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ABSTRACT 

OF THE THESIS OF 

 

Sadaf Akram Al Hadeethi  for  Master of Science 

                  Major: Biochemistry   

 

Title: Inhibiting the Pentose Phosphate Pathway in Colorectal Cancer: Mannose and 5-

Fluorouracil Combination Treatment. 

 

Introduction: Colorectal cancer (CRC) is the third most diagnosed cancer type and the 

second cause of cancer deaths. A pyrimidine-derived molecule, 5-fluorouracil (5-FU), 

has been the therapy of choice for CRC. However, the high toxicity, poor selectivity, 

side effects, as well as and drug resistance in CRC patients made 5-FU regimen more 

challenging. Tumorigenesis is characterized by deregulated metabolism, in particular of 

glucose, which promotes growth and survival of tumor cells. The pentose phosphate 

pathway (PPP) is upregulated in CRC cells and tumors and is a major glucose metabolic 

pathway in cancer cells. The PPP is required for the synthesis of ribonucleotides and 

reactive oxygen species (ROS) scavenging through nicotinamide adenine dinucleotide 

phosphate (NADPH) generation. The rate-limiting step in the oxidative PPP phase is 

catalyzed by the glucose-6-phosphate dehydrogenase enzyme (G6PD).  

D-mannose, a C-2 epimer of glucose, is taken up via glucose transporters, thus 

competing for glucose uptake. Recent studies have shown that mannose inhibits tumor 

growth and enhances chemotherapy via the formation of mannose-6-phosphate which 

inhibits G6PD, thus impairing the PPP and impeding glucose metabolism. Mannose 

inhibitory effect on tumor growth is inversely related to the levels of phosphomannose 

isomerase enzyme. Therefore, we aim to study the anti-tumor effects, metabolic 

changes, and mechanism of action of the PPP inhibitor, mannose, alone or in 

combination with 5-FU in human CRC in cell and animal models. 

 

Methods: Determine the mode of action of the combination treatment of mannose and 

5-FU in HCT116, HCT116 p53-/-, and HCT116 5-FU resistant (5-FUR) human CRC 

cell lines on cell cycle and cell death mechanism through propidium iodide and 

immunoblotting assays. Measuring the activities of G6PD in CRC cell line with 5-FU 

resistance status. Assess ROS levels by nitro-blue tetrazolium-based assay. Study the 

effect and anti-tumor potential of mannose alone or in combination with 5-FU treatment 

in CRC using a xenograft mouse model. 

 

Results: Mannose sensitized 5-FU resistance in CRC cell lines to 5-FU treatment. 

Mannose and 5-FU alone or combination treatments increased sub-G1 cell 

accumulation in CRC cells with different p53 status and 5-FU sensitivity. Mannose in 

combination with 5-FU induced DNA damage but did not cause PARP cleavage in 

colorectal cancer cells with different p53 status and 5-FU sensitivity. The combination 

treatment did not induce TUNEL positivity in HCT116 thus suggesting that the cell 

death mechanism is not via apoptosis. Mannose and 5-FU combination decreased NBT 

reduction in the tested CRC cell lines, indicating an increase in ROS production. G6PD 
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activity was not altered upon mannose treatment alone or in combination with 5-FU in 

the HCT116 5-FUR cell. Importantly, mannose single or combination treatment with  

5-FU reduced tumor volumes in a mouse xenograft model. 

 

Conclusion: Our results show that mannose alone or combination with 5-FU treatment 

improved the sensitivity of CRC cells to drug resistance. Therefore, inhibiting the PPP 

may constitute a promising therapeutic target in CRC management. 
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CHAPTER I 

INTRODUCTION 
 

 

 

A. Colorectal Cancer 

1. Colorectal Cancer Statistics Worldwide and in Lebanon 

Colorectal cancer (CRC) is the third most commonly diagnosed cancer with an 

estimated 1.93 million new cases accounting for 10% of the global cancer incidence 

worldwide in 2020 and the second leading cause of cancer related deaths with an 

estimated 935,000 deaths representing 9.4% of the total cancer deaths worldwide 

(Figure 1A , 1B). The global CRC incidence is predicated to reach 3.2 million by 2040 

(Xi and Xu 2021). Based on GLOBOCAN 2020 data, CRC ranks the fourth among the 

most incident cancer types in Lebanon and the third most common cause in cancer-

related mortality in both sexes (Figure 1 C, 1D)  (WHO, 2021). 

 

  

Figure 1. Estimated number of new cases and deaths for different malignancies in 

Lebanon and worldwide in 2020  (WHO, 2021). 
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2. Genetic and Epigenetic Alterations in Colorectal Cancer  

CRC cases can be categorized into three groups based on the origin of the associated 

mutations: sporadic, familial and inherited. Around 75% of CRC cases develop 

sporadically, via multiple acquired somatic genetic and epigenetic mutations without 

clear evidence of family history or inherited genetic alterations predisposition. On the 

other hand, familial CRC accounts for 25% of the total CRC cases where individuals 

with first degree relative with a history of CRC are two to three times at greater risk to 

develop this disease. Inherited CRC constitutes about 5% of all CRC cases associated to 

hereditary cancer syndromes such as hereditary nonpolyposis colorectal cancer 

(HNPCC, also known as Lynch syndrome) or familial adenomatous polyposis (FAP) 

(Alzahrani, al Doghaither, and Al‑Ghafari 2021). 

In late 1980s, Fearon and Vogelstein proposed a multi-hit genetic model of CRC 

carcinogenesis where they defined CRC as a genetic disease characterized by adenoma-

to-carcinoma progression as a result of chronological specific genetic mutations that can 

be inherited or acquired and accumulated overtime to drive the tumorigenesis from a 

precursor lesion to CRC (Sullivan, Noujaim, and Roper 2022). 

CRC develops through a multi-step accumulation of well-characterized genetic and 

epigenetic modifications including chromosomal instability (CIN), microsatellite 

instability (MSI), and CpG island methylator phenotype (CIMP) as CRC pathogenesis 

molecular pathways (Mármol et al. 2017). We will present next the most common 

genetic and epigenetic aberrations leading to CRC. 

 

 

 



 

 

16 

a. Chromosomal Instability  

Chromosomal instability is the classical and most common CRC carcinogenesis 

pathway, responsible for 80-85 % of all CRC cases(Alzahrani, al Doghaither, and 

Al‑Ghafari 2021) and 70% of sporadic CRC cases. It is characterized by an imbalanced 

chromosomal number that leads to aneuploidy and loss of heterozygosity in tumors 

(Ahmad et al. 2021). The mechanisms underlying CIN includes defects in different 

processes such as chromosomes segregation, telomerase dysfunction, and DNA damage 

response (Alzahrani, al Doghaither, and Al‑Ghafari 2021). CIN contributes to CRC 

tumorigenesis via a collection of mutations that starts by the adenomatous polyposis 

coli (APC) gene inactivation that is followed by mutational activation of KRAS. 

Additional mutations are quite common in other genes such as the transforming growth 

factor beta (TGF-β), phosphatidylinositol-4,5-bisphosphate 3-kinase, the catalytic 

subunit alpha (PIK3CA), and the tumor suppressor gene p53 to enhance CRC malignant 

transformation (Alzahrani, al Doghaither, and Al‑Ghafari 2021). KRAS and PIK3CA 

are oncogenes and their mutational activation results in induction of mitogen‑activated 

protein kinase (MAPK) and increased cell proliferation. p53 encodes for p53 protein as 

a main cell cycle checkpoint, and its inactivation leads to uncontrolled cell cycle entry. 

In addition, CIN activates the TGF-β signaling pathway leading to defects in two 

essential tumor suppressor genes involved in cell cycle programming, SMAD2 and 

SMAD4, causing apoptosis escape and cell cycle deregulation (Alzahrani, al 

Doghaither, and Al‑Ghafari 2021). 
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b. Microsatellite Instability  

 

MSI is the second most common genomic instability encountered in CRC 

development (Ahmad et al. 2021). Microsatellites (MS) are short repetitive DNA 

sequences found throughout the entire genome. These regions have higher mutation 

rates compared to other genomic areas. MSI is the phenotypic expression of deficient 

DNA mismatch repair (dMMR) system resulting from mutational inactivation of MMR 

genes (Li et al. 2021). The loss of function of MMR genes makes tumor cells with this 

phenotype unable to detect and repair mismatched DNA paving the way for cancer cells 

to sustain and replicate their mutations and acquire additional alterations leading to 

genetic hypermutation phenotype fueling CRC development. There are several genes 

affected by MSI namely the TGFB receptor-2 gene (TGFBR2) which encodes for a 

protein that suppress colon epithelial cells proliferation. Upon TGFBR2 mutation, it 

will no longer signal to cease cell growth. Other genes disrupted by MSI include those 

that encode for proteins engaged in cell proliferation regulation, cell cycle arrest, 

apoptosis, and DNA repair (Nguyen, Goel, and Chung 2020). 

 

c. CpG Island Methylator Phenotype  

The CIMP is a form of epigenetic alteration present in 20% of CRC cases associated 

with hypermethylation at the repeated CG dinucleotides (CpG islands) located at the 

promotor regions of tumor suppressor genes thus silencing corresponding genes 

expression (Requena and Garcia-Buitrago 2020). Most common cause of MSI 

phenotype is the epigenetic silencing of mutL homologue 1 (MLH1) gene expression 

which is a member of the MMR system genes, by promotor hypermethylation (Nguyen, 

Goel, and Chung 2020). 
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3. Carcinogenic Pathways in Colorectal Cancer 

 

 

 

 

There are two polyp subtypes that serve as direct precursors to most of the CRC 

cases: the adenomatous polyps and the serrated polyps. Adenomatous polyps represent 

the classical CRC precursor where 85-90% of the sporadic CRC cases evolve from 

adenomas. Serrated polyps are considered a group of heterogeneous lesions since they 

combine the saw-toothed appearance of hyperplastic polyps and the dysplastic features 

of adenomas. Serrated polyps are precursors for 10-15% of the sporadic CRC (Keum 

and Giovannucci 2019). The inflammatory pathway of CRC is the least represented in 

all CRC cases accounting for only 2%. CRC develops through three carcinogenesis 

pathways namely adenocarcinoma, the serrated pathway, and the inflammatory pathway 

(Keum and Giovannucci 2019). 

 

 

 

Figure 2. Carcinogenesis in colorectal cancer and its associated phases a) Adenoma-

carcinoma classical pathway. b) Serrated pathway. c) Inflammatory pathway (Keum and 

Giovannucci 2019). 
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a. The Adenocarcinoma Pathway  

The adenocarcinoma describes the classical pathway that accounts for the majority 

of CRC cases. Adenomatous polyps are the precursors in this pathway where moderate 

accumulation of genetic and epigenetic alterations stimulate the transformation of 

normal cells to small adenoma, large adenoma, and finally to cancer. The CIN-positive 

CRC subtypes are generated through this model (Figure 2a).  

b. The Serrated Pathway 

The serrated pathway accounts for 10-15% of sporadic CRC cases resulting from 

precursor serrated polyps. This model is characterized by the progression of normal 

cells to hyperplastic polyps, to sessile serrated adenoma, and finally progressing to 

CRC. This pathway is characterized by characterized by elevated CpG island 

methylator phenotype (CIMP) (Figure 2b) (Keum and Giovannucci 2019).  

c. The Inflammatory Pathway  

The inflammatory pathway is observed in patients with inflammatory bowel disease 

(IBD) that are at higher risk of developing CRC than the general population. The 

pattern of CRC development in this pathway ranges from no dysplasia, low grade 

dysplasia, high grade dysplasia, and finally CRC (Figure 2c) (Keum and Giovannucci 

2019). 

 

4. Colorectal Cancer Symptoms 

CRC symptoms include rectal bleeding, anemia, and abdominal pain. CRC is 

asymptomatic during its early stages when the symptoms appear. Unfortunately, most 

of the CRC patients are diagnosed with advanced cancer stage where it is aggressive, 

malignant, and metastatic(Xi and Xu 2021). Late diagnosis is a factor in the variability 
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of survival and CRC deaths. The 5-year survival rate is 90% for CRC diagnosed at early 

stages and this percentage falls to 13% upon late CRC diagnosis (Sawicki et al. 2021). 

 

5. Colorectal Cancer Risk Factors 

CRC risk factors can be classified into modifiable (smoking, alcohol use, 

obesity, physical activity, exercise, and diet) and non-modifiable risk factors (age, sex, 

high risk genetic syndromes, family history of CRC, family history of polyps, personal 

history of CRC or polyps, IBD, and diabetes) (Sninsky et al. 2022). 

 

a. Cigarette Smoking 

  Cigarette smoking is a known risk factor for many malignancies among which is 

CRC and is responsible for about 12% of CRC deaths (Sawicki et al. 2021). Tobacco 

smoke contains well-characterized carcinogens. Smokers have 2-3 folds increased risk 

to develop CRC compared to non-smokers and this risk can increase depending on the 

dose and exposure duration.  

 

b. Alcohol Consumption 

Alcohol consumption is also established as a risk factor for CRC. Alcohol intake 

of 2-3 drinks daily increases the risk of CRC by 20%, three alcoholic drinks escalate 

this risk to 40%, and to reach 52% upon consumption of four or more drinks daily 

(Sawicki et al. 2021). 

 

c. Overweight and Obesity  
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Overweight men and women have approximately 50% and 20% higher risk, 

respectively, to be diagnosed with CRC compared to individuals with healthy weight 

(Sawicki et al. 2021). 

 

d. Physical Activity 

  Physically inactive people have 50% greater risk for CRC development 

compared to physically active people. Regular exercising lowers CRC incidence due to 

improved immune system, inflammation and stress reduction, balanced metabolism, and 

obesity prevention CRC (Sawicki et al. 2021). 

 

e. Dietary Pattern 

Diets high in red and processed meat, low in fibers, fruits, vegetables, calcium, 

vitamin D, and dairy products can increase the possibility for CRC development 

(Sawicki et al. 2021). 

 

f. Age  

Age factor is the predominant non-modifiable risk factor in colon adenomas 

development. The prevalence of adenoma probability increases with age, it arises from 

10% to 15% in age groups from (50-55) to (70-75) years old, respectively. On the other 

hand, there is a concerning increase in CRC incidence among the younger population. 

As a result, the United States Multi-Society Task Force (USPSTF) recent 

recommendation is to lower the initiation of CRC screening from 50 to 45 years. Still, 

colorectal polyps and CRC are much more common in the older population than they 

are in patients younger than 50 years old where 90% of all new CRC cases are in 
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individuals over 50 years of age. The average age at diagnosis is 68 and 72 years old for 

men and women, respectively (Sninsky et al. 2022; Sawicki et al. 2021). 

 

g. Sex 

 

The prevalence of colon adenomas is consistently higher in men than in women. 

According to the American Cancer Society, men are 30% more prone to develop CRC 

compared. This reduced risk of adenomatous polyps in women has been hypothesized 

to be linked to estrogen receptor genes, decreased insulin-like growth factors and bile 

acids production, varying dietary patterns, and lower exposure to risk factors such as 

alcohol and tobacco (Sninsky et al. 2022; Sawicki et al. 2021). 

 

h. Hereditary Syndromes  

Hereditary syndromes are responsible for 2-8 % of CRC cases. The two most 

common syndrome is hereditary nonpolyposis colorectal cancer (HNPCC), also known 

as Lynch syndrome, and familial adenomatous polyposis (FAP). HNPCC is an 

autosomal dominant disease that occurs due to mutations in genes involved in the DNA 

mismatch repair errors generated during cell division. CRC development in those 

patients is 20% risk by the age of 50 and about 80% risk by the age of 85 years. For the 

latter reason, the USPTF on CRC recommended that individuals with first-degree 

family members with CRC to start screening colonoscopy at age 40 or 10 years before 

the age of this relative has been diagnosed with CRC and if the relative has developed 

CRC at age under 60 years, then the screening should start even at a closer period of 

time (Sninsky et al. 2022; Sawicki et al. 2021). 
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i. Family History of Colorectal Cancer 

The family history of CRC significantly predisposes individuals to CRC 

development throughout their life.  People having one first degree relative (children, 

parents, siblings) diagnosed with CRC put them on average at two times higher risk. 

This risk increases if the relative is diagnosed with CRC at an age younger than 60 

years old (Sawicki et al. 2021). 

 

j. Colon Polyps  

Colon polyps are precancerous neoplastic lesions that arise from abnormal 

proliferation of tissue projecting from a mucous layer of the colon. Colon polyps are 

grouped into non-neoplastic (inflammatory, hamartomatous, and hyperplastic) and 

neoplastic polyps (adenomatous). The adenomatous polyps have the ability to become 

malignant. The risk of this malignant transformation depends on some factors like age, 

size of the polyp, and the dysplasia degree. Polyp size greater than 1-2 cm in diameter, a 

high dysplasia degree, and age of 50 years or older are considered unfavorable 

prognostic factors for CRC development (Sawicki et al. 2021). 

 

k. Inflammatory Bowel Disease (IBD) 

IBD is a group of chronic and incurable diseases that show up in two major forms 

the ulcerative colitis and Crohn’s disease. IBD alters the immune system of 

gastrointestinal tract resulting in unmanageable inflammation condition. The resulting 

chronic inflammation enhances tumor growth and progression. Therefore, individuals 

with IBD are 2-6 times at higher risk of developing CRC compared to healthy 
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individuals. Thus, IBD is the third highest risk condition for CRC development after 

HNPCC and FAP (Sawicki et al. 2021). 

 

l. Diabetes Mellitus 

Diabetes mellitus is a metabolic disease associated with chronic hyperglycemia as a 

result of deficient insulin secretion and/or action. Based on epidemiological data, 

diabetes is an independent risk factor for many neoplasms among them CRC. 

Individuals with type 2 diabetes (T2D) are at two to three times risk of developing CRC 

compared to non-diabetic population. The reasons underlying this association are 

attributed to the increased insulin concentration and the inflammatory environment 

created in individuals with T2D. The hyperinsulinemia represents one of the 

mechanisms involved in CRC development directly by promoting colonic cell 

proliferation or indirectly by elevating the levels of insulin-like growth factor 1 (IGF-1). 

IGF-1 is a mitogenic factor that increases cell growth and suppress cell death. The 

inflammatory condition associated with diabetes promotes CRC cancer formation, 

malignant transformation, tumor growth, invasion, and metastasis (Sawicki et al. 2021). 

   

6. Colorectal Cancer Screening Methods 

CRC is a prototype of a cancer for which the screening methods have been improved 

aiming to diminish the mortality in average-risk men and women(Ladabaum et al. 

2020). The screening tests recommended by the USPTF include the high-sensitivity 

guaiac fecal occult blood testing (gFOBT), the fecal immunochemical test (FIT), stool 

DNA-FIT (sDNA-FIT), sigmoidoscopy, computed tomographic colonography (CTC), 
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and colonoscopy. Additional screening tests have been studied including the colon 

capsule, as well as methylated serum septin 9(Gupta 2022). 

 

a. Guaiac Fecal Occult Blood Testing 

 gFOBT is the first-choice screening method in the primary care. CRC occult 

bleeding detection and screening can be done through gFOBT or FIT. gFOBT depends 

on the pseudoperoxidase activity of heme for blood detection in the stool. gFOBT is not 

human hemoglobin specific and some foods or drugs can affect the results, therefore, 

some instructions should be followed prior to the test. Thus, FIT tests are recommended 

instead (Sawicki et al. 2021) 

 

b.  Fecal Immunochemical Test  

FIT determines human-specific hemoglobin where it uses antibodies against the 

globin moiety of the heme in feces sample therefore no need for diet or medication 

restrictions (Gupta 2022).  

 

c.  Stool DNA-Fecal Immunochemical Test 

sDNA-FIT is also known as multi-target stool DNA (mt-sDNA) or stool DNA 

(sDNA). It is a non-invasive test to assess the extent of genetic and epigenetic 

alterations in tumor cells shed in the feces from colon and rectum (Zou et al. 2022). 

 

d. Flexible Sigmoidoscopy 

Flexible sigmoidoscopy is used to visualize the left-side of the colon for polys  

removal when needed (Sawicki et al. 2021).  
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e. Colonoscopy 

Colonoscopy is used to investigate the entire large intestine and the terminal part of 

the small intestine and to do histopathological assessment for biopsies collected during 

the examination (Sawicki et al. 2021). 

 

f. Computed Tomographic Colonography (CTC)  

CTC is a non-invasive and a rapid radiographic imaging test that allows direct 

visualization of the entire colorectum (Ladabaum et al. 2020). 

 

g. Capsule colonoscopy 

Capsule colonoscopy is by ingestion of a large pill-sized camera that records images 

while it is moving through the intestines. This method is not recommended by USPSTF 

or approved by FDA as a first line screening method. It is approved for patients with 

incomplete colonoscopy (Ladabaum et al. 2020). 

 

h. SEPT 9 Gene 

 

  Based on recent research studies, free methylated SEPT9 gene presence in the 

peripheral blood can be used as a biomarker for CRC. SEPT9 is one gene of the SEPT 

family and itis a tumor suppressor gene. Its protein is involved in biological functions 

such as the regulation of cytokinesis and cell division. Upon SEPT9 gene methylation, 

gene transcription, and translation are inhibited, affecting the normal expression of 

septin 9 protein which in turn affects cell functions abnormalities and cancer cell 

development. Therefore, the risk of CRC can be assessed by detecting the DNA 
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methylation levels of the SEPT9 gene-specific promoter region in peripheral blood (Wu 

et al. 2020).  

 

7. Colorectal Cancer Treatment Modalities 

Surgery is still the main treatment modality for CRC patients with resectable 

distant metastases and the only curative option for early-stage localized and 

locoregional CRC cases (Vodenkova et al. 2020). For stage II CRC patients with high-

risk of recurrence after surgery or stage III CRC characterized by lymph node 

metastases adjuvant chemotherapy is used (el Zarif et al. 2022). The adjuvant or 

neoadjuvant (before operative procedure) chemotherapy regimens include cytotoxic 

chemotherapies used alone or in combination with targeted therapies (Blondy et al. 

2020). These therapies are used to improve the surgical outcome and tumor recurrence 

prevention (Xie et al. 2020).  

Targeted therapies include monoclonal antibodies such as bevacizumab against 

vascular endothelial growth factor (VGEF) while cetuximab or panitumumab against 

the epidermal growth factor receptor (EGFR). This targeted therapy modality is used for 

metastatic tumors and in combination with chemotherapy based on the tumor RAS 

mutational phenotype and the tumor’s location i.e., left or right side of the colon (el 

Zarif et al. 2022). Additionally, immunotherapy has been supported to be an effective 

treatment option for CRC tumors with high MSI phenotype. However, patients with 

unresectable lesions, the available treatment modality is a combination of chemotherapy 

and optimal tumor cytoreduction (el Zarif et al. 2022). 

 

a. 5-Fluorouracil  
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 5-Fluorouracil (5-FU) is a chemotherapeutic drug commonly used to treat 

different malignancies such as gastric, pancreatic, breast, ovarian, and head and neck 

cancers and is the cornerstone drug used for CRC treatment (Kurasaka, Ogino, and Sato 

2021). Since the 1990s, intravenous and oral 5-FU or other fluoropyrimidines have 

become the backbone of systemic treatment regimens (Vodenkova et al. 2020). 

Regardless of the advancements made in systemic therapy, the 5-year survival of 

metastatic CRC is still low and is one of the main reasons is treatment’s failure that 

occurs due to the innate or acquired drug resistance which is the case in 90% of the 

patients (Blondy et al. 2020). 5-FU or its derivatives are present in the majority of the 

advanced CRC therapeutic regimens, therefore, it is important to overcome its 

resistance (Suetsugu et al. 2021). 

 

b. 5-Flourouracil Mechanism of Action 

 

 5-FU is an analog of uracil with a substitution of fluorine for hydrogen at the C-

5 position. The main mechanism of action of 5-FU is through the inhibition of 

thymidylate synthase (TS) leading to the disruption of the intracellular DNA reserves 

and abrogation of de novo DNA synthesis (22). 5-FU uptake by DNA is not easily done 

since it is an uracil derivative. Once the 5-FU enters the tumor cell, it is converted into 

its active metabolite 5-fluorodeoxyuridine monophosphate (FdUMP) which is an 

effective TS inhibitor. FdUMP forms a stable covalent ternary complex with TS in the 

presence of 5,10-methylenetetrahydrofolate (CH2-THF) leading to TS inhibition. The 

TS inhibition results in intracellular dTTP pool depletion leading to DNA synthesis 

inhibition. In addition, 5-FU can exert its cytotoxic action by its incorporation into 
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DNA and RNA as fluorodeoxyuridine triphosphate (FdUTP) and fluorouridine 

triphosphate (FUTP), respectively (Figure 3) (Kurasaka, Ogino, and Sato 2021). 

 

c. 5-Fluorouracil Resistance 

 

Based on experimental and clinical studies, the continuous exposure to 5-FU 

therapy results in acquired resistance to 5-FU and its derivatives (Kurasaka, Ogino, and 

Sato 2021). Different mechanisms can explain 5-FU resistance such as alterations in 

enzymes involved in 5-FU catabolism and anabolism, disruption of main cellular 

functions such as autophagy and apoptosis, membrane drug transporters, induction of 

epithelial-to-mesenchymal transition, - epigenetic mutations, and miRNA dysregulation 

(Blondy et al. 2020). 

 The transport-dependent cellular mechanisms of chemoresistance are mainly 

represented by drug efflux out of cancer cells via different membrane transporter 

proteins resulting in decreased intracellular availability of anti-cancer drugs and, 

therefore, chemotherapy failure. Membrane transporters are mainly divided into two 

major superfamilies: the ATP-binding cassette (ABC) and the solute carrier (SLC) 

transporters. Overexpression of ABC transporters represents one of the most commonly 

observed mechanisms underlying drug resistance in cancer cells. Therefore, inhibiting 

these transporters is an effective solution to enhance cancer cells sensitivity to 

chemotherapeutic agents. ABCB5 expression is increased in CRC patients after 5-FU 

based chemotherapy, thus, resulting in the initiation of 5-FU chemoresistance 

(Vodenkova et al. 2020). Additionally, 5-FU can be transported via human equilibrative 

nucleoside transporters (hENTs). It was shown that CRC tissues resistant to 5-FU tend 

to exhibit a high hENT expression and inhibiting hENT enhanced 5-FU cytotoxic effect 
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in CRC cell lines. Clinical trials have shown as well that low hENT levels are 

associated with increased 5-FU sensitivity (Xie et al. 2020). 

  From the factors that affect 5-FU activation are the enzymes involved in its 

metabolism. TS is the primary target of the metabolite FdUMP, and its high expression 

is an important factor in 5-FU resistance in vitro, in vivo, and in patients. One of the 

main causes underlying high TS levels in colorectal tumors is the TS gene 

polymorphism and different genomic instability characters (CIN, CIMP, and MSI) 

(Blondy et al. 2020). In addition, 5-FU sensitivity is affected by the expression of 

dihydropyrimidine dehydrogenase (DPD) catalyzing the conversion of 5-FU to 

dihydrofluorouracil (DHFU) during 5-FU catabolic pathway (Figure 3) (Kurasaka, 

Ogino, and Sato 2021). High DPD activity in tumor tissues results in 5-FU cytotoxic 

effect reduction and development of 5-FU resistance. DPD mRNAs are highly 

expressed in CRC cells and are associated with 5-FU intrinsic resistance (Vodenkova et 

al. 2020). 
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Figure 3. 5-Fluorouracil mechanism of action and associated enzymes (Kurasaka, 

Ogino, and Sato 2021). 
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B. Glucose Metabolism 

 

1. Glucose Metabolism in Normal Cells 

Carbohydrates, fatty acids, and amino acids are nutrients processed through 

catabolic or anabolic pathways to maintain cell homeostasis and for macromolecules 

biosynthesis. Catabolic pathways produce energy by nutrients breakdown while the 

anabolic pathways are synthesis processes of macromolecules from their corresponding 

subunits. Metabolism is the sum of these biochemical catabolic and anabolic pathways 

(Nenkov et al. 2021). 

Glucose is a simple carbohydrate, considered the primary energy source for the 

cells. It is transported via a family of transmembrane glucose transporters (GLUTs) to 

the cytoplasm. In normal cells, glucose is catabolized to pyruvate producing two 

adenosine triphosphate (ATP) molecules by a process called glycolysis. In anaerobic 

conditions, pyruvate is converted to lactate which is secreted from the cell. However, 

under aerobic conditions, pyruvate is transported into the mitochondria via the 

mitochondrial pyruvate carrier (MPC) and then converted to acetyl-CoA by pyruvate 

dehydrogenase (PDH). Acetyl-CoA which is also product of fatty acids catabolism and 

some amino acids, afterwards enters the tricarboxylic acid (TCA) cycle. TCA cycle 

reduces nicotinamide adenine dinucleotide (NAD+) and flavin adenine dinucleotide 

(FAD) to NADH and FADH2, respectively. NADH and FADH2 are two high-energy 

electron carriers used to establish a proton gradient across the inner mitochondrial 

membrane that regulate the adenosine triphosphate (ATP) synthase in the electron 

transport chain (ETC), this is known as oxidative phosphorylation (OXPHOS) which 

produces 32-36 ATP molecules per mole of glucose (Brown, Short, and Williams 2018) 
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2. Glucose Metabolism in Cancer Cells 

Deregulation of cancer metabolism is an emerging hallmark of cancer. In cancer 

cells, there is a shift from OXPHOS towards lactic acid fermentation, even in the 

presence of oxygen. This phenomenon is known as aerobic glycolysis or “Warburg 

effect” since this metabolic distinction between normal and cancer cells was first 

observed by Otto Warburg in 1924. Although OXPHOS results in more ATP 

production per molecule of glucose, ATP formation is faster by glycolysis. 

Additionally, upregulated glycolysis leads to increased glycolytic intermediates flux 

into different pathways, facilitating the synthesis of macromolecules required to support 

the rapid proliferation of tumor cells. The produced glycolytic intermediates, glucose-6-

phosphate, fructose-6-phosphate, and glyceraldehyde-3-phosphate are converted into 

ribose-5-phosphate via the pentose phosphate pathway (PPP) that produces pentose 

sugars and ribose-5-phosphate to help nucleotides synthesis needed for DNA 

replication. 

In most CRC cells, the Warburg metabolic phenotype was demonstrated where 

the primary and metastatic CRC tumors often showed higher glucose consumption 

compared to the surrounding normal intestinal tissues. CRC tumors show increased 

intratumoral lactate. Several genes associated with glucose uptake and glycolysis are 

upregulated in CRC and this was correlated with tumor aggressiveness and poor 

prognosis in CRC. 

 

3. The Pentose Phosphate Pathway 

The PPP, also known as the hexose monophosphate shunt or the phosphogluconate 

pathway, is a glucose metabolic pathway. The PPP is involved in ribonucleotides 
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synthesis and preserves cytosolic reduction-oxidation (redox) homeostasis via 

nicotinamide adenine dinucleotide phosphate (NADPH) production (Ghanem et al. 

2021). The PPP is composed of two phases: the irreversible oxidative phase and the 

reversible non-oxidative phase (Figure 4) (Ghanem et al. 2021).  

The oxidative phase consists of three enzymatic reactions that results in 2 NADPH 

molecules and ribulose-5-phosphate (Ru5P). The first NADPH molecule is generated 

following the oxidation of glucose-6-phosphate to 6-phosphogluconate (6PG) under the 

catalysis of glucose-6-phosphate dehydrogenase (G6PD). The second NADPH and 

Ru5P molecules are produced when 6PG undergoes oxidative decarboxylation by 6-

phosphogluconate dehydrogenase (6PGD)  (Ghanem et al. 2021). 

The non-oxidative phase begins with Ru5P converted to ribose-5-phosphate (R5P) 

by ribulose-5-phosphate isomerase enzyme. R5P is a vital component of purine and 

pyrimidines nucleotides biosynthesis. Ru5P may also be transformed into xylulos-5-

phosphate by ribulose-5-phosphate-3-epimerase which is reported to enhance glycolytic 

flux. The non-oxidative phase is controlled by two enzymes: transketolase (TKT) and 

transaldolase (TALDO). Due to the reversible nature of these two latter enzymes, 

glycolytic metabolites such as fructose-6-phosphate (F6P) and glyceraldehyde-3-

phosphate (G3P) can be recruited into this pathway and vice versa (Ghanem et al. 

2021). 
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Figure 4. The Pentose Phosphate Pathway (Ge et al. 2020). 

 

4. Glucose-6-Phosphate Dehydrogenase  

Unlike TCA cycle and glycolysis, ATP is not produced in the PPP. However, this 

latter pathway is a main source of NADPH and R5P. These two metabolites are critical 

for cell survival and proliferation. R5P is a subunit for nucleic acid synthesis. NADPH 

is a reducing agent required for the biosynthesis of fatty acids, sterols, nucleotides, and 

non-essential amino acids. Additionally, NADPH is involved in cellular antioxidant 

defenses where it mediates the conversion of the oxidized glutathione (GSSG) to the 

reduced form (GSH) through glutathione reductase (Ge et al. 2020). Thus, PPP 

represents a major glucose catabolic and reducing anabolic pathway fundamental for 

neoplastic transformation (Ghanem et al. 2021). Also, PPP is crucial for cancer 

prevention and treatment where many enzymes involved in the PPP are shown to be 

potential targets in cancer therapy among which is G6PD (Ge et al. 2020). 

G6PD is the first and rate-limiting enzyme of the PPP. It is an NADP+ catalytic 

enzyme that catalyzes the conversion of G6P into 6PGL with NADPH production. The 
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involvement of G6PD deficiency in cancer formation was noted as early as 1965. In 

fact, G6PD is upregulated in several cancer types. The overexpression of G6PD affects 

DNA synthesis, DNA repair, cell cycle regulation, redox homeostasis, proliferation, 

EMT, invasion, and metastasis creating suitable and supportive conditions for cancerous 

cells’ growth and survival. G6PD expression and activity are tightly regulated via 

transcription, translation, and through interaction with other proteins (Song et al. 2022). 

Enhanced G6PD activity stimulates the resistance of tumor cells to 

chemotherapeutic drugs as drug resistance is correlated to the intracellular redox 

balance. The latter is maintained by NADPH produced through GSH and G6PD. Thus, 

G6PD inhibition was shown to be beneficial in reversing chemotherapy resistance in 

tumor cells (Song et al. 2022). 

 

5. Glucose-6-phosphosate Dehydrogenase Inhibitors 

Evidence is accumulating regarding the involvement of G6PG overexpression and 

enhancement of tumor formation. Thus, G6PD inhibition is a potential therapeutic 

target for treating cancer. The competitive G6PD inhibitor 6-aminonicotinamide (6-AN) 

and the uncompetitive G6PD inhibitor dehydroepiandrosterone (DHEA) have been 

widely considered in in many cancer studies. Indeed, other natural or synthetic 

compounds were shown to inhibit G6PD (25) and to affect various cellular functions 

(Figure 5) (Song et al. 2022). 
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Figure 5. Glucose-6-phosphosate dehydrogenase inhibitors and their associated effects 

on cellular functions (Song et al. 2022). 

 

a. 6-aminonicotinamide  

  

6-AN is a monocarboxylic acid amide, an analog of nicotinamide, that acts as a 

competitive inhibitor of NADP+- dependent G6PD and 6PGD enzymes.  6-AN 

increases ROS levels via NADPH biosynthesis reduction. Combination treatments of 

6-AN and other drugs sensitize various cancer regimen in CRC, breast cancer, 

ovarian cancer, hepatocellular carcinoma, melanoma, bladder cancer, and leukemia.  

6-AN attenuated G6PD activity and repressed the multidrug resistance of 

doxorubicinin CRC cells. Serious side effects are associated with 6-AN usage such 

as neurological damage, paralysis due to its direct action on the central nervous 

system, and vitamin D deficiency. Therefore, more clinical research is ongoing to 

define the effective and safe 6-AN doses that should be administered to the patients 

(Ghanem et al. 2021; Song et al. 2022). 

 

b. Dehydroepiandrosterone (DHEA) 

 



 

 

38 

DHEA is a 19-carbon endogenous hormone, and its de novo synthesis occurs in 

the adrenal gland from cholesterol. DHEA act as a metabolic precursor for androgen 

and estrogen biosynthesis. Besides its natural role as a hormone, it was reported in 

1960 to play an uncompetitive inhibition of G6PD activity. Therefore, DHEA targets 

the PPP of cancer cells, reduces NADPH levels, suppresses the NADPH-dependent 

oxygen-free radical production phenotype in cancer metabolism and nucleic acids 

synthesis thus, inhibits tumor development. Studies have shown that DHEA is able to 

reduce cell proliferation in thyroid and CRC cells, to inhibit G6PD activity in 

cervical cancer cells, to induce apoptosis, and leads to reduce cell migration and 

proliferation of tumor cells. In breast cancer cells, DHEA was shown to target G6PD 

and to disrupt the redox balance leading to growth inhibitory effects (Ghanem et al. 

2021; Song et al. 2022). 

 

6. Mannose  

a. Overview 

 

Mannose (D-Mannose) is a natural C-2 epimer of glucose carried to the cells via the 

glucose transporters (GLUT1 and GLUT2) (Saito et al. 2021). Mannose is present in 

many fruits such as cranberry, peach, and apple. Mannose presents with anti-bacterial, 

anti-inflammatory, immune-regulatory activities, and recently was shown to have anti-

tumor activities (Q. Liu et al. 2022).  

 

b. Mannose metabolism 

 

Once mannose enters the cell, it undergoes phosphorylation via hexokinase (HK) 

into mannose-6-phosphate (M6P). The latter is either isomerized by phosphomannose 

isomerase (PMI) to result in fructose-6-phosphate (F6P) or is involved in n-
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glycosylation by phosphomannose mutase 2 (PMM2) or is catabolized by DN-9-

phosphosynthase (KPS) for 2-keto-3-deoxy-D-glycero-galacto-nononic acid (KDN) 

synthesis (Figure 6) (Sharma, Ichikawa, and Freeze 2014).  M6P fate depends on the 

ratio of 

PMI to 

PMM2. 

High 

ratios 

induce 

M6P 

catabolism, while low ratios lead to the accumulation of M6P to interfere with glucose 

metabolism (Ghanem et al. 2021). 

 

 

  

c. Mannose in cancer  

 

Mannose has recently gained interest in research regarding its anti-cancer effects 

through glucose metabolism disturbance (Ghanem et al. 2021). Gonzalez et al. have 

shown that mannose did not alter the intracellular levels of glucose, however, it was 

Figure 6. Mannose metabolism and associated metabolic pathways (Sharma, Ichikawa, 

and Freeze 2014).                              Man: mannose, Glc: glucose, HK: hexokinase, MPI: phosphomannose 

isomerase, PMM2: phosphomannose mutase, GMPP (A/B):GDP-mannose pyro-

phosphorylase (A/B), PGI: phosphoglucose isomerase, KPS: KDN-9-phosphate 

synthase, Man-6-P: mannose-6-phosphate, Fru-6-P: fructose-6-phosphate, Glc-6-P: 

glucose-6-phosphate, GDP-Man: GDP-mannose, Dol-P-Man: dolichol phosphate 

mannose, DPM: Dol-P-Man synthase 
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poorly metabolized within the cell and exerts effects on different metabolic pathways 

(Gonzalez et al. 2018). The intracellular accumulation of mannose in the form of M6P 

leads to the suppression of three enzymes engaged in glucose metabolism, which are 

HK, phosphoglucose isomerase, and G6PD (Gonzalez et al. 2018)  In lung cancer, 

mannose suppressed growth, induced G0/G1 cell cycle arrest, promoted cisplatin-

induced cell death, and reduced cell invasiveness (Ghanem et al. 2021). Sha et al. have 

shown that mannose can significantly inhibit the proliferation and migration of the 

human lung adenocarcinoma cell line A549 and enhance the efficacy of carboplatin in 

A549-xenografted tumors (Sha et al. 2020). Luo et al. have demonstrated that mannose 

exerts anti-metastatic effects in non-small-cell lung cancer (NSCLC) cells by inhibiting 

the activation of the ERK/GSK-3β/β-catenin/SNAIL axis which represents one of the 

potential targets of mannose. β-catenin and SNAIL play an important role in cancer 

metastasis where β-catenin regulates the expression of several epithelial-mesenchymal 

transition factors including SNAIL. The phosphorylation of β-catenin, mediated by 

ERK activation, facilitates its translocation to the nucleus as a transcription factor. 

However, the phosphorylation of GSK-3β leads to β-catenin degradation. Therefore, 

mannose exerted its effect by inhibiting ERK activation, enhancing GSK-3β 

phosphorylation, affecting β-catenin and its target SNAIL, and, therefore, metastasis 

and invasion (Figure 7) (Luo, Li, and Li 2020) 

 

 

Figure 7. Mannose effects on metastasis through ERK/GSK-3β/β-catenin/SNAIL axis in 

NSCLC (Luo, Li, and Li 2020). 
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 Motlagh et al. have shown that D-mannose slows down glioma growth in a mouse 

model by direct or indirect regulation of myeloperoxidase (MPO) activity, a highly 

oxidizing pro-inflammatory enzyme released in host defense, and also via increasing 

oxidative stress in the glioma microenvironment. Mannose shifted the host immune 

response towards tumor suppression where the enhanced MPO activity and the resulting 

increase in acute inflammatory response became tumoricidal (Jalali Motlagh et al. 

2021). 

Inflammation constitutes a major risk factor for CRC development, therefore, 

mannose chemoprevention in CRC can be attributed to its anti-inflammatory action. 

The connection between the tumor and tumor-associated macrophages (TAMs) is 

essential to ensure homeostatic actions to support tumor maintenance and growth. 

Tumor-derived lactate acts as an extracellular signaling molecule regulating TAMs 

polarization. Liu et al. have demonstrated that mannose inhibited lactate production in 

CRC cells via HK II leading to TAMs polarization modulation and inflammation 

inhibition and attenuation of colitis-associated CRC (Q. Liu et al. 2022). 

 

d. Phosphomannose isomerase and mannose sensitivity 

 

 Gonzalez et al. have shown that intracellular levels of PMI control the response to 

mannose. High PMI levels result in mannose insensitivity in cells while depletion of 

PMI by RNA interference reverses sensitivity to mannose. In pancreatic cancer-derived 

xenografts and inflammation driven and genetically engineered models of CRC, glucose 

metabolism deregulation by mannose enhanced chemotherapy-induced apoptosis 

through sensitization to the treatment (Gonzalez et al. 2018). Recently, it was reported 
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that mannose exerts anti-tumor effects in lung cancer, breast cancer, and osteosarcoma; 

these cancers express low PMI levels which helped in being more sensitive to the anti-

cancer effect of mannose. However, it is not the case in leukemia where PMI levels are 

high. Saito et al. investigated how mannose metabolism can contribute to leukemic cell 

survival and proliferation. It was demonstrated that high levels of PMI transfer mannose 

to glycolysis as an energy source under starvation condition created upon leukemic cells 

proliferation and high glucose consumption. On the other hand, PMI suppression or 

mannose overload that exceeded PMI capacity resulted in OXPHOS and TCA cycle 

related genes inhibition (Figure 8). Thus, decreased metabolites production from 

glycolytic system, PPP, and TCA cycle caused marked cell proliferation suppression. 

Therefore, PMI is a prognostic factor in leukemia and development of PMI inhibitors is 

fundamental for the use of mannose as a treatment option for leukemia (Saito et al. 

2021). 

                         

 

Figure 8. Schematic representation of combination treatment of PMI suppression and 

mannose loading (Saito et al. 2021).   

PMI: phosphomannose isomerase, OXPHOS, oxidative phosphorylation 
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CHAPTER II 

RATIONALE, SPECIFIC AIMS, AND SIGNIFICANCE 

 

Globally, CRC is ranked as the third most commonly diagnosed malignancy and the 

second leading cause of cancer-related deaths (WHO, 2021). Regardless of the 

advancements made in systemic therapy, almost half of the patients, diagnosed with 

metastatic CRC, show resistance to 5-FU based chemotherapy and the survival rate is 

approximately 12%. Hence, over the last decades, strategies including 5-FU-based 

combination treatments have been developed and tested aiming to enhance the anti-

tumor effect of 5-FU and overcome its clinical resistance (Vodenkova et al. 2020). 

There is an elevated interest in cancer energetics metabolism where targeting cancer 

metabolism may enhance the effectiveness of the currently used therapies (Kubik et al. 

2022). The PPP and G6PD activity are reported to be upregulated in CRC.  Therefore, 

G6PD represents a potential prognostic factor and therapy target in CRC (Ju et al. 

2017). 

Recently, mannose has been demonstrated to possess promising anti-tumor 

activities. Mannose in cancer cells is poorly metabolized and accumulates as M6P 

impairing glycolysis and PPP via inhibition of three enzyme: hexokinase, 

phosphoglucose isomerase, and G6PD leading to tumor growth inhibition and enhanced 

chemotherapy efficacy. Sensitivity to mannose depends on PMI levels.  PMI levels in 

human CRC specimens are low indicating their sensitivity to mannose treatment 

(Gonzalez et al. 2018) and (our unpublished results). 

Our hypothesis is that inhibiting the PPP in colorectal cancer using mannose halts tumor 

progression and sensitizes treatment to conventional therapy.   
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We will use human CRC cell models namely HCT116, HCT116 p53-/- cells and the 

5-FU resistant HCT116 (HCT116 5FUR) cells and a mouse model of xenografted CRC 

cells. 

Specifically, we will target the following aims: 

1. Characterize the growth suppressive and cell death effects of mannose alone or 

in combination with 5-FU in HCT116 5-FUR human colorectal cancer cells. 

2. Study the anti-tumor potential of the PPP inhibitor, mannose, in CRC using a 

xenograft mouse model. 

This research may lead to novel therapeutic strategies in CRC by combining 5-FU 

to mannose that targets metabolism, therefore, impacting the future of clinical research. 
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CHAPTER III 

MATERIALS AND METHODS 

 

A. In Vitro Studies 

1. In Vitro Models 

We have used in our studies three isogenic human colorectal cancer cell lines: 

HCT116, HCT116 p53-/-, and HCT116 5-FU resistant (HCT116 5FUR). 

 

a. HCT116 Cell Line 

HCT116 is a well-characterized human colon cancer cell line of epithelial 

morphology and adherent growth property. It is one of the three subpopulations of 

colonic carcinoma primary cell culture derived from a male adult (Brattain et al. 1981). 

It is highly motile, invasive, and tumorigenic in xenograft mouse models (Rajput et al. 

2008). These cells have wild type forms of p21 and p53 genes (Benson et al. 2014).i 

 

b. HCT116 p53-/- Cell Line 

 

p53 is as key tumor suppressor, it regulates different cellular responses such as 

DNA repair, cell cycle arrest, senescence, apoptosis, cell differentiation and metabolism 

against tumor development. p53 is mutated in 43% of CRCs contributing to 

tumorigenesis (Liebl and Hofmann 2021). p53 has been shown to be a key modulator of 

cell metabolism (Lacroix et al. 2020). p53 regulates the PPP and inhibits it directly by 

binding to the G6PD thus preventing the enzyme active dimer formation leading to 

glucose consumption suppression (Jiang et al. 2011). HCT116 p53-/- is an isogenic in 

vitro cell line of HCT116 but p53 gene was knocked out via homologous 
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recombination. This cell line shows more resistance to cancer therapy than their parental 

counterparts (Boyer et al. 2004). 

c. HCT116 5-FU Resistant Cell Line 

 

We have generated the HCT116 5FUR cell line from the parental HCT116 cells by 

incubation with increasing concentrations of 5-FU (0.1 to 40 µM) for a total period of 

eight months (Abdel-Samad et al. 2018).  

 

2. Cell Culture Conditions 

HCT116 and HCT116 5FUR cells were cultured and maintained in RPMI 1640 

(Lonza) medium supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich), 

100 U/mL penicillin-streptomycin antibiotics (Lonza), and 1 mM sodium pyruvate 

solution (Lonza). HCT116 p53-/- cells were cultured in DMEM medium (Lonza) 

supplemented with 10% FBS, 100 U/mL penicillin-streptomycin, 1 mM sodium 

pyruvate, and 1x MEM non-essential amino acid (Sigma-Aldrich). NCM460D cells 

were cultured in M3:BaseFTM media (INCELL) supplemented with 10% FBS. All cells 

were incubated in a humidified incubator (95% air, 5% CO2) at 37 °C. 

 

3. Western Blotting 

HCT116, HCT116 5FUR, and HCT116 p53-/- cells were seeded at a density of 

1,200,000 cells in 10 cm plates and incubated overnight. Afterwards, cells were treated 

with mannose (50 mM), 5-FU (5 µM), or a combination treatment of mannose (50 mM) 

+ 5-FU (5 µM) for up to 3 days for short-term conditions and for 6 days for long-term 

conditions with treatment replenishment at day 4. Total proteins lysates were extracted 

using NonidetTMP 40-based lysis buffer (NP-40) and quantified using the Bio-Rad 
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Bradford protein assay. Protein samples of 50 µg concentration were separated via 

sodium dodecyl sulfate (SDS)-PAGE (8-12%) in reducing conditions and transferred to 

nitrocellulose membranes. The latter were blocked in 5% non-fat milk for 1 hour, then 

incubated with primary antibodies against the following antigens at 4ºC overnight: Poly 

(ADP-ribose) polymerase (PARP) (Santa Cruz) (1:1000), GAPDH (Abnova) (1:20000), 

phosphorylated H2A histone family member X (γH2AX) (Cell Signaling) (1:1000), and 

p21 (Cell Signaling) (1:1000). The day after, membranes were incubated for 1 hour 

against the corresponding secondary antibodies at different optimized dilutions. The 

immunoreactive bands were visualized using ClarityTM western ECL substrate (ECL, 

BIO-RAD) and by the ChemidocTM MP imaging System (BIO-RAD). 

 

4. Cell Cycle Analysis 

HCT116 5FUR cells were seeded in 6-well plates at a density of 600,000 cells per 

well. Cells were incubated overnight and then treated with mannose (50 mM), 5-FU (5 

µM), or a combination treatment of mannose (50 mM) + 5-FU (5 µM) for up to 72 

hours. Cell cycle analysis was performed using the propidium iodide (PI) assay. Cells 

were washed with 1x PBS, trypsinized, and harvested. Cell pellets were collected by 

centrifugation at 2,000 rpm for 5 minutes at 4ºC. The supernatant was discarded then 

the pellet was washed with 1x ice-cold PBS and centrifuged at 2,000 rpm for 5 minutes 

at 4ºC. Cells were then fixed with ice-cold 80% ethanol and stored at -20ºC. Following 

cells fixation, samples were incubated with 100 μL RNase (Roche Diagnostics) for 1 

hour, resuspended in up to 500 ml 1x PBS, and then stained with 30 μL PI (Sigma-

Aldrich) then incubated for 10 minutes in the dark. 10,000 cells were collected and 
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analyzed using FACScan flow cytometer (Becton Dickinson) and cell cycle distribution 

was verified using BD FACSDIVA software (Becton Dickinson). 

 

5. Nitroblue Tetrazolium Reduction Assay 

HCT116 5-FUR cells were seeded in 96-well plates in triplicates with a density of 

5,000 cells/well. Cells were incubated overnight and then treated the next day with 

mannose (50 mM), 5-FU (5 μM), or a combination treatment of mannose (50 mM) + 5-

FU (5 µM) for up to 72 hours. Following media removal, a 100 μL of nitroblue 

tetrazolium (NBT) (MERCK) (1 mg/mL) was added to each well and incubated for 1 

hour at 37°C in a humidified 5% CO2 incubator. The cells were then washed with 100 

μL methanol per well and kept to dry at room temperature. Formazan crystals obtained 

by NBT salts reduction were then solubilized by the addition of 120 μL potassium 

hydroxide (KOH) (2 M) and 140 μL DMSO. The reduced NBT dye was assessed by 

measuring the OD at 630 nm using an ELISA microplate reader (Multiskan Ex). The 

percentage of reduced NBT obtained from the ratio of absorbance obtained in treated 

cells to that of control multiplied by 100. ROS levels were determined by subtracting % 

NBT reduced from 100. 

 

6. G6PD Activity Assay 

HCT116 5FUR cells were seeded in 6-well plates at a density of 200,000 cells/plate. 

Cells were incubated overnight and then treated the next day mannose (50 mM), 5-FU 

(5 μM), or mannose (50 mM) + 5-FU (5 μM) up to 72 hours. Total proteins were 

extracted by 1x lysis buffer (10 mM Tris-HCl pH7.4, 150 mM NaCl, 15% glycerol, 1% 

Triton-X-100, 1 mM orthovanadte, 10 μg/mL leupeptin, and 1mM PMSF) and 

quantified through Bradford Assay (BIO-RAD). A total of 50 μg of proteins from each 
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sample were mixed with 50 μM of G6P, 75 μM of NADP+, and assay buffer (50 mM 

Tris, 1 mM MgCl, pH 8.6) for the assay. The total dehydrogenase basal activity of the 

oxPPP (G6PD and 6PGD) was determined spectrophotometrically by monitoring the 

change in absorbance at 340 nm for 10 minutes using Tristar machine. 

 

7. TUNEL Assay 

In brief, HCT116 cells were seeded in 6-well plates with seeding density of 250,000 

cell per well and then incubated overnight. Next day, cells were treated with mannose 

(50 mM), 5-FU (5 μM), mannose (50 mM) + 5-FU (5 μM), 5 μM ST1926 for the 

positive controls, and negative controls up to 72 hours. Cells were then collected at day 

3 by scraping on ice and pellets were obtained after centrifugation at 2,000 rpm for 5 

minutes at room temperature. For the fixation step, the supernatant was discarded, and 

cells were washed with 1X PBS containing 1% BSA and centrifuged at 2,000 rpm for 5 

minutes at room temperature. After supernatant removal, cells were fixed by incubation 

with 100 μL of freshly prepared 4% formaldehyde solution in 1X PBS, for 30 minutes 

at room temperature. In preparation for the permeabilization step, samples were 

centrifuged for 10 minutes at 4,000 rpm at +4ºC, supernatant discarded. Pellets were 

then washed with 1XBS containing 1%BSA, and centrifuged for 5 minutes at 4,000 rpm 

at +4ºC. Cells then permeabilized by incubation with a 100 µL of permeabilization 

solution (mixture of 0.1% triton X-100 and 0.1% sodium citrate in 1XPBS) for 2 

minutes on ice. Then samples were centrifuged as same previous conditions, 

supernatants were discarded, then cells were washed with 1X PBS. Centrifugation was 

performed at same previous conditions and supernatants were discarded. Finally, cells 

were labeled using TUNEL reagents: 30 µL label solution for the negative control, 30 
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µL TUNEL reaction mixture (3 µL enzyme solution + 27 µL labeling solution), and 

incubated for 60 minutes in a humidified atmosphere protected from light. In 

preparation for the analysis step, samples were centrifuged for 5 minutes at 4000 rpm at 

+4ºC, then pallets were resuspended with 1X PBS, after supernatant removal and 

transferred into polystyrene falcon round bottom tubes for flow cytometry analysis 

(with the excitation wavelength set at 470-490 nm and the emission wavelength at 505 

nm)  

 

B. In Vivo Studies 

1. Animal Models 

The animal studies were approved and conducted according to the institutional 

guidelines and approved by the Institutional Animal Care and Use Committee of the 

American University of Beirut (IACUC approval). Nonobese diabetic/severe combined 

immunodeficiency (NOD/SCID) mouse model was selected in our studies. An essential 

prerequisite for a successful engraft in mice is the impairment of the immune system 

(Bürtin, Mullins, and Linnebacher 2020). NOD/SCID mice are commonly used mouse 

strains. Unlike SCID mice which are deprived of T lymphocytes or both T and B 

lymphocytes, NOD/SCID mice also harbor deficient natural killer (NK) cells. 

NOD/SCID model is commonly used in cancer drug discovery studies (Golovko et al. 

2015). We used a total number of 40 mice (20 males, 20 females), 4 to 6 weeks old with 

an average weight of 16.5 g were injected with 5x106 HCT116 cells. 20 mice have 

developed palpable tumors 7 days post cells injection and then they were randomly 

divided into 4 groups as in the table below: 
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Table 1. In vivo experimental groups distribution. F: Females, M: Males. 

Treatment Control  Mannose 5-FU Combination 

Number of 
mice 

5 (2 M, 3 F) 5 (2 M, 3 F) 5 (2 M, 3 F) 5 (2 M, 3 F) 

 

2. Drugs and Administration Methods 

Control group received vehicle (water) while the experimental groups were treated 

intraperitoneally with 10 mg/Kg body weight of 5-FU alone or in combination with 

20% mannose by gavage in addition to having 20% mannose in the freely available 

drinking water. 

 

3. Study Plan 

The study plan was conducted as described in Figure 9. The mice body weights and 

tumor volumes were measured twice per week and calculated using calipers and the 

formula: Tumor Volume = Length X (Width)2/2. Any signs of toxicity such as pain, 

distress, ill appearance, fur changes, rhinitis…were monitored. The end point of the 

experiment was 28 days or when weight loss reached 20-25% of body weight. 
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Figure 9. In vivo study plan. 

 
 

 

C. Statistical Analysis 

All results represent the average of three independent experiments ± standard error 

of the mean (SEM) unless stated otherwise. Result comparisons were analyzed by 

ANOVA analysis using GraphPrism. P values less than 0.05 were considered 

significant from the control. *, **, *** indicate P values less than 0.05, 0.01, and 0.001, 

respectively. 
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CHAPTER IV 

RESULTS 
 

 

Mannose has been recently recognized for its anti-tumor activities which are 

inversely related to the PMI levels. We have previously demonstrated by in silico 

analysis that PMI transcripts and protein levels were low in CRC tissues in comparison 

to other tumor types and normal counterparts indicating their sensitivity to mannose 

treatment (Araji 2021). This promoted us to study the effects of mannose alone or in 

combination with 5-FU in human CRC isogenic tumor cell lines with different p53 

status.   

We have shown that mannose halts significantly cell growth in the tested cell lines 

(HCT116 and HCT116 p53-/-), in a dose and time-dependent manner with minimal 

effects on the normal-line NCM460D cells (Araji 2021). Interestingly, mannose in 

combination with 5-FU revealed a synergistic inhibitors effect on CRC cell growth 

(Araji 2021). We selected the best combination of mannose and 5-FU in HCT116 cells 

with the lowest possible cytotoxicity assessed using the computational Compusyn 

software. These concentrations were 50 mM mannose with 5µM 5-FU with the 

combination index (CI) values of 0.33 (CI<1 synergistic effect) (Araji 2021). The 

synergistic effect of the combination treatment was also observed on other CRC cell 

lines harboring different p53 and 5-FU resistant status (Araji 2021). Mannose and 5-FU 

single or combination treatments reduced the activity of G6PD and increased ROS 

levels in HCT116 and HCT p53-/- cells (Araji 2021).  
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Here we characterized further the anti-tumor effects of mannose and 5-FU using 

human CRC in vitro and in vivo models, with a particular focus on the HCT116 cells 

that are resistant to 5-FU.  

 

A. Mannose and 5-FU singly or combination treatments increased sub-G1 cell 

accumulation in colorectal cancer cells with different p53 status and 5-FU 

sensitivity 

 

To characterize the mechanism involved in mannose and 5-FU-induced growth 

inhibition in CRC cells, cell cycle analysis was conducted using flow cytometric 

analysis of DNA content distribution stained with (PI). HCT116, HCT116 p53-/-, and 

HCT116 5FUR cells were treated with mannose alone or in combination with 5-FU for 

up to 72 hours (Araji 2021 and these studies). Cells treated with the mannose and 5-FU 

treatments showed cell accumulations in the sub-G1 region in a time-dependent manner 

which was mostly pronounced with the combination mannose/5-FU (Figure 10 A, C, 

E). After 72 hours of treatment, 30% of the total cell population of HCT116 and 

HCT116 p53-/- cells accumulated in the sub-G1 region (Figure 10 A, C) with slightly 

less in the HCT116 5FUR cells (Figure 10 E). The distribution of the cycling cells in 

the different phases of the cell cycle upon mannose and 5-FU treatment was analyzed. 

S-phase arrest was observed at 24 hours in HCT116 cells (Figure 10 B) and by 48 hours 

in HCT116 p53-/- cells (Figure 10 C) while it was not detected in HCT116 5FUR cells 

(Figure 10 F). We are testing the results of the cell cycle analysis in HCT116 5FUR 

treated-cells up to 73 hours of treatment to reach three independent experiments. The 

accumulation of mannose and 5-FU treated cells in the sub-G1 phase presumably 

indicates apoptosis. 
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These results show that mannose and 5-FU treatments cause an S-phase arrest in 

the 5-FU sensitive CRC cells and an increase in in the presumably pro-apoptotic sub-G1 

region the CRC cells with different p53 status and 5-FU sensitivity.  

 

 

G1 region  

   

Figure 10. Mannose and 5-FU induced S-phase arrest in colorectal cancer cells with different 

p53 status and increased sub-G1 cell accumulation in cells with different p53 and 5-FU 

sensitivity.                    HCT116 (A, B), HCT116 p53-/- (C, D), and HCT116 5FUR (E, F) cells were treated 

with mannose (50 mM) and/or 5-FU (5 μM) for up to three days. Cell cycle was assessed using 

propidium iodide. The sum of G0/G1, S, and G2/M phases is a percentage of non-dead cells. 

Percentage cells in the G0/G1 phase are calculated as 100 - (S+G2/M). A, B, C, and D represent 

the average of three independent experiments (± SEM). **P values< 0.01 and ***P< 0.001 are 

considered statistically significant. E and F represent only one experiment. 



 

 

56 

B. Mannose in combination with 5-FU induced DNA damage but did not cause 

PARP cleavage in colorectal cancer cells with different p53 status and 5-FU 

sensitivity  

Since all tested CRC cells accumulate in the presumably apoptotic sub-G1 phase 

upon combination treatment of mannose and 5-FU, we further investigated the 

mechanism of mannose and/or 5-FU induced cell death in CRC cells. We studied 

different protein markers using immunoblotting analysis. These biomarkers include 

PARP and γH2AX. PARP cleavage by caspases is considered a hallmark of apoptosis 

while γH2AX is a DNA damage indicator. p21 is a cyclin-dependent kinase (CDK) 

inhibitor that promotes cell cycle arrest in response to different stimuli. The results 

showed no detectable cleavage of PARP in three tested CRC cell lines (Figures 11 and 

12). 5-FU single treatment or in combination with mannose resulted in γH2AX 

increased protein levels in HCT116, HCT116 p53-/-, and HCT116 5FUR cells (Figures 

11 and 12).  As for p21, HCT116 cells treated with 5-FU alone or in combination with 

mannose showed an upregulated p21 protein level (Figure 13).   

We then studied the effects of 5-FU and mannose single and 5-FU/mannose 

combination treatments up to six days on the most sensitive HCT116 cells.  No PARP 

cleavage was detectable up to day six (Figure 13). HCT116-treated cells with 5-FU or 

5-FU/mannose combination showed more pronounced γH2AX and p21 protein 

accumulation at day six (Figure 13). p21 basal levels were high in the control HCT116 

5FUR cells starting 24 hours of the treatment and further elevated in the different 

treated groups up to 48 hours (Figure 12). 

  Our results indicate that 5-FU and mannose single or combination treatments cause 

DNA damage but no PARP cleavage in CRC cells with different p53 status and 5-FU 

sensitivity. 
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Figure 11. Mannose and 5-FU treatments induced DNA damage in colorectal cancer cells with 

different p53 status. 

Figure 12. Mannose and 5-FU treatment of HCT116 5FUR cells induced DNA damage. 

                                (A) HCT116 and (B) HCT116 p53 -/- cells were treated with mannose (50 

mM) and/or 5-FU (5 µM) for up to 72 hours. Total SDS protein lysates (50 µg) were 

immunoblotted against PARP and -H2AX antibodies. GAPDH was used as a loading control. 

This is a representative blot of three independent experiments. 

HCT116 5FUR cells were treated with mannose (50 mM) and/or 5-FU (5 µM) for up to 

72 hours. Total SDS protein lysates (50 µg) were immunoblotted against PARP, -

H2AX, and p21 antibodies. GAPDH was used as a loading control. This is a 

representative blot of one experiment. 
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We conducted the TUNEL assay to verify whether the cell death mechanism 

induced upon treatment with mannose alone or in combination with 5-FU is due to 

apoptosis.  The TUNEL assay assesses DNA single and double strand breaks by 

labeling free 3’OH ends. HCT116 cells were treated with mannose (50 mM) alone and 

in combination with 5-FU (5 µM) for three days. No TUNEL positivity was observed 

upon three days of treatment (Figure 14). We used as a positive control ST1926-treated 

HCT116 cells (data not shown). Therefore, the cell death mechanism induced by 

mannose and 5-FU treatment of HCT116 cells is not apoptosis.   

  

 

                                                   HCT116 cells were treated with mannose (50 mM) 

and/or 5-FU (5 µM) for up to 6 days. Total SDS protein lysates (50 µg) were 

immunoblotted against PARP, -H2AX, and p21 antibodies. GAPDH was used as a 

loading control. This is a representative blot of two independent experiments. 

 

Figure 13. Mannose and 5-FU treatments of HCT116 cells induced DNA 

damage but no PARP cleavage. 
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                        Cells were seeded at a density of 2 x 105 cells/well in 6-well plates, 

treated with (A) solvent, (B) mannose (50 mM), (C) 5-FU (5 μM), and (D) their 

combination for three days. Cells were stained with TUNEL reaction mixture and 

quantified by flow cytometry. Analysis was done using BD FACSDiva 8.0. These 

results are representative plots of two independent experiments.

 

Figure 14. Mannose alone or in combination with 5-FU did not induce apoptosis in 

HCT116 cells. 
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C. Mannose alone or in combination with 5-FU induced ROS production in 5-FU 

resistant colorectal cancer cells 

To further study the mechanism of action of mannose alone or in combination with 

5-FU, ROS production was investigated in colorectal cancer cells. We have shown 

previously that one day post-treatment with mannose/5-FU, HCT116, and HCT116  

p53-/- cells showed a significant decline in the reduced NBT and consequently increased 

ROS levels (Araji 2021).    

We proceeded with the HCT116 5FUR cells to investigate the effect of mannose 

alone or in combination with 5-FU on ROS production. HCT116 5FUR cells were 

treated with mannose (50 mM) and 5-FU (5 µM) alone or in combination for up to three 

days. ROS production was assessed via NBT reduction assay. On day three, HCT116 

5FUR cells treated with mannose alone or in combination with 5-FU, decreased the 

NBT reduction by 36% and 30%, respectively (Figure 15).  

 In summary, mannose alone or in combination with 5-FU enhanced oxidative stress 

in HCT116 colorectal cancer cells regardless of their p53 and 5-FU resistance status. 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Mannose and 5-FU combination treatments enhance ROS production in 5-

FU resistant human colorectal cancer cells.                                                                       HCT116 5FUR were treated with the 

indicated concentrations of mannose and 5-FU up to 3 days. NBT reduction 

percentages were measured in triplicates to assess ROS production. ROS levels were 

determined by subtracting percent NBT reduced from 100. The demonstrated results 

are an average of three independent experiments ± SEM. **P values< 0.01 is 

considered statistically significant.  
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D. Mannose alone or in combination with 5-FU did not alter the total 

dehydrogenase activity in 5-FU resistant HCT116 cells 

We have previously measured the total dehydrogenase basal activity of the oxPPP 

(G6PD and 6PGD) activity in HCT116 and HCT116 p53-/- cell lines. We demonstrated 

that mannose alone or in combination with 5-FU decreased the total dehydrogenase 

activity in the tested cell lines independently of p53 status (Araji 2021).  

Then we evaluated the total dehydrogenase activity in HCT116 5FUR cells. 

HCT116 5FUR cells were treated with mannose (50 mM) and 5-FU (5 µM) or in 

combination for 72 hours. Single or combination treatments did not affect the total 

dehydrogenase activity in HCT116 5FUR cells (Figure 16). 

In summary, mannose alone or in combination with 5-FU reduced the activity of 

total dehydrogenase in CRC cells independent of p53 status but not in 5-FU resistant 

cells. 
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Figure 16. Mannose alone or in combination with 5-FU did not affect G6PD enzymatic 

activity in HCT116 5FUR cell line.                                                           HCT116 5FUR treated with the indicated 

concentrations of mannose and 5-FU for up to 72 hours. Absorbance was measured 

in triplicates to assess G6PD activity. The demonstrated results are an average of 

three independent experiments ± SEM 
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E. Mannose alone or in combination with 5-FU reduces tumor growth in 

xenografted mice 

We investigated the anti-tumor potential of mannose alone or in combination with 

5-FU in colorectal tumorigenesis using a xenograft mouse model. A total of 5x106 

HCT116 cells were injected subcutaneously into the flank of immunocompromised 

NOD/SCID mice (n=5/group). 

We studied the effect of single and combination treatments using mannose with or 

without 5-FU in xenografted tumor cells. Mannose was freely available in drinking 

water at 20% and by oral gavage three times per week (200 µl of 20% solution) as these 

concentrations are demonstrated to be nontoxic and well tolerated in mice (Gonzalez et 

al. 2018). 5-FU (10 mg/kg BW) is non-toxic to mice (CAO et al. 2014) and was 

administered intraperitoneally three per week in parallel with mannose treatment. Mice 

with palpable tumors around day seven were randomly divided to one of four groups 

(n=5). Control group received vehicle alone while the experimental groups received 

mannose, 5-FU, and combination of mannose and 5-FU. 

The different treatments were well tolerated in mice as no significant change in body 

weights was observed among the different groups (Figure 17). We noticed that there is a 

significant decrease in tumor volumes in mice groups treated with mannose alone or in 

combination with 5-FU compared to the control group (Figure 18 A). Interestingly, 

male mice showed the most pronounced tumor growth inhibition in the mannose-treated 

group (Figure 18 B) while female mice exhibited a less significant tumor volume 

reduction (Figure 18 C). Female mice showed the most significant tumor volume 

reduction in the mannose/5-FU combination group.   
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Therefore, mannose sensitizes colorectal tumors to chemotherapy by 5-FU. 

Mannose effect can be sex-dependent, but this cannot be finalized based on our study 

due to the small number of animals within each group. Future experiments with a 

greater number of mice will be conducted to reach significance and get conclusive 

results.  

  

Figure 17. Body weights in NOD/SCID mice treated with mannose and 5-FU alone 

or in combination with 5-FU.                                                   5 x106 HCT116 cells were injected subcutaneously in 

the flank of NOD/SCID mice. After tumor development, mice were divided in 4 

groups: control, 50 mM Mannose, 5 µM 5-FU, Mannose + 5-FU. Body weights were 

measured overtime and represented among the four groups.  
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Figure 18. Tumor volumes in NOD/SCID mice treated with mannose alone or in 

combination with 5-FU. 5 x106 HCT116 cells were injected subcutaneously in the flank of 

NOD/SCID mice. After tumor development, mice were divided in to 4 groups: control, 50 

mM Mannose, 5 µM 5-FU, Mannose + 5-FU. A) 3 female and 2 male mice were included. 

B) 2 male mice, C) 3 female mice.  Tumors volumes were measured overtime and 

represented among the four groups. P values * < 0.05 and **P< 0.01 are considered 

statistically significant. 
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CHAPTER V 
 

DISCUSSION 
 

 

Colorectal cancer is the third most commonly diagnosed malignancy and the second 

leading cause of cancer related deaths worldwide  (WHO, 2021). 5-FU- based 

chemotherapy is the first-line of treatment for patients with advanced CRC (Vodenkova 

et al. 2020). Unfortunately, the five-year survival rate of metastatic CRC is still only 10-

15% success (Sethy & Kundu, 2021). One of the main reasons behind CRC treatment 

failure is the acquired or innate drug resistance occurring in 90% of the patients (Blondy 

et al. 2020). Since the majority of advanced CRC therapeutic regimens include 5-FU, 

therefore, it is of utmost importance to overcome its resistance (Suetsugu et al. 2021). 

The first evidence of metabolic differentiation between normal and cancer cells was 

proposed by Otto Warburg in 1924 to introduce “Warburg effect” in cancer metabolism. 

Warburg effect refers to the preference of tumor cells to use glycolysis for ATP 

production over the OXPHOS pathway even in aerobic conditions “Aerobic 

glycolysis”. This metabolic reprogramming emerged as a new cancer hallmark in 2011 

(Nenkov et al. 2021).  

The PPP activation is an important feature of aerobic glycolysis where it guarantees 

redox balance and R5P formation for nucleic acids biosynthesis in rapidly proliferating 

cells (Fang and Fang 2016). Glycolysis and the PPP related enzymes are ubiquitously 

elevated in colorectal carcinoma specimens (Shibuya et al. 2015). Thus, targeting the 

PPP is crucial for CRC cancer prevention and treatment where many of its enzymes 

have shown to be potential targets in cancer therapy among which is the G6PD (Ge et 

al. 2020). 
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G6PD is the rate-limiting enzyme of the PPP. G6PD is upregulated in several cancer 

types where it affects several cellular functions creating suitable and supportive 

environment for cancerous cells’ growth and survival. In addition, G6PD enhanced 

activity stimulates resistance to chemotherapeutic drugs in cancer cells. Therefore, 

G6PD inhibition was shown to be beneficial in reversing chemotherapy resistance in 

malignant cells (Song et al. 2022). 

Mannose has recently gained interest regarding its anti-cancer effects via glucose 

metabolism disturbance. Mannose did not affect glucose intracellular levels; however, 

mannose is poorly metabolized and accumulates as M6P leading to the suppression of 

three enzymes involved in glucose metabolism: HK, Phosphoglucose isomerase, and 

G6PD. Importantly, glucose metabolism deregulation by mannose enhanced 

chemotherapy-induced apoptosis (Gonzalez et al. 2018).  

We hypothesized that inhibiting the PPP in CRC provides new therapeutic 

opportunities whether alone or in combination with 5-FU. Therefore, we aimed to 

inhibit the PPP using mannose alone or in combination with 5-FU where combination 

treatments may enhance 5-FU efficacy. 

Sensitivity to mannose depends on the intracellular PMI levels. Where high PMI 

transform M6P to F6P to be engaged in glycolysis, reflecting mannose insensitivity 

while low PMI levels promote the cells’ response to the anti-cancer effect of mannose 

via M6P accumulation inside the cell impeding glucose metabolism (Gonzalez et al. 

2018). Our in silico analysis of PMI levels in CRC specimens revealed that PMI mRNA 

and protein levels are low in CRC in comparison to other cancer types or to normal 

colonic counterparts indicating their sensitivity to mannose (Araji 2021). It would be 
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interesting to measure PMI levels in human CRC cell lines with different p53 and 5-FU 

resistance status relative to the normal-like colon cells (NCM460D). 

Previous studies have shown the growth-suppressive effect of mannose in lung 

cancer(Sha et al. 2020), glioma(Fei et al. 2022), osteosarcoma, and pancreatic cancer 

cell lines (Gonzalez et al. 2018). We have demonstrated that mannose resulted in a time 

and dose-dependent cell growth inhibition in HCT116 and HCT116 p53-/- cells at 

concentrations that do not affect the normal-like colon cells (Araji 2021). It will be 

interesting to study the effects of mannose on CRC cells with 5-FU resistance status. 

Mannose has shown synergistic effects with several chemotherapeutic drugs such as 

cisplatin and doxorubicin in osteosarcoma (Gonzalez et al. 2018), temozolomide and 

chemoradiotherapy in glioma cancer (Fei et al. 2022; F. Liu et al. 2020), and carboplatin 

in lung cancer cell lines (Sha et al. 2020). We found that mannose synergizes with 5-FU 

on CRC cell growth. Using compusyn software, we have identified the concentrations 

of mannose and 5-FU for the combination treatment highest synergy coefficients in 

HCT116 cells (Araji 2021). The synergistic effect of the selected combination treatment 

was also observed on other cell lines harboring different p53 and 5-FU resistance status 

(Araji 2021). 

To characterize the mechanism underlying mannose and 5-FU-induced growth 

inhibition in the studied human CRC cells (HCT116, HCT116 p53-/-, and HCT116  

5-FUR), cell cycle analysis was performed. We observed sub-G1 accumulation in 30 % 

of the total cell population of HCT116 and HCT116 p53-/- cells, while HCT116 5-FUR 

cells showed a lower percentage of sub-G1 accumulated cells. S-phase cell cycle arrest 

was only detected in HCT116 and HCT116 p53-/- cells but not in HCT116 5-FUR cells. 
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Mannose/5-FU combination treatment was shown to induce G0/G1 cell cycle arrest in 

lung cancer cells (Wang, Xie, and He 2020). 

 The accumulation of mannose and 5-FU treated cells in the sub-G1 phase 

presumably indicates apoptosis. However, we did not observe any PARP cleavage or 

TUNEL positivity in the tested CRC cell lines indicating apoptosis-independent cell 

death even up to six days post-treatment.  5-FU alone or in combination with mannose 

resulted in γH2AX upregulation indicating DNA damage in the different CRC cell lines 

with different p53 and 5-FU resistance status as well as elevated ROS generation.  

Various stress signals such as oxidative stress and DNA damage may upregulate 

p53 activity and lead to p21 expression(Karimian, Ahmadi, and Yousefi 2016). 

HCT116 cells treated with mannose/5-FU combination induced pronounced DNA 

damage at day six of treatment and a parallel increase in p21 protein levels. It would be 

interesting to study the role of p21 in this process. 

Mannose accumulation in the form of M6P led to glycolysis disruption by inhibiting 

three enzymes among which is G6PD (Gonzalez et al. 2018). We found that mannose 

alone or in combination with 5-FU decreased the total dehydrogenase activity in 

HCT116 despite their different p53 status, but not in the 5-FU resistant cells. Therefore, 

inhibiting the PPP in HCT116 5-FUR is G6PD-independent.   

We xenografted HCT116 cells in NOD/SCID mice to study the anti-cancer 

effects of mannose in combination with 5-FU. Interestingly, we observed a significant 

decrease in tumor volumes in mice groups treated with mannose alone or in 

combination with 5-FU compared to the control group. Therefore, mannose sensitizes 

HCT116 cells to chemotherapy by 5-FU.  
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 Male mice showed the most pronounced tumor volume reduction in the 

mannose-treated group, while female mice exhibited a less significant tumor volume 

reduction. However, female mice showed the most significant tumor volume reduction 

in the mannose/5-FU combination group. Thus, mannose anti-tumor effect may be 

affected by sex, but this cannot be concluded based on our study due to the small 

number of animals within each group. Future experiments with a greater number of 

mice will be conducted to reach significance and get conclusive results. 

In summary, we have demonstrated that mannose in combination with 5-FU 

sensitizes CRC cells to combination treatment independently of their p53 and 5-FU 

resistance status. Important, mannose/5-FU combination treatment shows promising 

effects in a CRC xenografted mouse model.  

 

Limitations of the study  

Some results need to be validated independently three times. In addition, we have to 

increase the number of tested mice in the different groups of xenografted CRC cells and 

to characterize the tumors. It remains to be determined whether HCT116 p53-/- cells or 

HCT116 5-FUR xenografted cells in NOD-SCID mice are sensitive to mannose alone 

or in combination with 5-fU.  It will be also interesting to study the effects of the 

mannose/5-FU combination treatments on primary CRC cells or patient-derived 

xenografts. 
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Future Perspectives 

Future studies will be carried to characterize the mode of cell death induced by 

mannose/5-FU combination treatments. The role of p21 in this process can be studied in 

HCT116 p21-/- cells.  It would be interesting to knock out the g6pd gene 

using CRISPR/Cas9 in CRC cells and testing its effects on tumor cell growth using in 

vitro and in vivo models. 
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