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Introduction: Peritoneal metastases from colorectal cancer (CRC) present a significant clinical challenge with poor prognosis, often
unresponsive to systemic chemotherapy. Cytoreductive surgery (CRS) combined with hyperthermic intraperitoneal chemotherapy (HIPEC)
is a treatment approach for select patients. The use of curcumin, a natural compound with antitumor properties, in HIPEC is of interest due to
its lower side effects compared to conventional drugs and potential for increased efficacy through direct delivery to the peritoneal cavity.
Methods: An in vitro hyperthermic model was developed to simulate clinical HIPEC conditions. Three colon cancer cell lines (SK-CO-1,
COLO205, SNU-C1) representing different genetic mutations (p53, KRAS, BRAF) were treated with either curcumin (25 pM) or mitomycin-C
(1 uM) for 1, 2, or 3 hours. Post-treatment, cells were incubated at 37°C (normothermia) or 42°C (hyperthermia). Cell viability and proliferation
were assessed at 24, 48 and 72 hours post-treatment using Annexin V/PI, MTT assay, trypan blue exclusion, and Hoffman microscopy.
Results: Hyperthermia significantly enhanced the antitumor efficacy of curcumin, evidenced by a two-fold reduction in cell viability
compared to normothermia across all cell lines. In the SNU-C1 cell line, which harbors a p53 mutation, mitomycin-C failed to
significantly impact cell viability, unlike curcumin, suggesting mutation-specific differences in treatment response.

Discussion: The findings indicate that hyperthermia augments the antitumor effects of curcumin in vitro, supporting the hypothesis
that curcumin could be a more effective HIPEC agent than traditional drugs like mitomycin-C. Mutation-associated differences in
response to treatments were observed, particularly in p53 mutant cells. While further studies are needed, these preliminary results
suggest that curcumin in HIPEC could represent a novel therapeutic strategy for CRC patients with peritoneal metastases. This
approach may offer improved outcomes with fewer side effects, particularly in genetically distinct CRC subtypes.

Plain Language Summary: In this study, we aimed to improve treatments for peritoneal carcinomatosis (PC), a challenging form of
colorectal cancer (CRC) that does not respond well to regular chemotherapy. We explored an approach called hyperthermic
intraperitoneal chemotherapy (HIPEC), which involves delivering potent chemotherapy directly to the abdominal area at an elevated
temperature. Our innovative idea was to enhance HIPEC’s effectiveness by using curcumin, a natural compound with fewer side
effects than conventional HIPEC drugs. To test our theory, we conducted experiments on colon cancer cells under high-temperature
conditions, mimicking what occurs during HIPEC treatments. We also compared curcumin with the standard drug, mitomycin-C
(MMC). We discovered that curcumin, when delivered under high temperatures, outperformed MMC in killing colorectal cancer cells.
This is an exciting breakthrough because it suggests that curcumin in HIPEC could be a promising alternative for treating PC. While
we are still working on more comparisons and further studies, this outcome represents a significant step towards better treatment
options for patients with peritoneal carcinomatosis. In conclusion, our study was motivated by the need to find more effective ways to
combat an aggressive form of colorectal cancer metastasis. By exploring the potential of curcumin in HIPEC, we hope to provide
better treatment options for patients who face this challenging disease.
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Introduction

Peritoneal dissemination from colorectal and appendiceal neoplasms pose significant therapeutic challenges and survival
outcomes is dismal relative to other colorectal metastatic disease with standard treatment." Peritoneal carcinomatosis (PC)
from colorectal cancer is detected in 10—15% of cases at the time of original presentation and 30-40% in the recurrence setting’
with a median survival of 5 months if untreated.? Cytoreductive surgery (CRS) with Hyperthermic Intraperitoneal Chemotherapy
(HIPEC) is considered a therapeutic option in appropriately selected patients with PC and has been shown to improve survival.*
Patient outcomes from PC after adequate cytoreduction vary widely as the risk of peritoneal recurrence and systemic metastases
vary significantly. Cytoreductive surgery is an extensive surgical treatment with high morbidity.” Patients who are likely to
develop early recurrence after cytoreduction may not benefit from this procedure. Prognosticators such as peritoneal cancer index
(PCI), which is an assessment of the extent of peritoneal dissemination, and type of peritoneal spread (tumor grade), are obtained
during surgery.® Serum markers that are predictive of prognosis are lacking. Furthermore, the response of chemotherapeutic
agents by PC is poor,” demanding a more critical look at the biological mechanisms that contribute to the development and
progression of PC thus surgical treatment with cytoreduction and HIPEC has not been widely standardized.

Beyond HIPEC and systemic therapy, there are other treatment modalities for managing peritoneal carcinomatosis
from colorectal cancer. One notable alternative is Pressurized Intraperitoneal Aerosol Chemotherapy (PIPAC), a mini-
mally invasive approach that delivers pressurized chemotherapy in the form of an aerosol directly into the peritoneal
cavity.®’ This method allows for high local drug concentration with minimal systemic absorption, potentially reducing
systemic toxicity. PIPAC has shown promise in improving drug penetration and distribution in the peritoneum,'® making
it a suitable option for patients who are not candidates for HIPEC. Other therapeutic strategies include palliative care
focusing on symptom management, intraperitoneal radiotherapy,'' and emerging targeted therapies'? that address specific
molecular pathways involved in tumor growth and spread. In cases where PC is limited or resectable, surgical debulking
or peritonectomy might be considered to reduce tumor load."*'* It is important to note that the choice of treatment is
highly individualized, depending on factors such as the extent of disease spread, patient’s overall health, and specific
tumor characteristics. The development and optimization of these varied therapeutic approaches are critical for expanding
treatment options and improving outcomes for patients with peritoneal carcinomatosis.
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Intraperitoneal chemotherapy is administered for the treatment of PC because the peritoneal-plasma barrier allows for
higher drug concentrations to be used which results in a higher efficacy with lower systemic toxicities.'> Although there
is strong evidence to demonstrate improved survival with cytoreductive surgery,”* the role of hyperthermic conditions has
been questioned'® given the heterogeneity of the studies and needs further evaluation. Despite optimal cytoreduction, a
subset of patients will suffer early peritoneal recurrence which indicates that intraperitoneal chemotherapy was ineffec-
tive in controlling the microscopic disease.'” In vitro studies focused on optimizing the drug, duration of exposure, and
temperature, based on the biology of the cancer, are critically needed to inform the design of future clinical trials.

Mitomycin-C (MMC) is currently the most common and standard perfusion agent in the United States.'® Though
several other chemotherapeutic agents such as cisplatin, oxaliplatin, carboplatin, doxorubicin, 5-fluorouracil and irino-
tecan have been evaluated in HIPEC, none has been described as being superior.'®*® Therefore, the focus of the work
presented in this manuscript is to evaluate the turmeric derivative curcumin under hyperthermic conditions.

Curcumin has been considered as a potential anticancer therapy due to its anti-inflammatory effects and capacity to
interrupt signaling pathways crucial for cancer initiation and progression.”'** Moreover, the negligible toxicity makes
curcumin a safe therapeutic, including cancer treatment.*>* Preclinical studies involving curcumin in colorectal cancer
have shown that curcumin enhances 5-Fluorouracil sensitivity in vitro and in vivo.”**> In addition, Phase I and II clinical trials
have yielded promising results on the use of curcumin as part of colorectal cancer therapeutic strategies.”® % Specifically for
PC, curcumin prepared in polymeric micelles has been identified to possess higher inhibitory effects against tumors in a
colorectal peritoneal carcinomatosis mouse model in which tumor growth and metastasis were suppressed and survival of the
tumor-bearing mice was prolonged.>*!

Although there is strong evidence to demonstrate improved survival with CRS, the role of HIPEC needs further
evaluation. Despite optimal cytoreduction, a subset of patients suffers early peritoneal recurrence which indicates that
intraperitoneal chemotherapy was ineffective in controlling the microscopic disease. In vitro studies focused on the
efficacy of curcumin; namely, duration of exposure, and temperature. These parameters are critically needed to inform
the design of future clinical trials. Here, we demonstrate in three human colon cancer cell lines, that curcumin under
HIPEC-like conditions, resulted in increased overall killing in comparison to MMC, which was significantly less
effective in killing cells harboring a mutation in the tumor suppressor gene p53.

Methods

Cell Culture

The CT26 mouse colon cancer cell line was a kind gift from Wilbur B. Bowne, MD, Department of Surgery, Drexel University
College of Medicine. CT26 cell line was authenticated using Short Tandem Repeat (STR) analysis as described in the National
Institute of Standards and Technology (NIST) granted US patent (No. 9,556,482) (ATCC, Manassas, VA). COLO205, SK-
CO-1 and SNU-C1 colon cancer cell lines derived from ascites, peritoneum and ascites, respectively, were purchased from
American Type Culture Collection (ATCC, Manassas, VA). The COLO205 cell line has mutations in APC, p53, BRAF and
SMAD4, SK-CO-1 has reported mutations in APC and KRAS, and SNU-C1 has a known p53 mutations (Table 1). COLO205,
SNU-C1 and CT26 cells were maintained in RPMI 1640 (Cellgro, Mediatech, Inc., Manassas, VA) supplemented with 10%
heat inactivated FBS, 100 units of penicillin, 100 pg/mL of streptomycin, and 100 pg/mL L-glutamine (Corning, Mediatech,
Inc, Manassas, VA). SK-CO-1 cells were maintained in EMEM (Quality Biological, Gaithersburg, MD) supplemented with
10% heat inactivated FBS, 100 units of penicillin, 100 pg/mL of streptomycin, and 100 pg/mL L-glutamine (Corning,
Mediatech, Inc, Manassas, VA). Cells were all originally cultured at 37°C in a humidified incubator with 5% CO,.

Short Tandem Repeat (STR) Analysis

CT26 cells were authenticated using STR (ATCC, Manassas, VA). Eighteen Mouse short tandem repeat (STR) loci were
analyzed. Two additional markers (Human D8 and D4) to screen for the presence of human or African green monkey species
were also utilized. Each sample was processed using the ABI Prism®™ 3500x] Genetic Analyzer. Data were analyzed using
GeneMapper™ ID-X v1.2 software (Applied Biosystems). Appropriate positive and negative controls were run and confirmed for
each assay set.

OncoTargets and Therapy 2024:17 htps: 65

Dove:


https://www.dovepress.com
https://www.dovepress.com

Kabagwira et al Dove

Table | Disease Characteristics of Three Human and One
Mouse Colon Cancer Cell Lines

Cell Line | Organism | Site Mutation Status
COLO205 | Human Ascites APC, P53, BRAF, SMAD4
SNU-CI Human Peritoneum | P53

SK-CO-I Human Ascites APC, KRAS

CT26 Mouse Colon -

Preparation of Solutions

Curcumin (Sigma Aldrich, St. Louis, MO) stock solutions were prepared (13.5mM) using 5.4% DMSO and 94.6% ethanol as
solvents and used not more than twice after storage at —20°C. Subsequent dilutions were made from the stock solution in fully
supplemented RPMI 1640 or EMEM to a final concentration of 10, 25 and 50 uM. MMC [Img/mL] was a kind gift from
Loma Linda Cancer Center Pharmacy and was administered at a final concentration of 1uM and was prepared by diluting the
stock solution in fully supplemented cell culture medium. For experiments with OuM Curcumin, the respective diluent,
DMSO (Dimethyl Sulfoxide) and ethanol was added to achieve the desired concentration. Both diluents, DMSO and ethanol,
were of analytical grade and free from any contaminants that could interfere with the experiments.

Treatment and Hyperthermic Experiments and Viability Assay

For the short term hyperthermic experiments, CT26, COLO205, SNU-C1 and SK-CO-1 cells were seeded at a density of 0.5x 10°
cells/mL in a 12 well plate and allowed to attach overnight. Cells were then placed at either 37°C or 42°C for 1 or 1.5, 3, or 6 hours
after which cells were trypsinized and evaluated for cell death using Trypan blue exclusion reagent protocols (Life Technologies,
Grand Island, NY). Viability and cell number was evaluated on 50,000 total cells using a TC20 Automated Cell Counter with dual
chamber counting slides (BioRad, Hercules, CA). For long duration experiments, cells were treated with a 10, 25 or 50 uM final
concentration of curcumin or 1uM MMC and placed at either 37°C or 42°C for 1, 2, or 3 hours, after which media containing
MMC or curcumin treatment was replaced with new medium devoid of treatment drugs. Cells were then incubated at 37°C for an
additional 24, 48 or 72 hours as it is illustrated in Figure 1A. Cells were trypsinized and evaluated for cell death using Trypan blue
exclusion reagent protocols (Life Technologies, Grand Island, NY). Viability and cell number was evaluated on 50,000 total cells
using a TC20 Automated Cell Counter with dual chamber counting slides (BioRad, Hercules, CA).

Annexin V Apoptosis and Flow Cytometry

Cells were washed with 200 L. PBS and resuspended in 100uL staining buffer (FITC Annexin V Apoptosis Detection
Kit with PI, BioLegend, San Diego, CA) by mixing 2uL of Annexin-V and SuL propidium iodide (PI) in 1x Annexin V
binding buffer (FITC Annexin V Apoptosis Detection Kit with PI, BioLegend, San Diego, CA) according to manufac-
turer’s instructions. The cells were incubated for 30 min at room temperature and protected from light. After centrifuga-
tion at 1500 rpm for 5 min, the staining buffer was aspirated, and the cells were washed in 200uL PBS. Samples were
fixed in 1% PFA prior to analysis. For cell cycle analysis cells were harvested, prepared and analyzed for DNA content as
previously reported.’® Flow cytometry analysis was performed using a MACSQuant analyzer (Miltenyi Biotec Inc.,
Auburn, CA, USA) and FlowJo analysis software (v.10.9) (FlowJo, Ashland, OR, USA).

Methyl Thiazolyl Tetrazolium (MTT) Assay

MTT powder was dissolved in PBS at a concentration of 25mg/mL, sterilized through a 0.22 pm filter and stored in the dark at 4°
C until use. Cells were cultured as above in a 96-well microplate at a seeding density of 5000 cell per well. Cells were left to
attach overnight and then treated with either 10, 25, or 50 uM curcumin or 0.25, 0.5, or I pM MMC. After 72h of treatment,
culture medium was removed, and the cells were washed with PBS. Fresh culture medium (100 pL) was added to each well of the
microplate along with 50 pL of MTT solution. The microplate was then incubated at 37°C and 5% CO, for 3 hours. Plates were
next spun at 500xg for 5 min, and medium was carefully removed from each well in order to not disturb the MTT formazan
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Figure | (A) Colon cancer cells (mouse and human) were incubated with curcumin or MMC in either a 37°C (normothermia) or 42°C (hyperthermia) incubator for | or
1.5, 3 or 6 hours respectively, after which cell media was removed and replaced and cells were incubated at 37°C for 24, 48, or 72 hours. (B) Mouse cells and (C) Human
cells, without drug treatment, were trypsinized and evaluated for cell death using Trypan blue exclusion reagent protocols. Viability and cell number was evaluated on 50,000
total cells using a TC20 Automated Cell Counter with dual chamber counting slides. For statistical analysis, a Student’s t-test was used, ***P<0.001.

Abbreviation: ns, non-significance.

crystals that formed at the bottom of each well. 100 pL. of DMSO was added to each well, and the microplate was gently agitated
for 15 min to dissolve the MTT formazan crystals after which the absorbance of the samples was read at 570 nm using a plate
reader with a reference wavelength of 630 nm. The absorbance is proportional to the number of viable cells in each well.

Statistical Analysis
Student’s paired one-tailed #-test was performed on the data from these experiments. Statistical analyses were performed
using RStudio software. A probability of <0.05 was considered to be significant. Data are presented as the mean and

standard deviation and are representative of at least 3 independent experiments.

Results

Assessing the Effect of Short-Term Heat Exposure of the CT26 Mouse Colon Cell
Line

Cells were first assessed to determine the effect of short-term hyperthermic exposure to 42°C. Mouse CT26 colon cells
were placed at either 37°C or 42°C for 1.5, 3, or 6 hours, after which cells were incubated at 37°C for an additional 24,
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48 or 72 hours as illustrated in Figure 1A. Cells were then trypsinized and evaluated for cell death using Trypan blue
exclusion reagent protocols (Life Technologies, Grand Island, NY). Viability and cell number was evaluated on 50,000
total cells using a TC20 Automated Cell Counter with dual chamber counting slides (BioRad, Hercules, CA). The heat
did not have a significant effect on the CT26 mouse cell viability for up to 3 hours (Figure 1B) but did result in near 50%
killing after 6 hours at 42°C. CT26 mouse cells were used along with human-derived cell lines as a mouse model of
HIPEC treatment is under development in our labs.

Assessing the Effect of Short-Term Heat Exposure of the Human Colon Cell Lines
COLO205, SK-CO-I and SNUC-I

As with the CT26 mouse cells, human cancer cell lines were assessed to determine the short-term effects of heat (42°C)
exposure and viability. Human colon cells (COL0O205, SK-CO-1 and SNUC-1) were placed at either 37°C or 42°C for 1,
3, or 6 hours. Cells were trypsinized and evaluated for cell death using Trypan blue exclusion reagent protocols (Life
Technologies, Grand Island, NY). Viability and cell number was evaluated on 50,000 total cells using a TC20 Automated
Cell Counter with dual chamber counting slides (BioRad, Hercules, CA). The heat did not have a significant effect on the
cell viability of these human cells for up to 6 hours (Figure 1C).

Curcumin Dosage and Time Course Effects on CT26 Mouse Colon Cancer Cells
CT26 mouse cells were seeded at a density of 1x10° cells/mL/well in 12 well plates and allowed to attach overnight. The
cells were then treated with curcumin to final concentrations of 0 uM, 10 pM, 25 uM and 50 uM for 1, 2, and 3 hours.
Curcumin was dissolved in ethanol and DMSO in a ratio of 94.6% and 5.4%, respectively, to make the stock solution.
The cells exposed to curcumin were assessed for viability using Trypan blue exclusion as above after 72 hours at each
time point Figure 2 and we observed a time- and dose-dependent decrease in cellular proliferation and viability
(Figure 2A—C) by using Hoffman microscopy. Furthermore, quantitation of the CT26 cells treated with curcumin for 3
hours under normothermic and hyperthermic conditions showed that after 24, 48 and 72 hours of incubation, there were
near-immediate measurable reductions in cell numbers in curcumin-treated cells after 24 hours that became more
significant with increased time and dose (Figure 2D). These findings highlight the potential benefits of combining
curcumin with hyperthermia therapy in the treatment of colon cancer.

Dose and Time Course Effects of Curcumin and MMC on Human Colon Cancer Cells
Human colon cancer cells were again seeded at a density of 1x10° cells/mL/well in 12 well plates and allowed to attach
overnight. Cells were then treated with curcumin to final concentration of 25 uM or 1uM MMC for 1, 2, and 3 hours. The
cells exposed to curcumin or MMC were assessed for viability using Trypan blue exclusion as above after 24, 48 and 72
hours at each time point and we observed a time- and dose-dependent decrease in cellular proliferation and viability
(Supplemental Figures 1 and 2. In Figure 3 we specifically show the hyperthermia-enhanced killing effects of curcumin

in all three cell lines at 1, 2, and 3 hours (Figure 3A) as measured after 72 hours of follow-on incubation. Hyperthermia
enhanced the killing properties of MMC in the COLO205 and SK-CO-1 cells but unlike curcumin was unable to kill the
SNU-CI1 cell line under normothermic or hyperthermic conditions (Figure 3B) indicating that curcumin may produce a
more general killing ability when combined with hyperthermic temperatures in these cells than the standard regimen
MMC modality. This specific finding that hyperthermic conditions enhance curcumin and MMC Kkilling ability in
COLO205 and SK-CO-1 cells while only curcumin killing of SNU-C1 cells is enhanced when incubated for 2 and 3
hours at 42°C is simplified in Figure 3C.

Assessing Apoptosis Levels in Curcumin and MMC Treatment Under Hyperthermic

Conditions

To assess whether hyperthermia-induced reduction in cell number was due to cell death from apoptosis or necrosis, cells
were treated with 25 uM curcumin or with 1 uM MMC and incubated at either 37°C or 42°C for two hours then incubated
at 37°C as illustrated in Figure 1A. Seventy-two hours later, cells were harvested and stained with propidium iodide (PI)
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Figure 2 CT26 mouse cells were seeded at a density of 11 0° cells/mL/well in 12 well plates and allowed to attach overnight. The cells were treated with curcumin to final
concentrations of 0 uM, 10 uM, 25 yM and 50 pM or for | (A), 2 (B), and 3 (C) hours. The cells exposed to curcumin were assessed for viability using Hoffman microscopy
and (D) Trypan blue exclusion after 72 hours at each time point and we observed a time and dose-dependent decrease in cellular proliferation and viability. Scale bar, 100um.
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Figure 3 Human colon cancer cells (COLO205, SNU-CI and SK-CO-1) were incubated in either a 37°C (normothermia) or 42°C (hyperthermia) incubator for I, 2 and 3
hours respectively. Cell cultures were moved to 37°C (time 0) after which cell viability was determined using trypan blue exclusion cell counting after 72 hours. Cells treated
with 25 UM curcumin (A) revealed a time-dependent effect on cell numbers in all three cell lines. Cells treated with | pM MMC (B) revealed a time-dependent effect on cell
numbers in COLO205 and SK-CO-1 cells but had no effect on SNU-CI cells. (C) We highlight the differences of MMC and curcumin. For statistical analysis, a Student’s
t-test was used, *P<0.05, **P<0.01, **P<0.001, ***P<0.0001.

Abbreviation: ns, non-significance.

and annexin V to assess apoptosis using flow cytometry performed using a MACSQuant analyzer (Miltenyi Biotec Inc.,
Auburn, CA, USA) and FlowJo analysis software (FlowJo, Ashland, OR, USA). The results for curcumin treatments show
a high percentage of early and late apoptosis in the cells treated under hyperthermia for COLO205 and SK-CO-1 cell lines
compared with those treated under normothermia (Figure 4). MMC affected the COLO205 and SK-CO-1 cells equally with
no enhancement in apoptotic or necrotic cells measured as a result of hyperthermic conditions (Figure 4). In this annexin V/
PI study, no killing affect in SNU-C1 cells was measured after curcumin or MMC treatment (Figure 4).

Human colon cancer cells (COL0O205, SNU-C1 and SK-CO-1) were next incubated under either 37°C (normother-
mia) or 42°C (hyperthermia) conditions for 3 hours with either curcumin (Figure 5A) or MMC (Figure 5B). Cell cultures
were moved to 37°C (time 0) for 72 hours. Cells were then stained for MTT and analyzed using spectrophotometry. For
curcumin treatment (Figure 5A), the three cell lines were treated with 10, 25 and 50 uM of curcumin while with MMC
treatments (Figure 5B) the cell lines were treated with 0.25, 0.5 and 1 uM. All doses of curcumin (Figure 5A) under
hyperthermic conditions resulted in absorbance readings being reduced as compared to normothermic conditions. The
greatest absorbance reduction difference was measured in COLO205 and SK-CO-1 cells treated with 25 uM curcumin.
MMC treatment (Figure 5B) of COLO205 and SK-CO-1 resulted in reduced absorbance readings in both normothermic
and hyperthermic conditions with significant advantage provided by the increased temperature. No significant observable
reductions were measured in the SNU-C1 cells after MMC treatment under hyperthermic conditions, and no significant
difference was measured in either the curcumin or MMC treatments (Figure 5B).

Discussion
HIPEC presents a promising treatment option for peritoneal carcinomatosis compared to systemic chemotherapy alone due to
the low penetration of systemic chemotherapy in the peritoneal cavity.>> Additionally, HIPEC has been shown to improve the
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Figure 4 Human colon cancer cells (COLO205, SNU-CI and SK-CO-1) were treated with either [uM MMC or 25uM curcumin and then incubated in either a 37°C
(normothermia) or 42°C (hyperthermia) incubator for 3 hours. Cell cultures were moved to 37°C (time 0) after which cell death was determined using Annexin V/Pl and
flow cytometry after 72 hours. For statistical analysis, a Student’s t-test was used, *P<0.05, **P<0.01, ***P<0.001 ****P<0.0001.

Abbreviation: ns, non-significance.

result of systemic chemotherapy compared to systemic chemotherapy alone.** Relative to systemic therapy, the peritoneal
cavity is thought to be more resistant to chemotherapy due to poor blood circulation. However, this characteristic is beneficial
for the use of HIPEC treatment in that it increases intraperitoneal bioavailability without increasing systemic toxicity and
allows for a prolonged exposure of chemotherapy. Low systemic blood circulation facilitates the use of high therapeutic doses
in the peritoneal cavity with minimal toxicity.** The goal of HIPEC is to maximize tumor penetration and optimize cell death
while minimizing systemic toxicity. Unfortunately, few chemotherapeutics have been optimized for use under HIPEC
conditions® and not all agents that work for systemic chemotherapy work for HIPEC.

Finding an agent that would provide a better solution without the morbidity associated with standard chemother-
apeutic regimens is an ongoing research endeavor. One such agent may be curcumin, a polyphenolic compound found in

37,38

the yellow spice turmeric. Curcumin has been found to possess anti-inflammatory,*® anti-angiogenesis, anti-cancer”

3940 and anti-oxidative®' properties. It has been studied as a form of treatment**** for various cancer types, including
highly treatment-resistant cancers.*>*® Preliminary trials have shown promise in improving survival rates and reducing

morbidity and mortality associated with cancer surgeries.*’*°

Interestingly, curcumin, derived from turmeric, is widely recognized for its potent anti-inflammatory properties.”*’
These effects are mediated through its ability to modulate various molecular targets involved in inflammation, such as
cytokines, transcription factors, and enzymes like cyclooxygenase-2 (COX-2)***? and lipoxygenase.”’ In the context of
cancer, inflammation plays a dual role. Chronic inflammation is known to contribute to tumor progression,*’ providing a
rationale for using anti-inflammatory agents like curcumin in cancer therapy. By reducing inflammation, curcumin can
potentially inhibit the tumor-promoting environment that chronic inflammation creates.

However, recent studies have highlighted a complex scenario where acute, pro-inflammatory responses, particularly
those leading to a specific type of cell death known as immunogenic cell death (ICD), can be advantageous in cancer
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Figure 5 Human colon cancer cells (COLO205, SNU-CI| and SK-CO-1) were incubated in either a 37°C (normothermia) or 42°C (hyperthermia) incubator for 3 hours
with either curcumin (A) or Mitomycin C (B). Cell cultures were moved to 37°C (time 0) for 72 hours. Cells were then stained using MTT and evaluated relative to
untreated controls for viability. For curcumin treatment, the three cell lines were treated with 25 uM of curcumin while with mitomycin C treatments COLO205 (A), SK-
CO-I (B) were treated with | uM of MMC. For statistical analysis, a Student’s t-test was used, *P<0.05, **P<0.01, **P<0.001, ****P<0.0001.
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treatment.”> > ICD not only destroys cancer cells but also induces an immune response against them.>® This process is
characterized by the release of damage-associated molecular patterns (DAMPs), which can activate the immune system
to recognize and attack tumor cells.’’

In the treatment of PC, this dual role of inflammation presents a unique therapeutic challenge. While curcumin’s anti-
inflammatory action can help in mitigating the chronic inflammatory environment conducive to tumor growth, there is
also a need to harness the potential benefits of pro-inflammatory responses associated with ICD. This suggests a potential
therapeutic strategy where curcumin could be used in combination with treatments that promote ICD. The goal would be
to strike a balance — reducing harmful inflammation while simultaneously eliciting a robust anti-tumor immune response.

Given this complexity, it is crucial to further explore the relationship between curcumin’s anti-inflammatory proper-
ties and the role of pro-inflammatory cell death in PC. More research is needed to understand how curcumin can be
optimally used in PC treatment, potentially in combination with other therapies, to leverage both its anti-inflammatory
effects and the beneficial aspects of a pro-inflammatory response. This could lead to more effective and targeted
therapeutic strategies for managing peritoneal carcinomatosis.

This study was initiated to determine if the killing effects of curcumin could be enhanced under hyperthermic
conditions, thus overcoming some of the bioavailability issues this agent has due to its nature. Our study confirmed that
42°C perfusion is not cytotoxic to the human cells for up to 6 hours giving us the impetus to test three short-term duration
exposures of colon cancer cell lines under that temperature. MMC was used as a control as it is commonly used in
HIPEC treatment of peritoneal carcinomatosis.”® ®' For MMC, exposing cancer cells to hyperthermia in vitro resulted in
killing which started after 1 hour of hyperthermia (Supplemental Figure 2A—C) while for curcumin the cytotoxic effects

were observed after two hours (Supplemental Figure 1D-F). We observed that the cytotoxicity of MMC was not

enhanced by hyperthermic conditions and did not kill all the cell lines equally (Supplemental Figure 2). In fact, SNU-

Cl1, the cell line derived from human peritoneum, and thus, most similar to peritoneal carcinomatosis, was not affected by
hyperthermia combined with MMC.

Of note, the SNU-C1 cell line carries a mutated p53 protein. The pS3 tumor suppressor protein plays a critical role in
the regulation of DNA repair and apoptosis.®>*> When DNA damage occurs, p53 initiates DNA-repair mechanisms.**%
In the case of a mutant p53 carrying cell line, the response to MMC-induced DNA damage is compromised as is the
attenuated cell killing response seen after MMC treatment. The response of a pS3 mutant cell line to MMC can vary
depending on the specific mutation or mutations and the cellular context and perhaps is the reason COLO205, which also
has a p53 mutation, is still responsive to MMC with and without hyperthermia. Other factors such as the presence of
compensatory genetic alterations or alternative survival pathways may also influence the sensitivity of the cell line to
MMC and should be investigated. The efficacy of curcumin was enhanced by hyperthermic conditions in a statistically
significant manner (Figures 3—5) even in the SNU-CI cells. Curcumin’s killing mechanism on COLO205 and SK-CO-1
cells can be characterized as apoptotic, while its killing mechanism in the SNU-C1 cells is not. Rather, an autophagic or
senescence-enhancing mechanism has been proposed with this work still ongoing in the lab. In all cell lines tested,
hyperthermia combined with curcumin did result in the most enhanced cell death as compared to the standard regimen
therapeutic MMC. In addition, MMC’s ability to kill cancer cells could be limited by the genotype of these cells where
curcumin did not appear to have these same limitations. This study underscores a critical consideration regarding the
choice of HIPEC agents for the treatment of PC, revealing that MMC is not uniformly effective in killing all cancer cells,
especially those with specific genetic mutations. The ethical implications of using MMC as the preferred HIPEC-
enhancing agent, given its limitations, warrant careful evaluation.

The intraperitoneal administration of chemotherapy agents in HIPEC can cause chemotherapy-related toxicities.®®®®
These factors may include bone marrow suppression, gastrointestinal toxicity (nausea, vomiting, diarrhea), liver and kidney
dysfunction, electrolyte imbalances, and hematological abnormalities.®>”® The specific toxicities can vary depending on the
agents used in the HIPEC protocol. Hyperthermia itself can cause heat-related risks, as it involves heating the abdominal
cavity to temperatures between 41-43°C (105-109°F). These elevated temperatures can lead to thermal injury to normal
tissues, including the intestines, kidneys, and liver. It may also result in metabolic changes, such as electrolyte imbalances and
fluid shifts.”'7* Treating peritoneal carcinomatosis with curcumin and HIPEC has several advantages over standard regimen

52,75,76

therapy. The combination of curcumin and HIPEC has the potential to reduce the formation of tissue adhesions, an
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important factor in recurrent disease. Finally, the use of HIPEC reduces the systemic toxicity associated with systemic delivery
of chemotherapeutic agents, thereby reducing the side effects of treatment.

Significant limitations of treating peritoneal carcinomatosis with curcumin and HIPEC are cost and availability
compared to standard therapeutics.”’’ At present, limited data exists supporting the efficacy of curcumin and HIPEC as a
novel therapeutic. Finally, the procedure is only applicable in select cases and may not be applicable to all colorectal or
peritoneal surface malignancy patients.”® While the pairing of curcumin and HIPEC is an intriguing prospect, more work
will need to study mechanisms of cell death, long-term toxicity, and therapeutic effects in clinical trials. Many novel

79781 oncolytic viruses,* and nanotechnology, have shown promise in vitro but must be

agents, such as immunotherapies,
further tested in an in vivo setting to determine their impact on patient outcomes. Only once rigorous clinical trials have
been conducted, and we will have a more complete understanding of the efficacy and safety of combining novel
therapeutics such as curcumin with HIPEC in colorectal cancer.

In conclusion, this study not only highlights the need for a reevaluation of MMC'’s role in HIPEC but also suggests
that personalized approaches based on genetic factors should be explored to improve treatment outcomes for PC in

colorectal cancer patients.
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