of 96-well plate were cultured overnight. The cells were treated with Iso (100 uM)
and a combination of Iso and BHB (250 uM) for 24 hours. As per the MitoXpress® Xtra kit protocol, the
fluorescence signal intensity was measured using a plate reader (Cytation 3, Bio-Tek) at 37 °C every one and
a half minutes for 150 minutes. This measurement was taken immediately after adding the drug treatments,
the prepared fluorescent probe, and mineral oil (to prevent oxygen exchange). The excitation wavelength
was 365 nm, and the emission wavelength was 650 nhm. The device was set in the mode of time-resolved
fluorescence (TRF) mode, with delay times of 30 ps and 70 ps. According to the protocol of the kit, the
presence of CO residue can lead to acidity and affect ECAR measurements. Therefore, it was crucial to make
an effort to eliminate all CO. To do so, the plate containing the cultured cells was incubated in a carbon-free
incubator for three hours before adding the drug treatments. Once added, in conjunction with the respiratory
buffer and pH-Xtra reagents, which were prepared according to the kit protocol, the plate was immediately
read on the fluorescent plate reader at 37°C every one and a half minutes for at least 120 minutes. The
excitation wavelength used was 380 nm, and the emission wavelength was 615 nm. The device was set to
time-resolved fluorescence (TRF) mode.
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Finally, the fluorescence values measured for both tests were plotted against time after being corrected
based on the values of blank samples that lacked reaction materials. The linear section of the signal profile
was selected and the oxygen and extracellular acidity were determined by calculating the regression line
slope. The mean values of two sets of triple repetitions for each sample were statistically analyzed.
cDNA Synthesis and RT-PCR Assay

The RNX-Plus solution was used to extract total RNA from cells that were treated for 72 hours,
following the manufacturer's protocol (Cinagene, Iran). Then 1 pg of RNA was subjected to cDNA synthesis
using the cDNA synthesis kit from Vivantis Technologies in Malaysia. Finally the PCR reaction for PGC-
la, c-MYC, and NANOG with GAPDH as an internal control was performed using the designed primers
(Table 1), the MasterMix, and the appropriate temperatures as recommended by the manufacturer.

Table 1. Details of the primer pairs used in this study.

Gene Forward primer/ reverse primer Length (nt)
NANOG F:5’AACTCTCCAACATCCTGAACCTC3 119
R: 5'CGTCACACCATTGCTATTCTTCG3
c-MYC F: 55GCATACATCCTGTCCGTCCAAGS3 124
R: 5TTCCTTACGCACAAGAGTTCCG3'
PGC-la F: 55GTCACAACACTTACAAGCCAAACCS3 135
R: 5GCAGTTCCAGAGAGTTCCACACS3
GAPDH F: 55CATCAAGAAGGTGGTGAAGCAG3' 130

R: 55GCGTCAAAGGTGGAGGAGTG3'

Evaluation of Cell Migration Ability by Scratch Assay

To investigate the effect of Iso versus the combination of Iso with fHB on cells’ ability to migrate, we
created a scratch using a crystalline sampler tip in a 90% confluent single-layer cell culture. The cells were
incubated with mitomycin C (Sigma, St. Louis, USA) for 2 hours to prevent cell division. After scratching,
the cells were washed twice with PBS to remove any remaining mitomycin C and cell debris. After that, the
cells were incubated in a culture media containing 0.5% serum (to inhibit cell proliferation) and treated with
Iso and its combination with BHB. We analyzed photos taken at 0, 36, and 72 hours after scratching by using
a camera attached to the microscope, and subsequently, the migration rate of the cells was calculated based
on the percentage of scratch closure.
Statistical Analysis

Statistical tests were performed using SPSS 21 software and were determined by Student’s t-test and
one-way ANOVA (with Tukey post-hoc test). Data were presented as mean * standard deviation (S.D.) and
P < 0.05 was considered statistically significant. The scratch area and its changes were measured at different
times with Image J software. Figures and the ECsg calculations were performed using GraphPad Prism 6 (La
Jolla, CA 92037 USA) software.

Results

Cell Viability
Based on our observations, treatment of cells with Iso in different concentrations (0, 20, 100, 150 uM)
for 72 hours showed increasing survival rates in both SW480 and 5FU-treated SW480 cells (Figure 1A).
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Thus, using the dose-response curve ability of GraphPad Prism software, the ECso values at 100.3 and 103.1
UM for Iso in 5FU-treated SW480 and SW480 cells were calculated respectively and shown in figure 1B.
Therefore, in the next experiments, we used 100 uM of Iso for cell treatment. The treatment of cells with 1so
, along with 250 uM BHB as an aerobic metabolic fuel, significantly increased cell viability compared to the
control group (p<0.05) in both cell types, as shown in Figure 1C.
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Fig.1. Increased cell viability after Iso treatment in SW480 and 5FU-treated SW480 cells. (A) Cell viability was measured with the
MTT method after 72 h treatment of SW480 and 5FU-treated SW480 cells with different concentrations of Iso (0, 20, 100, 150uM)

for 72 hours (B) ECsowas calculated at about 100uM using dose-response curve for both cell types (C) Significant increase in cell
viability after Iso and its combination with BHB treatment at their ECso dose. The results are provided as mean values with standard
error from at least three independent experiments and normalized to 100% of the control group. *p < 0.05 vs. control.

Oxygen Consumption Rates

The OCR, as a measure of oxidative phosphorylation, examined the impact of treatment with Iso alone
as a stress inducer, or Iso combined with BHB as an energy source for mitochondrial metabolism, on the
metabolic phenotype in both SW480 and 5FU-treated cells. Results showed that treatment with Iso and Iso
in combination with BHB caused a significant increase in OCR compared to the control group (p<0.0001).
However, there was no significant difference between the two treatment groups. No significant difference in
OCR was observed between the two cell types, as shown in Figure 2A-B.
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Fig.2. An increase in oxygen consumption rate after Iso and Iso + PHB treatment in SW480 and SFU-treated SW480 cells. (A) Real-
time responses as the average fluorescent emission value over 150 minutes of fluorophores in the MitoXpress-Xtra kit as a measure
of OCR (mean £ SEM, n = 6) in SW480 and 5FU-treated SW480 cells relative to the control (B) OCR calculated based on the linear

portion of the regression line of real time-responses of average fluorescence versus time which is normalized to control in SW480
and 5FU-treated SW480 cells. *p < 0.0001 vs. control in SW480 cells. **p < 0.0001 vs. control in 5FU-treated SW480 cells.

Extracellular Acidification Rates

Alterations in the ECAR were used as indicators of glycolysis and considered as a method for examining
the metabolic phenotype after treatment with Iso and Iso combined with BHB in 5FU-treated SW480 and
SW480 cells. Treatment with Iso and Iso in combination with BHB significantly reduced ECAR compared
to the control group in SWA480 cells treated with 5FU (p<0.0001). However, in SW480 cells, Iso significantly
decreased ECAR (p<0.0001). However, no significant difference in ECAR was observed after Iso plus BHB
treatment compared to the control, as shown in Figure 3A-B.
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Fig.3. Decrease in extracellular acidification rate after Iso and Iso + PHB treatment in SW480 and 5FU-treated SW480 cells. (A)
Real-time responses as the average fluorescent emission value over 120 minutes of fluorophores in the pH-Xtra kit assessed as an
indication of ECAR (mean £ SEM, n = 6) in SW480 and 5FU-treated SW480 cells relative to the control (B) ECAR calculated by
using the slope of the linear portion of real time-responses of average fluorescence versus time which is normalized to control in
SW480 and 5FU-treated SW480 cells. *p < 0.0001 vs. control in SW480 cells. **p < 0.0001 vs. control in 5SFU-treated SW480 cells.

Analysis of the Expression of Genes

To investigate the correlation between gene expression and the favored metabolic pathway in SW480
cells treated with 5FU and those not treated with 5FU, we assessed the expression of specific gene markers
associated with mitochondrial biogenesis, glycolysis, and stemness. These markers included PGC-1a, c-
MYC, and NANOG. The analysis was conducted after 72 hours of treatment with Iso and its combination
with BHB.

In 5FU-treated SW480 cells, as shown in Figure 4A, the expression of PGC-1a, a master regulator of
mitochondrial biogenesis and increased oxidative phosphorylation metabolism, significantly decreased
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(p<0.0001) after Iso and Iso in combination with BHB treatments. The expression of oncogenic c-MY C which
is assumed to be associated with the glycolytic program showed a significant increase compared to the control
after Iso and Iso in combination with BHB treatments (p<0.05). A significant increase was also observed in
the expression of the stemness marker gene NANOG after treatment with Iso and its combination with HB,
compared to the control (p < 0.05).

In non-5FU-treated SW480 cells, as shown in Figure 4B, the expression of PGC-1a significantly
decreased compared to the control in both Iso and Iso plus BPHB treatments. The highest decrease was
observed after treatment with only Iso (p<0.0001). Iso treatment did not make any significant difference in
the expression of c-MYC compared to the control. However, treatment with Iso plus BHB significantly
reduced c-MY C expression (p<0.001). No significant difference was observed in NANOG expression among
these cells after Iso and Iso plus BHB treatments.
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Fig.4. Relative gene expression. (A) PGC-1a, c-MYC, and NANOG relative mRNA expression levels determined by real-time PCR
after 72 h treatment with Iso and Iso + BHB in SFU-treated SW480 cells (B) Relative expression of mRNA of above-mentioned
genes after 72 h treatment with Iso and Iso + BHB in SW480 cells. Each column represents the mean + SEM of data from two
independent experiments in duplicate reactions. *p < 0.05 vs. control.
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Cell Migration

The effects of treatment with Iso and Iso plus BHB on cell migration were evaluated using a scratch
assay. The cells from both groups migrated to the scratched area, and the percentage of scratch closure was
calculated at 0, 36, and 72 hours (Figure 5A and 5B). In SW480 cells, treatment with Iso and Iso plus pHB
did not significantly alter the migration compared to the control (Figure 5C). However, as seen in Figure 5D,
in 5FU-treated SW480 cells, treatment with Iso plus BHB significantly increased migration compared to the
control after 36 hours (p <0.05). However, Iso alone did not result in a significant difference in scratch closure
percentage. Interestingly, after 72 hours, the migration rate of the cells in both groups was significantly higher
than that of the control group (p <0.05).

(A)
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Fig.5. Migration of SW480 and 5FU-treated SW480 cells. (A) Photographs of wounded SW480 cells. The photos were captured

immediately (Time = 0) after scratching and after 36 and 72 h following Iso treatment using an inverted microscope equipped with
a digital camera. The area restricted to lines indicates the boundary of migrated cells at the desired time point (B) Photographs of

wounded 5FU-treated SW480 cells (C) The effect of PHB treatment in migration was plotted as a percentage of wound closure in
SWA4380 cells (D) Migration as a percentage of wound closure in 5FU-treated SW480 cells. The results are provided as mean values
with standard deviations from at least three independent experiments. *p < 0.05 vs. control after 36 and 72 h.

Discussion

In this study, we discovered that Iso can shift metabolism towards oxidative phosphorylation to provide
suitable survival and migration conditions under the presence or absence of BHB in 5FU-treated SW480
colon cancer cells.

Our results agree with the vast majority of studies conducted in this area of medicine suggesting that
beta-adrenergic receptor agonists may cause an increase in SW480 cell survival. (15) In addition, we also
observed that the presence of BHB in combination with Iso caused an increase in cell survival. Several
downstream mechanisms are suggested for the pro-cancerous effects of beta-adrenergic stimulation in tumor
cells. These mechanisms include the B-arrestin-dependent activation of STAT3 and pro-inflammatory
signaling, cyclic AMP/PKA-dependent phosphorylation, activation of CREB/ATF, GATA transcription
factors, and the cyclic AMP/EPAC-associated ERK1/2 pathway (5). It has been shown that the activation of
B-adrenergic receptors promotes the acceleration of metastasis and invasiveness in many types of tumor cells,
including those found in breast, pancreatic, and prostate cancer (17-19). We have previously shown that BHB
accelerates the proliferation and invasiveness of 5FU-treated SW480 cells. (16) In this study, we found that
beta-adrenergic receptor agonists enhance the effect of BHB on the growth and migration capacity of cells
treated with 5FU. Furthermore, previous studies have shown that beta-adrenergic receptor antagonists can
suppress the growth, movement, and infiltration of cancer cells in the breast, colon, and liver (20). Moreover,
it seems that the beta-adrenergic system enhances the migratory capacity of these cells by reprogramming
their metabolism and suppressing the immune system to facilitate metastasis (21).
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Our study results indicated that Iso and the combination of Iso with BHB treatment significantly
increased oxidative phosphorylation and reduced glycolysis in 5FU-treated SW480 cells compared to the
untreated group. It remains unclear whether glycolysis or oxidative phosphorylation is the dominant
metabolic pathway amongst cancer stem cells, but the results of studies in this area remain contradictory.
While cancers such as lung and colon tumors, which are similar to somatic cells, are dependent on oxidative
phosphorylation, embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs), and certain cancers
like breast and liver rely primarily on glycolysis (22-28). In our previous study, we observed that treating
5FU-treated SW480 cells with BHB resulted in an approximately 5-fold increase in oxidative
phosphorylation. However, in this study, despite increasing oxidative phosphorylation and reducing
glycolysis, Iso did not exacerbate the effect of BHB on oxidative phosphorylation. It seems that tumor cells
do not rely solely on glycolysis and, it is clear that at least a subgroup of them is able to shift their metabolism
toward oxidative phosphorylation based on their microenvironment.

The study of gene expression patterns associated with metabolism showed a decrease in the expression
of PGC-1a and an increase in the expression of c-MYC, after treatment with 1so. Sancho et al. demonstrated
that the decrease in c-MYC expression was linked to a reduction in glycolysis, achieved by downregulating
glycolytic enzymes. This, in turn, led to an upregulation of PGC-1a expression and oxidative phosphorylation
(27). On the other hand, c-MYC has been recognized as a transcription factor that promotes growth and
metastasis in tumors. Increased lactate production may be one of the mechanisms causing these effects,
although the role of lactate metabolism is not well understood. In principle, this factor induces oxidative
phosphorylation by promoting mitochondrial biogenesis and increasing glucose utilization as a metabolic
substrate (29). In general, depending on the existing conditions, it seems that Iso, can alter the metabolic
adaptation of cancer cells to survive and grow. Nevertheless, further molecular research is needed to clarify
the mechanism and effect of this interaction on cancer cell metabolism.

Our results indicated that treatment with Iso and the combination of Iso with fHB in SFU-treated SW480
cells caused an increase in the expression of the NANOG transcription factor. NANOG is a well-known stem
cell marker that plays a role in tumor progression. However, the mechanisms of cancer pathogenesis are still
not fully understood. A study by Chen et al. linked NANOG with the reprogramming of mitochondrial
metabolism and the inhibition of mitochondrial ROS production. These processes contribute to preserving
the ability of self-renewal and metabolic programming, which induce resistance to chemotherapy in liver cell
carcinoma (30). It appears that the increase in stemness following upregulation of NANOG, along with c-
MY C after Iso treatment, is consistent with other studies in this field.

Fluorouracil is commonly used as the initial treatment for most types of cancer. Studies have shown
that it can stimulate mitochondrial biogenesis and induce shifts in metabolism towards oxidative
phosphorylation by activating AMPK and PGC1-a. It has been found that the SIRT1/PGC1-a axis plays a
role in resistance to chemotherapy and increased oxidative phosphorylation in metastatic colon cancer cells.
Therefore, it may be possible to attribute some of the differences in the gene expression and other outcomes
between the two cell groups to the effects of 5FU (31-35). It should be noted that our study does not provide
information on the mechanism of these phenomena. Stress and sympathetic nervous system activation play
a role in tumorigenesis, cancer progression, and metastasis. Long-term use of beta-blockers can decrease
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tumor progression in several types of cancers. Due to limited research, further investigations, particularly
regarding protein expression, are necessary to elucidate the specifics.

The findings of this research indicate that administering Isoprotrenol to SW480 colon cancer cells
treated with 5FU, which serve as a representation of stressed cells, leads to an increase in the utilization of
oxidative phosphorylation as a metabolic pathway. Additionally, it enhances the capacity of cells to survive
and migrate. Therefore, based on the findings of our study, which are consistent with numerous other studies
in this field, stress and the use of beta-adrenergic receptor agonists may contribute to the development of
cancer. On the contrary, it seems that beta-blockers have been found to have a beneficial effect on tumor
progression in various types of cancers when used over a long period of time. Further research is needed to
understand the mechanisms and effects of these interactions on cancer cell metabolism.

Acknowledgments

The study was funded by Shahid Beheshti University of Medical Sciences, Tehran, Iran (grant number
10242-8-1). The present authors would like to express their gratitude to their colleagues of the Laboratory
of Cellular and Molecular Nutrition Research, National Nutrition and Food Technology Research Institute,
Faculty of Nutrition Science and Food Technology, Shahid Beheshti University of Medical Sciences,
Tehran, Iran.

References

1. Antoni MH, Lutgendorf SK, Cole SW, et al. The influence of bio-behavioural factors on tumour biology: pathways and
mechanisms. Nature Reviews Cancer 2006;6:240.

2. Chida Y, Hamer M, Wardle J, et al. Do stress-related psychosocial factors contribute to cancer incidence and survival? Nature
Reviews Clinical Oncology 2008;5:466.

3. Childers WK, Hollenbeak CS, Cheriyath P. B-Blockers Reduce Breast Cancer Recurrence and Breast Cancer Death: A Meta-
Analysis. Clinical breast cancer 2015;15:426-31.

4. Jansen L, Hoffmeister M, Arndt V, et al. Stage-specific associations between beta blocker use and prognosis after colorectal cancer.
Cancer 2014;120:1178-86.

5. Cole SW, Sood AK. Molecular pathways: beta-adrenergic signaling in cancer. Clin Cancer Res 2012;18:1201-6.

6. Rains SL, Amaya CN, Bryan BA. Beta-adrenergic receptors are expressed across diverse cancers. Oncoscience 2017;4:95-105.
7. Thaker PH, Han LY, Kamat AA, et al. Chronic stress promotes tumor growth and angiogenesis in a mouse model of ovarian
carcinoma. Nature medicine 2006;12:939-44.

8. Sloan EK, Priceman SJ, Cox BF, et al. The sympathetic nervous system induces a metastatic switch in primary breast cancer.
Cancer research 2010;70:7042-52.

9. Moreno-Smith M, Lutgendorf SK, Sood AK. Impact of stress on cancer metastasis. Future oncology 2010;6:1863-81.

10. Shafer SH, Phelps SH, Williams CL. Reduced DNA synthesis and cell viability in small cell lung carcinoma by treatment with
cyclic AMP phosphodiesterase inhibitors. Biochemical pharmacology 1998;56:1229-36.

11. Mantovani G, Bondioni S, Lania A, et al. High expression of PKA regulatory subunit 1A protein is related to proliferation of
human melanoma cells. Oncogene 2008;27:1834.

12. Slot K, de Boer-Brouwer M, Houweling M, et al. Luteinizing hormone inhibits Fas-induced apoptosis in ovarian surface epithelial

cell lines. Journal of endocrinology 2006;188:227-39.

International Journal of Molecular and Cellular Medicine. 2023; 12(2): 144-158


http://dx.doi.org/10.22088/IJMCM.BUMS.12.2.144
http://ijmcmed.org/article-1-2100-en.html

[ Downloaded from ijmcmed.org on 2025-11-15 ]

[ DOI: 10.22088/IIMCM.BUMS.12.2.144 ]

157 Effect of isoproterenol on metabolism shifting/ Shakery A, et al

13. Loffler I, Grun M, Bohmer FD, et al. Role of cAMP in the promotion of colorectal cancer cell growth by prostaglandin E2. BMC
Cancer 2008;8:380.

14. Safa M, Zand H, Mousavizadeh K, et al. Elevation of cyclic AMP causes an imbalance between NF-xB and p53 in NALM-6
cells treated by doxorubicin. FEBS letters 2010;584:3492-8.

15. Tang J, Li Z, Lu L, et al., editors. 3-Adrenergic system, a backstage manipulator regulating tumour progression and drug target
in cancer therapy. Seminars in cancer biology; 2013: Elsevier.

16. Shakery A, Pourvali K, Ghorbani A, et al. Beta-Hydroxybutyrate Promotes Proliferation, Migration and Stemness in a
Subpopulation of 5FU Treated SW480 Cells: Evidence for Metabolic Plasticity in Colon Cancer. Asian Pac J Cancer Prev
2018;19:3287-94.

17. Chang A, Le CP, Walker AK, et al. B2-Adrenoceptors on tumor cells play a critical role in stress-enhanced metastasis in a mouse
model of breast cancer. Brain, behavior, and immunity 2016;57:106-15.

18. Guo K, Ma Q, Wang L, et al. Norepinephrine-induced invasion by pancreatic cancer cells is inhibited by propranolol. Oncology
reports 2009;22:825-30.

19. Palm D, Lang K, Niggemann B, et al. The norepinephrine-driven metastasis development of PC-3 human prostate cancer cells in
BALB/c nude mice is inhibited by p-blockers. International journal of cancer 2006;118:2744-9.

20. Iseri OD, Sahin FI, Terzi YK, et al. beta-Adrenoreceptor antagonists reduce cancer cell proliferation, invasion, and migration.
Pharmaceutical biology 2014;52:1374-81.

21. Repasky EA, Eng J, Hylander BL. Stress, metabolism and cancer: integrated pathways contributing to immune suppression.
Cancer journal (Sudbury, Mass) 2014;21:97-103.

22. Sancho P, Barneda D, Heeschen C. Hallmarks of cancer stem cell metabolism. British journal of cancer 2016.

23. Folmes CD, Nelson TJ, Martinez-Fernandez A, et al. Somatic oxidative bioenergetics transitions into pluripotency-dependent
glycolysis to facilitate nuclear reprogramming. Cell metabolism 2011;14:264-71.

24. Peiris-Pages M, Martinez-Outschoorn UE, Pestell RG, et al. Cancer stem cell metabolism. Breast Cancer Research 2016;18:1.
25. Janiszewska M, Suva ML, Riggi N, et al. Imp2 controls oxidative phosphorylation and is crucial for preserving glioblastoma
cancer stem cells. Genes & development 2012;26:1926-44.

26. Ye XQ, Li Q, Wang GH, et al. Mitochondrial and energy metabolism-related properties as novel indicators of lung cancer stem
cells. International Journal of Cancer 2011;129:820-31.

27. Sancho P, Burgos-Ramos E, Tavera A, et al. MYC/PGC-1a balance determines the metabolic phenotype and plasticity of
pancreatic cancer stem cells. Cell metabolism 2015;22:590-605.

28. Bonuccelli G, Tsirigos A, Whitaker-Menezes D, et al. Ketones and lactate ‘fuel’ tumor growth and metastasis: evidence that
epithelial cancer cells use oxidative mitochondrial metabolism. Cell Cycle 2010;9.

29. Stine ZE, Walton ZE, Altman BJ, et al. MYC, metabolism, and cancer. Cancer discovery 2015.

30. Chen C-L, Kumar DBU, Punj V, et al. NANOG metabolically reprograms tumor-initiating stem-like cells through tumorigenic
changes in oxidative phosphorylation and fatty acid metabolism. Cell metabolism 2016;23:206-19.

31. Loupakis F, Cremolini C, Masi G, et al. Initial therapy with FOLFOXIRI and bevacizumab for metastatic colorectal cancer. New
England Journal of Medicine 2014;371:1609-18.

32. Denise C, Paoli P, Calvani M, et al. 5-fluorouracil resistant colon cancer cells are addicted to OXPHOS to survive and enhance
stem-like traits. Oncotarget 2015;6:41706-21.

International Journal of Molecular and Cellular Medicine. 2023; 12(2): 144-158


http://dx.doi.org/10.22088/IJMCM.BUMS.12.2.144
http://ijmcmed.org/article-1-2100-en.html

[ Downloaded from ijmcmed.org on 2025-11-15 ]

[ DOI: 10.22088/IIMCM.BUMS.12.2.144 ]

Effect of isoproterenol on metabolism shifting/ Shakery A, et al 158

33. Luo L, Huang W, Tao R, et al. ATM and LKB1 dependent activation of AMPK sensitizes cancer cells to etoposide-induced
apoptosis. Cancer letters 2013;328:114-9.

34. Kurz EU, Douglas P, Lees-Miller SP. Doxorubicin activates ATM-dependent phosphorylation of multiple downstream targets in
part through the generation of reactive oxygen species. Journal of Biological Chemistry 2004;279:53272-81.

35. Vellinga TT, Borovski T, de Boer VC, et al. SIRTI/PGCla dependent increase in oxidative phosphorylation supports

chemotherapy resistance of colon cancer. Clinical cancer research 2015:clincanres. 2290.014.

International Journal of Molecular and Cellular Medicine. 2023; 12(2): 144-158


http://dx.doi.org/10.22088/IJMCM.BUMS.12.2.144
http://ijmcmed.org/article-1-2100-en.html
http://www.tcpdf.org

