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ABSTRACT 

Colorectal cancer (CRC) is one of the most common cancers worldwide. Obesity is a 

risk factor for CRC. Nearly one-third of the CRC patients is either overweight or obese. The 

efficacies of many current frontline treatments for CRC are reduced in the obesity-associated 

CRC. Currently, there is no targeted therapy for the obesity-associated CRC patients.  

It is known that obesity promotes CRC development. However, the critical signaling 

molecule that mediates the CRC growth under obesity is not well-defined. Identifying the 

master regulator that controls CRC growth under obesity or HFD feeding can facilitate the 

development of targeted therapeutics for the cancer treatment.   

In our study, lipidomics and RNA sequencing data showed that, HFD not only increases 

tumor weight, but also the palmitic acid level and toll like receptor 4 (TLR4) expression in the 

tumor tissues of CRC-bearing mouse models. The expression of TLR4 and palmitic acid level 

are reduced when HFD is replaced by matched control diet (CD). These concomitant changes 

suggest the roles of palmitic acid and TLR4 in CRC growth under HFD feeding. Subsequent 

studies showed that palmitic acid regulates TLR4 expression in PU.1-dependent manner. 

Knockdown of PU.1 abolishes the palmitic acid increased TLR4 expression. TLR4 promoter 

reporter assay and point mutation analysis suggest that PU.1 binding sites at -106, -172 and -

204 on the TLR4 promoter are essential for the palmitic acid mediated TLR4 transcription. 

The role of palmitic acid/PU.1/TLR4 axis in CRC growth is further examined in cell models 

and animal models that are fed either HFD or palmitic acid-rich diet. Interestingly, knockout 

of TLR4 in the tumor tissues abolishes the HFD-increased ATP levels. Similarly, iTRAQ 

proteomics data showed that knockdown of TLR4 changes the metabolic enzyme profiles in 

the tumor tissues, which are verified by western blot analysis. Our data suggest that TLR4 

mediates the growth of CRC under HFD feeding by programming the cancer metabolism. 

TLR4 is a potential therapeutic target for treating obesity-associated CRC. 

TLR4 is a transmembrane pattern recognition receptor. TLR4 can be activated by 

pathogen-associated molecular patterns such as lipopolysaccharides (LPS). Upon activation, 

TLR4 will be dimerized and form the activated complex (LPS.MD-2.TLR4). Indeed, LPS 

inserts into the hydrophobic binding pocket of the myeloid differentiation protein 2 (MD-2) 
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that bound to TLR4. Therefore, TLR4 antagonists are designed based on the modification of 

the structure of lipid A4 that is the innermost regions of LPS. However, many of these lipid A 

analogues or the synthetic ligands have poor water solubility and bioavailability and may be 

toxic.  

Natural small molecules that interrupt the formation of the (LPS.MD-2.TLR4) complex 

have been identified. However, none of them has been developed as TLR4-targeting agent. 

Interestingly, many of these compounds are flavonoids. Scutellaria species have high content 

of flavonoids. Baicalein (5, 6, 7-trihydroxyflavone) is a phenolic flavonoid found in S. 

baicalensis Georgi.  

In our study, molecular docking, surface plasmon resonance biosensor analysis and bio-

layer interferometry analysis demonstrated a direct physical binding between baicalein and 

TLR4. Cellular thermal shift assay also showed that baicalein physical binds to TLR4 and the 

binding of baicalein interrupts the binding of LPS to TLR4-MD-2 complex in CRC cells. 

Subsequent studies showed that baicalein inhibits TLR4 activity as indicated by the reduced 

phosphorylation of NF-κB in the CRC cells. Our data also suggest that the reduced NF-κB 

activity is unlikely due to the changes of the expressions of TLR4, MyD88 and TIRAP 

because baicalein dose not significantly affect their expression levels in CRC cells. Besides, 

our data showed that baicalein reduces CRC cell viability in a TLR4-dependent manner in the 

presence or absence of LPS. Subsequent drug–targets–disease network and protein-protein 

interaction network highlight hypoxia inducible factor (HIF-1α) and vascular endothelial 

growth factor (VEGF) are downstream of TLR4. In CRC cell models, activation of TLR4 by 

LPS enhances HIF-1α and VEGF expressions, which is abolished in the presence of baicalein 

or TLR4 inhibitor C34. In the TLR4-knockout cells, baicalein also fails to reduce the 

expressions of HIF-1α and VEGF. These data suggest that baicalein reduces HIF-1α and 

VEGF expressions in a TLR4-dependent manner. Both HIF-1α and VEGF are implicated in 

CRC metastasis. Indeed, wound healing assay suggests that baicalein inhibits CRC cell 

migration. In CRC-bearing mouse model, baicalein significantly reduces TLR4 activity in the 

tumor tissues and reduces the tumor size. More importantly, baicalein also reduces the 

metastatic markers vascular endothelial growth factor (VEGF), cluster of differentiation 31 

(CD31) and matrix metalloproteinases-2 (MMP-2) in the tumor tissues. The anti-angiogenic 
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effect of baicalein is also demonstrated by the reduced blood vessel formation in the chick 

yolk sac membrane, reduced vessel sprouting in the rat aortic ring model and the cultured 

human vascular endothelial cells. These data strongly suggest that baicalein inhibits CRC 

growth and metastasis by binding to TLR4 and inhibits TLR4 activity. 

Our data show that TLR4 is the master regulator that regulates the growth of CRC under 

HFD feeding; and baicalein inhibits TLR4 activity. Therefore, we have also examined 

whether baicalein reduces CRC growth under HFD feeding. The data showed that baicalein 

inhibits CRC growth in TLR4-dependent manner under HFD feeding. 

In summary, we have demonstrated that TLR4 is a master regulator for CRC growth 

under HFD feeding by programming the cancer metabolism. We have also demonstrated that 

baicalein directly binds to TLR4, inhibits TLR4 activity, and inhibits CRC growth and 

metastasis via the HIF-1α/VEGF signaling pathway. Furthermore, we have verified that 

baicalein also reduces CRC growth in TLR4-dependent manner under HFD feeding. Our 

study provides strong scientific evidence to support the translation of baicalein into TLR4-

targeting therapeutics agent for the treatment of CRC and obesity-associated CRC. 

 

 

Key words: Obesity; Colorectal cancer; Toll like receptor 4; TLR4; Palmitic acid; PU.1; 

Metabolism; Baicalein; hypoxia-inducible factor-1α; HIF-1α; vascular endothelial growth 

factor; VEGF 
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CHAPTER 1  

Introduction 

Colorectal Cancer 

Colorectal cancer (CRC) is one of the most common cancers in the world (Ji et al. 2020). 

It is a disease in which cancer cells form in the tissues of the colon or rectum. The symptoms 

of CRC may include a change in stool habit, rectal bleeding, abdominal pain, weight loss, and 

fatigue. Among these, the most specific symptom of CRC is rectal bleeding. (Rasmussen et al. 

2019). 

Prevalence of CRC  

In 2020, more than 1.9 million new CRC cases were reported, which accounts for 10% 

of all the new cancer cases (Dekker et al. 2019). It is predicted that, the annual global 

incidence of CRC will reach 2.84 million by 2040 (Sung et al. 2021). CRC is the second most 

common diagnosed cancer in women (9.4%) and the third in men (10.6%) worldwide (Baena 

et al. 2015). In China, the incidence rate ranks the fourth (9.87%) among all the cancer types. 

Despite the lower rates compared with other countries, China still has the highest number of 

diagnosed cases of CRC because of its relatively large population (Liu et al. 2020, Yang et al. 

2020). In Hong Kong, CRC has been the second most common cancer among men and 

women since 2012 (Zhang et al. 2018). According to the Hong Kong Department of Health 

report, in 2018, there were 5634 new cases of CRC, which accounted for 16.6% of all new 

cancer cases (Centre for Health Protection 2021). CRC used to be considered rare among 

young people (Baena et al. 2015), but recent studies showed that there is a rising incidence 

among younger people under the age of 50 in North America, Australia and Asian countries 

(Chung et al. 2019, Saad El Din et al. 2020). 

CRC is also one of the leading causes of cancer-related death worldwide (Zhang et al. 

2017). It is the fifth most common cause of cancer-related deaths in China, and it is also the 

second leading cause of death in both the US and UK (Feng et al. 2019). In Hong Kong, the 
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number CRC-related death keeps increasing from 1993-2018, and it was the second most 

common cause of cancer-related death in 2019. The crude death rates were 22.2 for females 

and 37.0 for males per 100000 population (Centre for Health Protection 2021). 

Current Managements for CRC 

Screening for precancerous or polyps and surgery are the most effective ways to treat 

CRC at the early stage. In USA, CRC incidence and mortality have been reduced by half with 

the implementation of screening programs for early detection (Saito 2000, Zauber 2015). 

Japan also shows a lower incidence of mortality compared to European countries due to its 

highly effective screening programs (Saito 2000, Shin et al. 2010). CRC screening tests 

include colonoscopy, sigmoidoscopy, fecal occult blood tests (FBOT), virtual colonoscopy 

and faecal immunochemical test (FIT). FIT is the most commonly used screening tool in 

recent years (Tepus et al. 2020). Other tests have also been developed such as the urine test 

for hypermethylation detection of the vimentin gene (Song et al. 2012), and blood testing for 

circulating RNA markers, circulating DNA markers and other biomarkers (Ganepola et al. 

2014, Marcuello et al. 2019). Recently, the non-invasive tools such as multi-target stool DNA 

test and a plasma SEPT9 DNA methylation test have also been approved by the United States 

Food and Drug Administration (Tepus et al. 2020). 

At the late stage, chemotherapeutic intervention coupled with surgery is the treatment 

regime for metastatic CRC. An antimetabolite 5-fluorouracil (5-FU) is a chemotherapeutic 

agent that has been shown to successfully improve 12-month survival in CRC patients 

(McQuade et al. 2017). However, during the treatment, patients soon develop resistance to 

5FU, suggesting the cancer cells that are therapy-resistant are capable of refueling the cancer 

growth (Francipane et al. 2019). Therefore, combinations of several chemotherapeutic agents 

have been incorporated into the conventional clinical treatment. The adjuvant treatment can 

help to reduce the chance of disease recurrence and increase patient survival. For example, 5-

FU and oxaliplatin are recommended for patients in stage Ⅲ CRC without contraindications. 

Oxaliplatin increases the absolute 5-year disease-free survival and the overall survival in 

patients with stage Ⅲ from 6.2 to 7.5% and from 2.7 to 4.2%, respectively (Yothers et al. 



3 
 

2011, Schmoll et al. 2015). However, some studies indicate that the benefit of oxaliplatin 

might be limited to patients below 70 years old and to the metastatic wild-type Kirsten rat 

sarcoma virus gene (KRAS) but not mutated KRAS colon cancer (Alberts et al. 2012, de 

Gramont et al. 2012). Furthermore, combination of bevacizumab or cetuximab with oxaplatin 

do not show any benefit on disease-free survival in large, randomized trials. 5-FU plus 

irinotecan or leucovorin also fail to show any survival benefit but are reported for the 

undesirable side-effects (Cutsem et al. 2009, Papadimitriou et al. 2011). Recently, 

immunotherapy has rapidly become a major treatment regimen for multiple types of solid 

cancers, including CRC. Pembrolizumab and nivolumab have shown efficacy in metastatic 

CRC patients. However, not all CRC patients respond to the immunotherapies (Ganesh et al. 

2019). 

The genetic background of CRC also affects the efficacy of the frontline treatments. 

CRC arises not from a single gene mutation, but from a combination of different gene 

mutations. CRC is a highly heterogeneous disease with diverse genetic and clinical features 

that influence therapeutic outcomes (Schell et al. 2016). Adenomatous polyposis coli (APC) 

gene mutation and Kras mutation are the two dominant mutations in CRC, which account for 

80% (Lawrence N. Kwong 2009) and 40% (Peeters et al. 2015, Serebriiskii et al. 2019) of the 

total CRC cases, respectively. Targeted exome-sequencing of 1321 cancer-related genes from 

468 CRC specimens reveals that APC usually co-occurs with either KRAS or TP53 mutations 

or both KRAS and TP53 mutations (Schell et al. 2016). CRC patients harboring KRAS 

mutations are insensitive to the current target-specific anticancer drugs cetuximab and 

panitumumab (Misale et al. 2012).  

Gender Risk Factors for CRC 

There is strong evidence from epidemiological research that the male gender is 

consistently more strongly associated with CRC incidence. Compared to males, the incidence 

and mortality rates of CRC in women are approximately 25% lower (Dekker et al. 2019). The 

cohort analysis in Hong Kong indicates that we should pay extra attention to the increased 

CRC incidence in males (Zhang et al. 2018).  
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Genetic Risk Factors for CRC 

CRC can be caused by inherited gene mutations. A case-control study showed the 

prevalence of CRC was 8.4% in relatives and 4.2% in controls, which indicated that first-

degree relatives of CRC patients are at increased risk of developing CRC (Cottet et al. 2007). 

Other studies showed that inherited genetic factors have a large effect on CRC and that 

individuals with 1 first-degree relative (FDR) with CRC (n=238; HR, 1.23; 95% CI, 1.07-1.42) 

or 2 FDR with CRC (n=35; HR, 2.04; 95% CI, 1.44-2.86) were at increased risk for getting 

CRC (Paul Lichtenstein et al. 2000, Schoen et al. 2015). Another study estimated the 

importance of genetic effects in CRC susceptibility using structural equation modeling and 

got a high percentage (13%) (Czene et al. 2002). Indeed, around 5%-10% of patients 

diagnosed with CRC have inherited genetic syndromes, such as Lynch syndrome, familial 

adenomatous polyposis (FAP), Peutz-Jeghers syndrome (PJS), MYH-associated polyposis 

(MAP) and adolescent polyposis (Burt et al. 2005, Yang et al. 2020). Besides, history of 

previous colorectal adenoma and inflammatory bowel disease such as ulcerative colitis, colon 

polyps and Crohn’s disease is also associated with CRC incidence (Tanaka 2009, Aran et al. 

2016). 

Two major distinct precursor lesion pathways are involved in the genetic instability of 

CRC and its pathogenesis (Dekker et al. 2019). The most common one is chromosomal 

instability pathway leading to 70-90% of the CRC incidence. It is characterized by the 

inactivation of APC, followed by the activation of oncogenes such as KRAS and BRAF, and 

the function loss of TP53 (Bardhan et al. 2013, Malki et al. 2020). Additionally, it has been 

found that PIK3CA and type II TGF-beta receptor (RII) mutation were also involved in CRC 

development (Markowitz et al. 1995, Samuels et al. 2004, Malki et al. 2020). Besides, 

genome-wide studies have identified another type of genomic instability, called microsatellite 

instability (MSI). It is characterized by the presence of frequent insertion and deletion 

mutations in repeated DNA sequences (Bardhan et al. 2013).  

Lifestyle and Dietary Factors in CRC Susceptibility 

Smoking, excessive alcohol consumption, diet, exercise, diabetes and obesity, are all 
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associated with CRC incidence. According to some meta-analyses (Edoardo Botteri et al. 

2008, Botteri et al. 2020), smoking is significantly associated with CRC in both incidence and 

mortality. Long-term frequent smoking increases CRC risk, while quitting smoking reduces 

CRC incidence. They also demonstrated that smoking increases the risk of CRC is 

characterized by microsatellite instability-high, CIMP, and BRAF mutation (Botteri et al. 

2020). Despite various tobacco control policies in China, there are still many smokers, which 

also perhaps helps explain why the incidence of CRC in China is still high (Yang et al. 2020). 

Interestingly, it is reported that exposure to second-hand smoke can also increase the risk of 

getting CRC (RR = 1.14; 95% CI = 1.05-1.24) (Yang et al. 2016).  

Excessive alcohol consumption leads to the accumulation of harmful substance in the 

body and long-term drinking is a threat to human health (Yang et al. 2020). Studies showed 

that the higher consumption of alcohol, the higher the risk of CRC incidence (Rehm et al. 

2021). Moreover, it is reported that there is a positive association between heavy alcohol 

consumption (>50 g/day) and CRC death. For heavy drinkers, the correlation was stronger in 

Asian studies than in US (Fedirko et al. 2011, Cai et al. 2014).  

Economic development and shifting to western lifestyle have increased the risk of 

developing CRC (Center et al. 2009). The western dietary pattern with processed food, and 

heavy consumption of meat, fried potatoes and refined grains is associated with an elevated 

risk of CRC (Yusof et al. 2012). Another meta-analysis suggests that intake of these processed 

food increases CRC risk, while intake of whole grains and dairy products reduces the risk 

(Vieira et al. 2017). According to the statistics, the meat consumption of China increased 

nearly 3-fold from 29.6 million tons in 1990 to 87.6million tons in 2013. The 2013 figure 

represents one-third of the word’s total meat consumption (Yang et al. 2020). A case-control 

study conducted in Shandong Province of China showed that consuming pork and kippers (a 

kind of fish) was positively correlated with CRC while eating fresh fruit was inversely 

associated with the incidence of CRC (Wang 2018). 

According to the epidemiological studies, individuals with high level of physical activity 

have 20% lower risk of developing CRC compared to inactive people (relative risk:0.81, 95% 

confidence interval: 0.77-0.86) (Huxley et al. 2009). Besides, randomized trials have shown 

that intake of aspirin, vitamin D, metformin, folic acid, magnesium or hormone replacement 
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therapy can reduce CRC risk (Rothwell et al. 2011, Yang et al. 2020). Indeed, aspirin is 

currently recommended by the US Preventive Services Task Force (USPSTF) to reduce the 

risk of developing CRC and cardiovascular disease in people aged 50 to 69 (NIH). 

Epidemiological data and meta-analysis results reported that Type 2 diabetes mellitus 

(T2DM) is an independent risk factor for CRC, and is in a magnitude close to having family 

history of CRC (Yuhara et al. 2011, Ali Khan et al. 2020). That was confirmed by another 

meta-analysis conducted by Heike U. Kra¨mer et al. in which the relative risk (RR) was 1.29 

(95%-confidence interval (CI): 1.19–1.140) and 1.34 (RR = 1.34; 95%-CI: 1.22–1.47) in men 

and women, respectively (Kramer et al. 2012). We can also find this association between 

T2DM and CRC in China patients (Wang et al. 2015, Yu et al. 2016). Perhaps, using drugs to 

control blood glucose in T2DM patients may reduce the development of CRC (Ottaviano et al. 

2020). 

Weight is another factor associated with CRC. The International Agency for Research on 

Cancer showed that avoidance of obesity can directly reduce the risk of multiple cancers, 

including CRC (Lauby-Secretan et al. 2016). A prospective cohort study in 2018 reported that 

among 85,256 American women, the RR for incident early-onset CRC for overweight and 

obese women was higher than for normal weight women, which was 1.93 and 1.37, 

respectively (Liu et al. 2019). Moreover, from a computed tomography scans of visceral fat 

(VAT) and subcutaneous fat (SAT) in 3,262 patients with stage I−III CRC study, we can know 

that deposition of excess SAT in men and VAT in women adversely affect the prognosis of 

CRC (Brown et al. 2020).  

The prevalence of diet- and overweight-related morbidities has been steadily increasing 

in recent years, to the point that obesity has been categorized as an epidemic (Caballero 2007). 

Obesity is often accompanied by comorbidities such as diabetes, stroke, cardiovascular 

disease and even cancer (Sheelarani Karunanithi 2018). Indeed, approximately 14% of cancer 

deaths in men and 16-20% of cancer death in women were found to be obesity-related (Gong 

Y. et al. 2014). It is reported that the RR of developing CRC for obese men was 1.4 and 1.1 

for obese women from a meta-analysis of Americans (Whitlock et al. 2012). According to the 

National Health and Nutrition Examination Survey, 35.4% of men and 20.8% of women with 

CRC were either overweight or obese in the U.S. (Kaaks 2004). Studies also showed that 
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10.9 % of colon cancer cases in men and 2.6% in women were associated with overweight 

and obesity (≥25 kg/m2) in Europe (Aleksandrova et al. 2013, Bardou et al. 2013). In China, 

it is estimated that excess weight is associated with 4.9% of CRC-related deaths in men and 

5.8% in women (Gu et al. 2018). Many studies showed that increase in body mass index 

(BMI) is associated with a proportional increase in CRC risk, and greater for men than 

women. (Murphy et al. 2000, Ning et al. 2010, Sheelarani Karunanithi 2018). Moreover, 

epidemiological evidence shows that high fat diet consumption increases CRC risk, while a 

balanced diet reduces the risk (Baena et al. 2015). 

Gut Microbiota Factors for CRC 

Recently, many studies have linked gut microbiota to intestinal diseases. The human gut 

microbiome composition can be affected by multiple factors. A study conducted by 

Rothschild et al. indicated that over 20% of the inter-person microbiome variability is due to 

environmental factors including diet but not significantly associated with the genetic ancestry 

(Rothschild et al. 2018). One study compared the human colonic faecal microbiota between 

people consuming a vegan diet and those consuming a normal (i.e., meat and vetagatble), the 

result showed that there is a significant reduction of Enterobacteriaceae in vegan samples 

(Zimmer et al. 2012). In addition, change in gut microbiota is also a link between obesity and 

CRC growth. Microbiota produce some beneficial metabolites, such as short-chained fatty 

acids (SCFAs) (Silva et al. 2020). Interestingly, researchers found increased levels of E.coli, a 

kind of Enterobacteriaceae, in the inflamed intestine of inflammatory bowel disease and CRC 

patients compared to healthy controls (Jobin 2014, Yang et al. 2018). Besides, it is reported 

that Fusobacterium nucleatum promotes colonic tumor formation in preclinical models and is 

correlated with the incidence of CRC (Abed et al. 2016). Many other strains have been found 

to be closely related to the occurrence of CRC, including Clostridium difficile, Bacteroides 

fragilis, Streptococcus spp, Campylobacter jejuni, pks+ E. coli and enteric Salmonella (Kho et 

al. 2018, Yang et al. 2020). Therefore, screening gut microbiota may be a novel non-invasive 

diagnosis of CRC. 
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Figure 1 Summary of the risk factors for colorectal cancer 

In this figure, we summarize the risk factors for CRC (Dekker et al. 2019). 
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Pathogenesis of CRC 

Globally, there are two major distinct precursor lesion pathways involved in the genetic 

instability of CRC (Dekker et al. 2019). The most common one is chromosomal instability 

pathway leading to 70-90% of the incidence of CRC and it is characterized by the inactivation 

of APC, followed by the activation of oncogenes (KRAS and BRAF), the function loss of 

TP53, and the gains or losses of aneuploidy and chromosomal (Bardhan et al. 2013, Malki et 

al. 2020). Additionally, it has been found that PIK3CA and type II TGF-beta receptor (RII) 

mutations are also involved in the adenoma–carcinoma pathway (Markowitz et al. 1995, 

Samuels et al. 2004, Malki et al. 2020). Another pathway is the serrated neoplasia pathway, 

which is the hypermethylation of loci that contain CpG islands and is usually accompanied by 

global DNA hypomethylation. The CpG Island Methylator Phenotype pathway (CIMP) is 

often correlated with RAS and RAF mutations, and epigenetic instability, leading to 

microsatellite stable and instable cancers, accounting for approximately 20% of CRC cases 

(Ogino et al. 2006, Cohen et al. 2008, Dekker et al. 2019, Malki et al. 2020).   

Moreover, genome-wide studies have also identified another type of genomic instability, 

called microsatellite instability (MSI). It is characterized by the presence of frequent insertion 

and deletion mutations in the repetitive DNA sequences(Bardhan et al. 2013). Although the 

MSI comprises only 2-7% of all CRC cases, it is the hallmark of hereditary nonpolyposis 

colorectal cancer (HNPCC) or Lynch syndrome and occurs in more than 95% of the HNPCC 

cases (Boland et al. 2010, Dekker et al. 2019, Malki et al. 2020). 

 

Obesity and CRC: A mechanistic overview 

Among all the lifestyle and dietary environmental factors, I aim to investigate the 

mechanisms of action that underly the development of obesity-associated CRC in this project. 

Severely obese CRC patients experienced worse overall survival (Daniel et al. 2016). 

Although the correlation between high-fat diet (HFD) and CRC risk has been known for many 

years, the most critical mechanism that underlies the development of CRC under HFD feeding 

or obesity is still not known. As for the mechanism by which obesity promotes CRC, there are 
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four known aspects or categories, namely: induction of chronic low-grade inflammation; 

induction of insulin resistance; increased adipokine concentrations; increased lipids levels and 

hence activate the respective signaling pathways (Aleksandrova et al. 2013, Louie et al. 2013, 

Ye et al. 2020).   

Obesity is a state of low-grade inflammation because various cytokines such as tumor 

necrosis factor alpha (TNF-α), interleukin-6 (IL6) and plasminogen activator inhibitor-1 (PAI-

1) are produced by adipose tissues. A study showed that about 30% of the circulating IL-6 

was secreted from adipose tissues and the level of IL-6 was positively correlated with BMI 

especially in elderly (Kern et al. 2001, Ellulu et al. 2017). High expression of IL-6 is found in 

the tumor microenvironment of both murine and human colon cancer (Nagasaki et al. 2014, 

Schumacher et al. 2019). It is reported that the progression, recurrence and even poor survival 

in CRC patients are associated with the high levels of circulating IL6 or C-reactive protein 

(CRP) (Rasic et al. 2018, Himbert et al. 2019). Furthermore, anti-IL6 receptor antibody 

shows anti-tumor activity in vivo (Nagasaki et al. 2014). Besides IL-6, adipose tissues also 

secret TNF-α which is another key mechanistic link between obesity and CRC. TNF-α 

activates NF-КB, the activation of IKK/ NF-КB pathway is important for the development of 

colitis and CRC (Kaltschmidt et al. 2019, Ye et al. 2020). It is also verified that treatment with 

20ug/L TNF-α enhances HCT116 cell migration and invasion by increasing trophoblast cell 

surface antigen-2 (TROP-2) (Zhao et al. 2018). 

Insulin can influence the occurrence of CRC either directly or indirectly through insulin-

like growth factor 1 (IGF-1) (Aleksandrova et al. 2013). It is hypothesized that, in obese 

subjects, the level of insulin-like growth factor binding protein1 (IGFBP-1) and IGFBP-2 are 

decreased and the level of IGF-I is increased, which leading to the tumor formation (Renehan 

et al. 2006). Insulin and IGFs have been reported to increase CRC cells’ resistance to 

cycloheximide and 5-FU through activating the PI3K/Akt signaling pathway (Jiezhong et al. 

2011). 

Adipokines are hormones derived from adipocytes. A study indicated the leptin level in 

human CRC is high and is associated with the development and progression of CRC (Koda et 

al. 2007). Interestingly, researchers found a significant decrease of cell proliferation in leptin-

deficient cells, and an inhibition of tumor growth in leptin-deficient and leptin-receptor-
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deficient mice that were severely obese (Endo et al. 2011). Adiponectin is one of the most 

abundant hormones released from adipose tissues, and it has an essential function in obesity-

associated cancers. It is reported that the levels of adiponectin in obese individuals and in 

obese animal models are decreased, which are in an inverse association with CRC 

development (Ye et al. 2020). Adiponectin inhibits CRC cell growth by stimulating AMP-

activated protein kinase (AMPK) activity, followed by down-regulating the mammalian target 

of rapamycin (mTOR) pathway (Sugiyama et al. 2009, Kim et al. 2010).  

Besides, the expression of fatty acid synthase (FASN), a critical enzyme that involves in 

de novo lipogenesis is increased in cancer cells. Under obesity conditions, FASN expression is 

upregulated in a variety of tissues (Louie et al. 2013). One interesting study showed that CRC 

cells can access and use free fatty acids from neighboring adipocytes in vivo and that CRC 

cells survive nutrient deprivation by upregulating mitochondrial fatty acid β-oxidation (Wen 

et al. 2017). Besides, β2-adrenergic receptor (β2AR) activation (Fatima et al. 2019), 

JNK/STAT3-signaling pathway (Nimri et al. 2015), Wnt pathway (Donohoe et al. 2017) and 

metabolic abnormalities (Qing-Chao Zhu 2014) also underlie the development of obesity-

associated CRC.  

Although we know that release of adipokines, elevated lipids levels, changes in gut 

microbiota and production of inflammatory cytokines regulate CRC growth, we do not know 

what the master regulator is that controls the growth of CRC under obesity or high fat feeding 

condition. 
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Figure 2 A mechanistic overview of obesity and CRC  

Signaling pathways or molecular signaling molecules have been identified that underly the 

growth of CRC under obesity 
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Current Treatments for Obesity-Associated CRC 

        Since the fact that obesity is a risk factor of CRC has been known for many years, early 

diagnosis is crucial (Alpa V. Patel et al. 2019). Many studies have indicated that bariatric 

surgery can help to reduce the CRC incidence especially for those people who suffer from 

morbid obesity and fail to lose weight by themselves. Bariatric surgery not only help to lose 

weight among obese CRC patients, but also change the rapid metabolic factors that could 

promote CRC such as decreased the insulin and T2DM level (Schauer et al. 2019, Bailly et al. 

2020, Bruno et al. 2020). Nevertheless, bariatric surgery should not be recommended as a 

routinely cancer prevention strategy due to the other surgical risks (Bruno et al. 2020). 

Moreover, since the difficulties in dissection among obese CRC patients, there is a higher 

rates of conversion from laparoscopic to open surgery (Whitlock et al. 2012, Alyaqout et al. 

2019). Many studies suggest that obesity would influence the operating time for some types 

of surgery such as rectal resection (Benoist et al. 2000, Whitlock et al. 2012). 

Furthermore, the efficacies of many current frontline treatments for CRC are reduced in 

obese-CRC patients (Cao 2019).  For example, high BMI metastatic CRC patients develop 

resistance to bevacizumab treatment (Faruk Aykan et al. 2013). 

Up to present, there is no target therapy for the obesity-associated CRC patients. Most 

obese patients are treated with regular chemotherapy for CRC. Interestingly, when treating the 

obese CRC patients with traditional chemotherapy, oncologists usually use ideal body weight 

or an arbitrary cap for body surface area (BSA) to calculate treatment dose. This probably due 

to the concern about toxicity if the obese patients receive a high dose based on their actual 

body weight (Jennifer J. Griggs et al. 2021).  

Understanding the mechanisms of action underlying the development of obesity-

associated CRC can help us to identify the novel therapeutic targets for treatments. Jin et al 

reported that anti-obesity drug orlistat moderates the growth of colon cancer in mice fed by 

western-diet by inhibiting the activity of STAT3 and NF-κB (Jin et al. 2021). Several 

molecular signaling molecules are reported to be important in the link between obesity and 

CRC including β2AR (Fatima et al. 2019), IGF-1 (Aleksandrova et al. 2013), IL-6 

(Schumacher et al. 2019), TNF-α (Kaltschmidt et al. 2019) as well as adiponectin (Ye et al. 
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2020). Besides, targeting on the cytochrome P450 (CYP) monooxygenase/soluble epoxide 

hydrolase (sEH) eicosanoid pathway could also be a novel therapeutic strategy for obesity-

associated CRC (Weicang Wang et al. 2018, Jianan Zhang et al. 2019). However, up to 

present, none of these signaling inhibitors has been developed for the treatment of obesity-

associated CRC. 

Toll-like Receptor 4 (TLR4) 

Recently, many studies have revealed that pattern recognition receptors (PRRs) are 

expressed not only in normal cell types, but also in cancer cells. It is reported that PRRs may 

be related to CRC progression and metastasis. However, no report has studied the roles of 

PRRs in mediating obesity-associated CRC (Pandey et al. 2015, Kathryn E Royse 2017, 

Zeromski et al. 2019). 

Toll like receptor 4 (TLR4) belongs to the PRR family. It is a transmembrane protein 

containing a leucine-rich repeats motif, a transmembrane domain and a cytoplasmic Toll/IL-1 

receptor domain. The leucine-rich repeating motif is responsible for recognizing and binding 

with the pathogen-associated molecules such as lipopolysaccharides (LPS) of the pathogens. 

The motif thereby initiates the innate immune response by recruiting downstream adaptors 

such as myeloid differentiation factor 88 (MYD88), TIR domain-containing adaptor protein 

(TIRAP), TIR domain-containing adaptor inducing IFN-b (TRIF), TRIF-related adaptor 

molecule (TRAM) and sterile-α and HEAT-Armadillo motifs-containing protein. 

TLR4 can be activated by long-chain saturated fatty acid. A study reveals a direct 

binding between palmitic acid and MD2, in which palmitic acid is associated with the 

hydrophobic pocket of MD2 (Nicholas et al. 2017, Wang et al. 2017). Subsequently, the 

binding between palmitic acid and TLR4/MD2 stimulates the NF-κB canonical pathway 

(Nicholas et al. 2017). However, neither stearic acid nor the mono-unsaturated oleic acid 

interacts with the TLR-4/MD-2 heterodimer (Schaeffler et al. 2008). The activation of TLR4 

by long-chain saturated fatty acid seems to be exclusive for palmitic acid. The palmitic acid-

activated TLR4 not only regulates the pro-inflammatory signaling pathways (Lee et al. 2001, 

Huang et al. 2012), but also underlies the development of insulin resistance and leptin 
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resistance in metabolic disorders (Kim et al. 2007). A study showed that palmitic acid, by 

activating TLR4/MyD88 signaling pathway, recruits pro-inflammatory monocytes and 

macrophages to the islets and hence induces β cell dysfunction in the obese mouse models 

(Kim et al. 2007). Another study showed that in the hypothalamus of the diet-induced obesity 

mouse model, activation of TLR4 by palmitic acid elicits inflammatory responses that results 

in the functional resistance to leptin (Milanski et al. 2009). However, whether palmitic acid 

affects TLR4 expression is not known.  

TLR4 is overexpressed in CRC (Cammarota et al. 2010, Semlali et al. 2016), and its 

expression is directly associated with the survival of the patients (Cammarota et al. 2010). 

TLR4 can well serve as a biomarker for CRC(Cammarota et al. 2010, Wang et al. 2010, Lu et 

al. 2014). Experimental studies showed that increased TLR4 activity promotes the growth and 

metastasis of CRC (Huang et al. 2005, Fukata et al. 2007). In clinical biopsies, elevated TLR4 

is associated with secretion of inflammatory cytokines such as interleukin 6 (IL6) and IL8 

(Semlali et al. 2016). Activation of the TLR4 signaling pathway also induces TNF-α and NF-

κB activation, which promotes CRC development (Fukata et al. 2007, So et al. 2010). In 

addition, TLR4 triggers the production of prostaglandin E2 and cyclooxygenase-2 and 

activates epidermal growth factor receptor (EGFR) signaling pathway that promotes CRC 

growth (Fukata et al. 2007). TLR4 also activates the β-catenin pathway that promotes 

intestinal neoplasia in a phosphoinositide 3-kinases (PI3K)-dependent manner (Santaolalla et 

al. 2013).  

Moreover, TLR4 enhances CRC metastasis (Earl et al. 2009). Study showed that 

enhanced TLR4 activity increases the expression of galectin-1 that induces epithelial-

mesenchymal transition (EMT)-related cytokines (Park et al. 2017). Activation of TLR4 also 

increases Akt phosphorylation (Doan et al. 2009) and hence increases the adhesiveness and 

metastatic capacity of the CRC by promoting β-1 integrin function (Hsu et al. 2011) and 

upregulating Nox-1 expression (O'Leary et al. 2012). Nevertheless, the oncogenic role of 

TLR4 is challenged by a study showing HFD promotes the polarization of adipose tissue 

macrophages from M2 to M1 phenotypes, and TLR4 promotes adipose tissue macrophage 

phagocytosis and secretion of chemokine Cxcl10 that recruits T cells and inhibits the 

peritoneal seeding of CRC cells (Xiang et al. 2020). 
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However, whether TLRs or TLR4 are involved in the development of CRC under obesity 

is not known. Identifying the role of TLRs or TLR4 in the development of obesity-associated 

CRC not only increases our understanding on the pathogenesis of obesity-associated CRC but 

also suggests novel therapeutic targets for the treatment. 

Baicalein 

Baicalein (5, 6, 7-trihydroxyflavone) (Figure 3), a phenolic flavonoid, is one of the main 

bioactive compounds isolated from the roots of Scutellaria baicalensis and Scutellaria 

lateriflora (Huang Qin in Chinese). Baicalein is a yellow needle-shaped crystal. It is insoluble 

in water, but soluble in organic solvents such as dimethyl sulfoxide, acetone, absolute ethanol 

and methanol. 

 

 

Figure 3 Chemical structure of baicalein 

The molecular formula is C15H10O5 and formula weight is 270.24. 

Pharmacological Properties of Baicalein 

Baicalein possesses many biochemical and pharmacological properties, including anti-

microbial (Tsai et al. 2002), antiviral (Hour et al. 2013), anti-inflammation (Lin et al. 1996), 

antiallergy (Chi et al. 2012), antioxidative (Hamada et al. 1993, Shieh et al. 2000), anti-

hepatotoxic, anti-cancer (Liu et al. 2016), anti-fibrosis and cardiovascular protective effects 

(Wang et al. 2015, Wang et al. 2016). Baicalein improves cardiac function (Zhao et al. 2016), 

and attenuates neurological deficits (Chen et al. 2016); it can be used to treat gastric ulcers 

(Ribeiro et al. 2016). Studies in several infection models indicate that baicalein attenuates 
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inflammation by inhibiting the TLR2-NF-κB signaling pathway (Cheng et al. 2017, Fu et al. 

2018). Baicalein significantly attenuates LPS-induced damage in the mammary gland, inhibits 

the activity of myeloperoxidase and decreases the levels of tumor necrosis factor (TNF-α) and 

interleukin (IL-1β) in LPS-induced mastitis mouse models (He et al. 2015). Besides, baicalein 

possess anti-angiogenic effects in the inflammation microenvironment by inhibiting the 

transcriptional activity of activator protein 1 (AP-1) both in vivo and in vitro (Huang et al. 

2017). The anti-inflammatory and anti-apoptotic properties of baicalein explain its therapeutic 

effects in Alzheimer’s and Parkinson’s diseases. Baicalein inhibits the aggregation of disease-

specific amyloid proteins, reduces oxidative stress and stimulates neurogenesis (Li et al. 2017, 

Sowndhararajan et al. 2017). 

Anti-Cancer Effects of Baicalein   

Studies suggest that baicalein possesses anti-cancer effects in various cancer types such 

as hepatocellular carcinoma (Chen et al. 2021), bladder cancer, prostate cancer, multiple 

myeloma, melanoma, gastric cancer, breast cancer, lung cancer, ovarian cancer and CRC (Liu 

et al. 2016). 

In CRC, baicalein arrests cell cycle at the S phase, and binds with caspase-3 by forming 

hydrogen bonds on the site of residues Ser251 and Asp253, and then interacts with caspase-9 

to induces apoptosis as demonstrated in CRC cell models (Wang et al. 2015). Baicalein 

significantly suppresses the activities of matrix metalloproteinases-2 (MMP-2) and MMP-9 

which are the vital proteases through inhibiting the AKT signaling pathway to inhibit CRC 

cell invasion and migration (Rui et al. 2016). Researchers also show that baicalein exerts anti-

metastatic effect by suppressing MMP-2/9 expression and extracellular signal-regulated 

kinase (ERK) phosphorylation (Chai et al. 2017). Studies using an azoxymethane/dextran 

sodium sulphate (AOM/DSS)-induced colitis mouse model (Kim et al. 2013), CRC orthotopic 

xenograft mouse model (Lin et al. 1996) and CRC-bearing xenograft mouse model also 

demonstrate the anti-cancer activity of baicalein. For the mechanism, baicalein has been 

shown to suppress the activation of NF-κB through the activation of peroxisome proliferator-

activated receptor γ (PPARγ) (Kim et al. 2013). Baicalein also activates protein kinase B (Akt) 
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in a p53-dependent manner in CRC cells (Kim et al. 2012). Data in proteomics study suggest 

that baicalein inhibits the proliferation of CRC cells and reduces the reactive oxygen species 

(ROS) levels by increasing the expression of peroxiredoxin-6 (PRDX6) (Huang et al. 2012). 

Besides, baicalein also reduces the expression of Ezrin and increases P53 and P21 expressions 

that block the cell cycle of CRC cells and hence inhibit CRC cell proliferation (Chen et al. 

2018). It is reported that baicalein also decreases the phosphorylation of nuclear factor 

erythroid 2–related factor 2 (Nrf2) in HCT116 CRC cells (Havermann et al. 2016). Recently, 

the anti-tumor and anti-metastatic effects of baicalein in CRC was revealed by decreasing the 

expression of epithelial‑mesenchymal transition (EMT)‑promoting factors including vimentin, 

Twist1, and Snail and increasing the E‑cadherin expression in CRC cells (Zeng et al. 2020). 

In addition, it is suggested that the anti-CRC effects of baicalein are due to reduction of 

inflammatory cytokine such as IL-1β, IL-2, IL-6, IL-10, granulocyte colony-stimulating factor 

(G-CSF), and granulocyte-macrophage colony-stimulating factor (GM-CSF) in the gut (Wang 

et al. 2020). 
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Figure 4 Summary of the mechanisms of action underlying the anti-CRC effects of 

baicalein 

Baicalein not only inhibits CRC growth, but also CRC metastasis. In this figure, we 

summarize the reported pathways that underly the inhibitory effects of baicalein on CRC 

growth and metastasis. 
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Rationale for the Study 

Epidemiological studies have shown that a sedentary lifestyle and high fat diet 

consumption promote CRC development. Identifying the master regulator for CRC growth 

under obesity or HFD feeding condition and exploring the underlying mechanism of action 

could be crucial for the development of effective therapeutic agents for the treatment of 

obesity-associated CRC.  

Aims of the Study 

In this study, we aimed to examine whether TLR4 activity is a master regulator that 

regulates the growth of obesity-associated CRC; and whether baicalein targets TLR4 and 

inhibits the CRC growth. 

Aim 1:   Investigate the involvement of TLR4 in CRC growth under obesity or HFD feeding 

Aim 2:   Investigate the mechanism of action underlying how TLR4 promotes CRC growth 

under HFD feeding 

Aim 3: Explore whether baicalein directly binds to TLR4 and inhibits TLR4 activity 

Aim 4: Investigate whether baicalein inhibits CRC growth by inhibiting TLR4 activity 
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CHAPTER 2  

Materials and Methods 

Reagents and chemicals 

Palmitic acid (PA), stearic acid (SA), fatty acid-free-bovine serum albumin (BSA), 

bovine serum albumin (BSA), baicalein, dimethyl sulfoxide (DMSO), lipopolysaccharides 

from Escherichia coli O111:B4, FITC-conjugated lipopolysaccharides (FITC-LPS) from 

Escherichia coli O111:B4 and mitomycin C were purchased from Sigma-Aldrich (St. Louis, 

USA). C34, TAK-242, MG132 and actinomycin D were purchased from Cayman Chemicals 

(Ann Arbor, Michigan, USA). Dulbecco's modified eagle medium (DMEM), fetal bovine 

serum (FBS), penicillin-streptomycin (PS, 10,000 U/mL) and trypsin-EDTA (0.25%) were 

purchased from Gibco (Waltham, MA, USA). Endothelial cell medium (ECM) and 

endothelial cell growth supplement were obtained from ScienCell Research Laboratories, Inc. 

The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide (MTT) was bought from 

Affymetrix (Inc. Cleveland Ohio, USA). Reverse transcription kit and TB Green® Premix Ex 

TaqTM for qPCR were obtained from Takara (Otsu, Shiga, Japan). Reagents for Western blot 

assay such as 30% Polyacrylamide/Bis Solution 29:1, ammonium persulfate and protein 

ladders were bought from Bio Rad Laboratories (Philadelphia, PA, USA). Immobilon-P 

PVDF Membrane and the Millicell® µ-angiogenesis activation assay kit was obtained from 

Millipore (Darmstadt, Germany). Trizol reagent, DNAse 1, TEMED, substrate for developing, 

Lipofectamine 3000 and Lipofectamine RNAiMAX for transfection were purchased from 

Thermo Fisher Scientific Inc. TLR4 promoter reporters were given as a kind gift by Professor 

Michael Rehli from the University of Regensburg Medical School, Germany. Dual Luciferase 

Assay kit was purchased from Beyotime Biotechnology. All the diets including high fat diet 

(HFD, D12492) and its matched control diet (CD, D12450J), palmitic acid-rich diet (PAD, 

D16042106) and its matched control diet (C-PAD, D17042705) were purchased from 

Research Diets, Inc. Fertilized eggs were purchased from Jinan spiffrey poultry Technology 

Co., Ltd. (Jinan, Shandong Province). The TLR4 protein was bought from Sino Biological. 

The CM5 sensor chip and the amine coupling kit were purchased from GE Healthcare UK 
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Limited (UK).  

Table 1 Antibodies used in this study 

Antibodies Dilution Manufacturer catalog number 

SREBP1 1:1000 Abcam ab28481 

MCAD 1:1000 Abcam ab92461 

TLR4 1:1000 Abcam ab13556 

TIRAP 1:1000 Abcam ab17218 

MyD88 1:1000 Abcam ab135693 

β-actin 1:1000 Abcam ab6276 

CD31 1:1000 Abcam ab28364 

Sp1 1:1000 Cell Signaling 9389 

PU.1 1:1000 Cell Signaling 2266 

ACC 1:1000 Cell Signaling 3662 

FASN 1:1000 Cell Signaling 3180 

CPT1A 1:1000 Cell Signaling 97361 

GLUT1 1:1000 Cell Signaling 73015 

p-NF-κB (Ser536) 1:1000 Cell Signaling 3031 

HIF-1α 1:1000 Cell Signaling 3716 

α-actinin 1:1000 Cell Signaling 3134 

GAPDH 1:1000 Cell Signaling 5174 

Ki67 1:500 Santa Cruz 

Biotechnology 

sc-23900 

VEGF(C-1) 1:500 Santa Cruz 

Biotechnology 

sc-7269 

p-AKT (ser473) 1:1000 Santa Cruz 

Biotechnology 

sc-7985 

Horseradish 

peroxidase (HRP)-

conjugated secondary 

antibodies 

1:4000 Santa Cruz 

Biotechnology 

sc2357 

sc2005 

TLR4 neutralizing 

antibody 

10ug/mL InvivoGen mabg-htlr4 

 

Cell lines and culture  

Human colorectal cancer cell lines HCT116, SW480, DLD-1 and human umbilical vein 
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endothelial cell (HUVEC) were purchased from American Type Culture Collection (ATCC). 

CRC Cells were cultured in Dulbecco’s modified essential medium supplemented with 10% 

fetal bovine serum (Life Technologies Ltd), and 1% penicillin and streptomycin at 37 °C in a 

humidified incubator with 5% CO2. HUVEC was cultured in Endothelial cell medium (ECM) 

supplemented with 5% fetal bovine serum (Life Technologies Ltd), 1% endothelial cell 

growth supplement (ECGS), and 1% antibiotic solution (penicillin and streptomycin) at 37 °C 

in a humidified incubator with 5% CO2. The medium was changed every three days and cells 

were passaged using 0.05% trypsin/ ethylene diamine tetra-acetic acid (EDTA). 

Cell proliferation  

CRC cells were seeded in a black 96-well plate and grown for 24 hours. Then, the cells 

were treated with 50 μM palmitic acid (PA) or stearic acid (SA) for 48 hours in DMEM 

medium containing 1% fatty acid free-BSA. 1% fatty acid free-BSA alone served as control. 

For C34 treatment, cells were pre-incubated with 5 μM C34 in 1% fatty acid free BSA-

containing medium for 3 hours, and then treated with or without PA (50 μM). Cell 

proliferation was measured by Cytoquant kit (Invitrogen) as per manufacturer’s instructions. 

Briefly, the 2X detection reagent was prepared using PBS, CyQuant® Direct nucleic acid 

stain and CyQuant® Direct background suppressor I. An equal volume of 2X detection 

reagent was added to cells in culture. Cells were incubated with the reagent for 60 minutes at 

37 ℃. Finally, fluorescence of samples was read using standard “green” filter sets by 

EnVision Mutilabel Reader. 

siRNA transfection 

siRNA transient transfection was performed using Lipofectaine RNAiMAX (Invitrogen) 

transfecting reagent according to the manufacturer’s instructions. CRC cells were seeded in a 

six-well plate and transfected with the indicated concentrations (25 pmol) of siRNA with 5 μL 

Lipofectamine RNAiMAX for 24 hours. 
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Establishment of TLR4 knockout cells 

TLR4 CRISPR-Cas9 (Santa Cruz) and TLR4 HDR (Santa Cruz) plasmids were used for 

the TLR4 knockout experiments in HCT116 cells (HCT116TLR4-KO). HCT116 cells were 

seeded in six-well plates and transfected with the CRISPR plasmids using UltraCruz 

transfection reagent (Santa Cruz). The control cells were transfected cells with pX330-U6-

Chimeric_BB-CBh-hSpCas9 (HCT116TLR4-KO-Ctrl). After 48 hours, the transfected cells 

were treated with 1 μg/mL puromycin (Sigma) for 3-4 weeks for the selection of TLR4-

knockout stable clones. HCT116 cells with TLR4 gene knockout was confirmed by Western 

blot analysis. 

CRC-bearing xenograft mouse model 

Male nude mice (4-5 weeks old) were purchased from the Laboratory Animal Services 

Centre, Chinese University of Hong Kong, housed in ventilated cages in the animal room at 

the Hong Kong Baptist University, with a 12 h light-dark cycle and free access to food and 

water. The animal care and experiment were performed with the approval from the 

Department of Health in the Hong Kong Special Administrative Region.  

To set up the xenograft mice models, 1×106 of the wild-type HCT116 cells, HCT116TLR4-

KO cells or the control for HCT116TLR4-KO cells were subcutaneously inoculated into the right 

flank of mice. When the tumors were grown to 80~100 mm3 in size, mice were randomly 

divided into 4 groups (n = 3 mice for each group) and fed with HFD or its matched control 

diet CD, or PAD or its matched control diet C-PAD for 18 days. The tumor volume and body 

weight were monitored every day. Tumor volume was measured by a caliper and calculated 

according to the formula: (length × width2)/2. After 18 days of the dietary intervention, mice 

were sacrificed, and tumors were dissected, weighed, and stored at -80 °C for subsequent 

experiments. All the animal studies are approved and performed according to the guidelines of 

the Department of Health HKSAR and the animal research ethics committee in the Hong 

Kong Baptist University (HASC/16-17/0068). 

To investigate the anti-CRC effect of baicalein in vivo, another nude mouse xenograft 

model was established. After subcutaneous inoculation of 1×106 of wild-type HCT116 cells, 
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mice were randomly divided into 4 groups of 8 mice each: vehicle (30% PEG-400/5% Tween-

80 solution), 10 mg/kg of baicalein, 20 mg/kg of baicalein and 3mg/kg of TAK242 groups. 

Mice were treated intraperitoneally once a day for 18 consecutive days. Body weight and 

tumor volume were measured every 6 and 3 days, respectively. To monitor the toxicity of 

baicalein, the body weight of each mouse was recorded every day. At the end of the 

experimental period, tumor of each mouse was dissected and weighed, and the serum was 

collected for the detection of alanine aminotransferase (ALT), aspartate transaminase (AST), 

creatine kinase (CK) and urea. All the animal studies are approved and performed according 

to the guidelines of the Department of Health HKSAR and the animal research ethics 

committee in the Hong Kong Baptist University (REC/20-21/0439). 

The parameters including ALT, AST, CK and urea in the blood were measured using 

commercially kits according to the manufacturer’s instructions. Aspartate aminotransferase 

assay kit, alanine aminotransferase assay kit and creatine kinase assay kit were purchased 

from Nanjing Jiancheng Bioengineering Institue and the urea assay kit was obtained from 

Sigma-Aldrich. 

To investigate the anti-CRC effect of baicalein under HFD feeding in vivo, 1×106 of 

wild-type HCT116 cells or HCT116TLR4-KO cells were inoculated in the left armpit of mice 

that were fed with HFD in the meantime. When the tumors were grown to ~70 mm3 in size, 

the mice were randomly divided into 2 groups: vehicle (30% PEG-400/5% Tween-80 solution) 

and 20 mg/kg of baicalein. Mice were treated intraperitoneally once a day for 12 consecutive 

days. Body weight and tumor volume were measured every 1 or 2 days, respectively. To 

monitor the toxicity of baicalein, body weight of each mouse was recorded. At the end of the 

experiments, the tumors were dissected and weighed. All the animal studies are approved and 

performed according to the guidelines of the Department of Health HKSAR and the animal 

research ethics committee in the Hong Kong Baptist University (REC/20-21/0439). 

Real-time quantitative polymerase chain reaction (qPCR)  

Total RNA was extracted from the samples using Trizol reagent (Invitrogen) and treated 

with DNAse 1 (Invitrogen). RNA (1μg) was reverse transcribed into cDNA using PrimeScript 
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Reverse Transcriptase reagents (Takara Bio). qPCR was performed using TB green reagents 

in ABI 7500 fast real-time PCR system (Applied Biosystems). All reactions were carried out 

in triplicates under the following cycling conditions: 50°C for 2 min, 95°C for 10 min, 40 

cycles of 95°C for 15 s and 60°C for 1 min. Relative mRNA expressions were normalized 

using β-actin as an internal control. Negative 2ΔΔCt method was applied to calculate the fold 

changes of the gene expressions. The primers used in this study were: TLR4 forward: 5- 

CGAGGAAGAGAAGACACCAGT-3, TLR4 reverse: 5-CATCATCCTCACTGCTTCTGT-3; 

Sp1 forward: 5-GGCTACCCCTACCTCAAAGG-3, Sp1 reverse: 5-

CACAACATACTGCCCACCAG-3; PU.1 forward: 5-GTGCCCTATGACACGGATCT-3, 

PU.1 reverse: 5-GAAGCTCTCGAACTCGCTGT-3; β-actin forward: 5-

GCACCACACCTTCTACAATG-3, and β-actin reverse: 5-TGCTTGCTGATCCACATCTG-3. 

Western blot analysis 

Cells were collected and suspended in lysis buffer containing 150 mM sodium chloride, 

1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris (pH 8.0), and protease 

and phosphatase inhibitors, incubated on ice for 30 min and then centrifuged for 20 min 

(14,000 rpm) at 4℃. Protein samples were denatured for 10 mins at 95℃. The protein sample 

of 10 to 40 μg was separated on 8% or 10% sodium dodecyl sulphate-polyacrylamide (SDS-

PAGE) gel and transferred onto polyvinylidene difluoride (PVDF) membranes. Membranes 

were blocked with 5% blotting-grade blocker in PBST for 1h and incubated overnight at 4℃ 

with the corresponding primary antibody at 1:1000 ratio. After that, membranes were washed 

for 3 times with PBST buffer, followed by corresponding secondary antibody incubation for 

1h at room temperature. Immunodetection was accomplished using horseradish peroxidase-

conjugated secondary antibody, followed by enhanced chemiluminescence (ECL) detection 

system (Amersham). β-actin, α- actinin or GAPDH served as the loading control for each 

sample. 

TLR4 promoter reporters and Dual-luciferase reporter assay 

Human TLR4 promoter reporters were the kind gifts from Prof Michael Rehli in the 
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University of Regensburg Medical School. HCT116 cells were seeded in a 24-well plate and 

were separately transfected the TLR4 promoter reporter (TLR4-E, mPU.1_0, mPU.1_1, 

mPU.1_2, mPU.1_5, pGL3-Basic) using LipofectamineTM 3000 Transfection Reagent 

(Thermo Fisher Scientific) for 8 h, and then treated with or without PA (50 μM) in the 

presence of 1% fatty acid-free BSA for 48 h. Cells were lysed with 100 μL of lysis buffer and 

20 μL of cell lysate was subjected to Dual Luciferase Assay (Beyotime Biotechnology). The 

firefly luciferase signals were normalized to that of Renilla luciferase by EnVision Mutilabel 

Reader. The luciferase reporter activity was calculated, all values were expressed as fold 

induction relative to basal activity. 

Surface Plasmon resonance (SPR) biosensor analysis 

The binding affinity of baicalein to TLR4 in vitro was assayed using the SPR 

spectroscopy (Biacore X100 System, GE Healthcare). TLR4 protein (molecular mass, 70.5 

KDa) was purchased from Sino Biological. The TLR4 protein was immobilized on a CM5 

sensor chip according to the standard procedures. The data were collected at a constant 1‰ 

DMSO-PBS flow rate of 30 μl/min at 25°C. Palmitic acid was dissolved with 1 ‰ DMSO in 

PBS buffer, and added in mobile phase as analyte. The eight concentration-gradient stocks of 

palmitic acid were 1.25, 2.5, 5, 10, 15, 20, 25 and 30 µM. Samples were added at 60 s and 

dissociated at 180s. The association (Kon) and dissociation (Koff) rate constants and the 

equilibrium dissociation constant (KD, Koff) were calculated using Biacore X100 evaluation 

software with 1:1 Langmuir binding fitting model applied. 

To investigate whether baicalein directly binds onto TLR4, baicalein was diluted into the 

running buffer to create a series of concentrations from 200μM down to 0.78125μM. The 

samples were injected into the channels at a flow rate of 30μl/min and the binding responses 

were continuously recorded in RU. The association (Kon) and dissociation (Koff) rate 

constants and the equilibrium dissociation constant (KD= Koff) were calculated using Biacore 

X100 evaluation software with 1:1 Langmuir binding fitting model applied. The lower the KD 

value the better the binding of the sample to the protein. 



28 
 

LC/MS-based lipidomics analysis 

The xenograft tissues (200 mg) form each mouse were homogenized by sonication in 2 

ml PBS and 0.4 ml solvent A (1M NaCl, 0.1% HCl). The lipid samples were extracted twice 

by adding Folch reagent (chloroform/methanol: 2/1). After centrifugation at 2000 × g for 30 

mins at 4 ℃, the lipid sample (the lower phase) was collected and evaporated under nitrogen 

stream. The residue was reconstituted in 100 μL isopropanol-acetonitrile (1:9, v/v) for liquid 

chromatography mass spectrometry (LC/MS) analysis. The LC/MS-based lipidomics analysis 

and data processing were performed by an Agilent 6540 UHD Accurate-Mass Q-TOF LC/MS 

mass spectrometer (Agilent Technologies), which was connected to an Agilent 1290 Infinity 

UHPLC via an ESI ion source for total lipids analysis. The Agilent 6450 Triple Quadrupole 

LC/MS system, accompanied with MassHunter Workstation software (Version B.04.00 

Qualitative Analysis, Agilent Technologies) was connected to an Agilent 1290 Infinity 

UHPLC to quantify the concentrations of targeted fatty acids. 

RNA sequencing 

Total RNA was extracted from xenograft tissues, and the RNA was quantified by 

Nanodrop. Purity of samples was checked on agarose gels by evaluating the 28 S and 18 S 

ribosomal RNA bands. The RNA samples were sent to GENE DENOVO Company for 

sequencing. RNA integrity number (RIN) was measured on Agilent Bio Analyzer 2100 

system. Raw sequencing data were analyzed by FastQC program. Clean reads to the genome 

were aligned before performing normalization and statistical modeling to identify DEGs. R 

packages edgeR and DESeq2 were used to identify the gene differences. Enrichr web-based 

tool was used to perform gene set enrichment analysis to identify the biological functions of 

the up- or down-regulated genes with focus on the gene ontology (GO) terms and Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathways using a standard false discovery rate 

(FDR) of < 0.05. 

iTRAQ (isobaric tags for relative and absolute quantitation)-based proteomics analysis 

Proteins from xenograft tissues were sent to Fitgene Biotech Company for iTRAQ 
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proteomics study. The proteins were extracted before proteolysis and labeled with iTRAQ 

reagents. Peptides were separated and inspected by LC-MS/MS. The obtained raw data were 

analyzed by SEQUEST engine, Proteome Discoverer 1.4 (Version 1.4.0.288 Thermo Fisher) 

software and ProteinPilot™ software (4.5 version 1656, AB Sciex). Biological functions of 

the differentially expressed proteins were identified by the Database for Annotation, 

Visualization and Integrated Discovery, Gene Ontology (GO) and Kyoto Encyclopaedia of 

Genes and Genomes (KEGG) analyses. The highlighted proteins were put into STRING 

(version 11.0) for protein interaction analysis. A network for protein-protein-interaction and 

gene neighborhoods were provided by STRING, protein coregulation was provided by 

ProteomeHD. 

Molecular docking simulation 

The binding mode between baicalein and TLR4 was investigated using Autodock vina 

1.1.2. Three-dimensional (3D) structure of TLR4/MD2 complex (PDB ID: 3FXI) was 

downloaded from RCSB Protein Data Bank (http://www.rcsb.org/pdb), and the MD2 structure 

was deleted. The 3D structure of baicalein was drawn by ChemBioDraw Ultra 14.0 and 

ChemBio3D Ultra 14.0 software. AutoDockTools 1.5.6 package was used to generate the 

docking input files (Su et al. 2020) 

Molecular dynamics 

Molecular dynamics simulation was performed using AmberTools 18 software. General 

AMBER force field (GAFF) parameters were assigned to the ligands, and the partial charges 

were calculated using the AM1-BCC method. The ff14SB force field was used for the protein. 

The baicalein-TLR4 complex was charge-neutralized by adding sodium counterions and was 

then surrounded by a periodic box of TIP3P water molecules extending up to 10 Å from the 

solute. First, energy minimizations using the steepest descent method, followed by the 

conjugate gradient method, were performed for each system. Each system was gradually 

heated from 0 to 300 K within 50 ps, followed by a further 50 ps of equilibration at 300 K to 

obtain a stable density. An unconstrained production phase was initiated and continued for 
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100 ns in an NPT ensemble at 1 atm and 300 K. During the simulations, the long-range 

electrostatic interactions were evaluated by the particle mesh Ewald (PME) algorithm. The cut 

off distance for the long-range van der Waals interaction was set to 10 Å. The SHAKE 

method was applied to constrain the bond lengths of hydrogen atoms attached to heteroatoms. 

The time step used for the molecular dynamics simulations was set to 2.0 fs, and the trajectory 

files were collected every 10 ps for the subsequent analysis. Interaction between apigenin and 

each residue was computed using the MM/GBSA decomposition process by the mm_pbsa 

program in AmberTools 18. The binding interaction of apigenin-residue pair includes three 

energy terms: van der Waals contribution (vdw), electrostatic contribution (ele), the polar 

solvation contribution (polar E) and nonpolar solvation contribution (nonpolar E). All energy 

components were calculated using the 50 snapshots extracted from the molecular dynamics 

trajectory from 40 to 50 ns. 

Biolayer interferometry (BLI) assay 

The binding affinity of TLR4 with baicalein was determined using Super Streptavidin 

(SSA) biosensors in an Octet Red 96 instrument (ForteBio Inc., Menlo Park, CA, USA). SSA 

biosensors with immobilized biotinylated TLR4 were exposed to a range of concentrations of 

baicalein including 12.5μM, 25μM, 50μM, 100μM and 200μM at 25℃. Assays were 

performed in black solid 96-well flat bottom plates on a shaker set at 1,000 rpm/min. The 

association and dissociation of baicalein with TLR4 was measured for 10 min. Data were 

acquired using the custom ForteBio software Data Acquisition v7.0. Kinetic parameters and 

affinities were calculated from a non-linear global fit of the data between baicalein and TLR4 

using Octet Data Analysis software version 7.0 (ForteBio). 

Network pharmacological analysis of baicalein and CRC 

The potential molecular targets of baicalein were predicted using the Traditional Chinese 

Medicine Systems Pharmacology Database and Analysis Platform (TCMSP), 

SwissTargetPrediction, and the Search Tool for Interacting Chemicals. The CRC-associated 

targets were comprehensively collected from four databases including Therapeutic Target 
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Database, Kyoto Encyclopedia of Genes and Genomes (KEGG), the Comparative 

Toxicogenomics Database, and GeneCards v4.9.0 (www.genecards.org/). Then, the obtained 

baicalein-related targets and the disease-related targets were intersected, the cytoscape 3.7.1 

software was used for visual analyses of the component-target-disease network. Finally, the 

STRING online database (https://string-db.org/) was applied to obtain the PPI data of the 

molecular targets of baicalein, where the parameter organism was set to Homo sapiens, and 

other basic settings were the default value. Cytoscape software was employed to establish the 

PPI relationship network and perform topological analysis. 

Cellular thermal shift assay (CETSA) 

CRC cells were collected and freeze-thawed ten times using liquid nitrogen. The lysates 

were diluted with RIPA and divided into two aliquots, with one aliquot being treated with 

baicalein (200μM) and the other aliquot as control (DMSO). After incubating for 30 min at 

room temperature, the lysates were divided into several equal parts and heated at different 

temperatures (67-85℃) for 15 min followed by cooling for 3 min at 4℃. The samples were 

centrifuged at 12,000 g for 15 min at 4℃ to collect the supernatant. Initiated the SDS-PAGE 

procedure by mixing 20 μL of each respective supernatant with 5μL of loading buffer in new 

tubes, and heated all the tubes at 100 ℃ for 5 min. The samples were then analyzed by SDS-

PAGE followed by Western blot. 

Fluorescence analysis 

TLR4-overexpressed CRC cells were seeded onto the confocal dish (Corning) for 24h. 

The cells were pre-incubated with baicalein at 15uM for 24h and then stimulated with or 

without 10µg/ml FITC-conjugated LPS (FITC-LPS) for 1h. After incubation, cells were 

washed three times for PBS and fixed in 4.0% (w/v) paraformaldehyde for 15 min at room 

temperature. Then the fixed cells were stained with DAPI for 5 min. The samples were 

observed on Leica DMI 3000B Confocal Platform. 
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MTT assay 

The MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) assay was 

used to evaluate the cytotoxicity of baicalein on the CRC cells. Baicalein was dissolved in 

dimethyl sulfoxide (DMSO) and diluted to a series of concentrations (25μM, 12.5μM, 

6.25μM, 3.125μM) with culture medium. HCT116, DLD-1, TLR4-overexpressed DLD-1 

(TLR4-DLD) and TLR4-overexpressed HCT116 (TLR4-116) cells in the logarithmic phase 

were cultured in 96-well plates for 24h with the number of 2000 per well for HCT116 and 

DLD-1 at 37°C in the 5% CO2 incubator. Afterwards, the cells were exposed to baicalein with 

different concentrations for 24h, 48h or 72h. After the treatment, 20µL MTT was added to 

each well and the plates were then incubated at 37°C for 4h. At the end of the reaction, the 

supernatant was removed and 150µL DMSO was added into each well. Samples were put on 

shaking platform for 5 min to dissolve the intracellular formazan. Absorbance at 570nm using 

a microplate reader was measured. Cell inhibition and half inhibitory concentration (IC50) 

values were calculated by GraphPad Prism 8 software. 

Overexpression of TLR4 in CRC cells 

Transient transfection assay was performed by using Lipofectamine 3000 Reagent 

(Thermo Fisher Scientific) according to the manufacturer’s protocol. CRC cells were seeded 

in a six-well plate and transfected with the indicated concentrations (2500ng) of human TLR4 

plasmid (Addgene) with 3.75 μL LipofectamineTM 3000 Reagent and 5 μL P3000TM Reagent 

for 24 hours. 

Immunohistochemistry staining 

Tumor tissues were embedded and sectioned, and the immunohistochemical staining was 

performed on the 3-µm sections. After dewaxed and hydrated, the sections were incubated 

anti-CD31, anti-Ki67 or anti-VEGF primary antibodies overnight. Next day, the sections were 

incubated HRP-conjugated secondary antibodies. All the sections were stained with 

diaminobenzidine then counterstained with hematoxylin. The number of CD31+ vessels, the 

percentage of Ki67+ or the percentage of VEGF+ cells was counted in a 200×field. 
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Wound healing assay 

CRC cells were seeded in a six well plate and treated with 5µg/mL mitomycin C for 4 

hours when the cells were fully confluent. Wounds were created by scratching the confluent 

cell monolayer using a plastic pipette tip, and any loose cellular debris or detached cells were 

washed away by PBS. The cells were then refed with DMEM medium containing DMSO or 

baicalein. The gaps of the wounds were observed with phase contrast microscopy and 

digitally photographed under 100× magnification. Each experiment was performed in 

triplicate. 

Chick chorioallantoic membrane (CAM) assay 

The fertilized eggs were incubated at 38°C and 60%-65% humidity for 9 days and then 

windowed. After removal of the shell membrane, 100 μL of baicalein or PBS was added onto 

the CAM of 9-day-old embryos. The eggs were incubated at 37.8°C and 60%-65% humidity 

until the embryos were 11 days old. After 48h incubation, the vascular plexus of the CAM 

was photographed using an inverted microscope. 

Rat aortic ring assay 

Rat aortic rings were prepared as previously described (Salcedo et al. 2000). Briefly, the 

thoracic and abdominal aorta was obtained from 150g male Sprague-Dawley rats (Zhejiang 

Vital River Laboratory Animal Technology Co., Ltd). (License number: SCXK (Zhejiang) 

2019-0001; Zhejiang, China). Then excess perivascular tissue was removed, transverse 

sections (1 to 2 mm) were made, and the resulting aortic rings were then washed in medium 

199 (Gibco, Waltham, MA, USA). The rings were then embedded in Matrigel matrix 

(Corning, 354248) in 8-well chamber slides so that the lumen was parallel to the base of the 

slide. After the Matrigel gelled, serum-free medium (ECM supplemented with antibiotics) 

with or without VEGFA at concentration of 200 ng/mL and different concentrations of 

baicalein (0, 7.5, 15, 30μM) was added to each well, and the slides were incubated at 37°C, 

with 5% CO2, for 7 days. After the incubation period, the rings were fixed, and photographed.  
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Tube formation test 

The tube formation test was performed by Millicell® µ-Angiogenesis Activation Assay 

kit (Millipore) according to the manufacturer’s instruction. Briefly, the µ-Angiogenesis slides 

were prepared and equilibrated a day before the experiment. On the day of experiment, 6.6μL 

Fibrinogen Solution was added into the inner well of each of the slide and 4.4μL Thrombin 

Solution was added into the center of each well and mixed immediately. Then the slide was 

incubated at 37 ℃ for one hour to allow the fibrin gel to solidify. Meanwhile, the HUVEC 

cells were harvested and made up a 6 ×105 cells/mL cell suspension.  Then the 2× activation 

reagent containing full Endothelial cell medium (ECM), Phorbol 12-myristate 13-acetate 

(PMA), insulin, transferrin, selenium with or without different concentrations of baicalein (15, 

30μM) was prepared. For each reaction, 25μL of the activation reagent with 25μL cell 

suspension was mixed and added into each of the upper wells of the µ-Angiogenesis Slide 

containing the polymerized fibrin gel.  The slide was incubated at 37°C in a 5% CO2 incubator 

for 18 hours. After the incubation period, each well was photographed.  

Statistical analysis 

We used SPSS software to perform statistical analysis of the data, one-way analysis of 

variance (ANOVA) to examine the variance within each group and the significant difference 

between groups with *p < 0.05, **p < 0.01, and **p <0.001. The data are shown as the mean 

± SEM, n = 3 independent experiments or n=4 to 8 mice in each group. 
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CHAPTER 3  

HFD increases TLR4 expression via PA/PU.1 axis in CRC 

Results in this chapter are all from the following published paper, for which the license for 

reuse in this thesis has been obtained. 

Hu, X. §., Fatima, S. §., Chen, M§. et al. Toll-like receptor 4 is a master regulator for colorectal 

cancer growth under high-fat diet by programming cancer metabolism. Cell Death Dis 12, 

791 (2021). https://doi.org/10.1038/s41419-021-04076-x (§ co-first author) 

Abstract 

The aim in this part of study is to investigate the involvement of TLR4 in CRC growth 

under obesity or HFD feeding condition.  

In the CRC-bearing mouse model, we find that the tumor size is correlated with the 

dietary intervention. HFD feeding increases the tumor size, and the tumor size is reduced after 

HFD is replaced by CD.  The changes of tumor sizes with the dietary intervention suggest that 

HFD feeding affects some reversible signaling mechanisms that influence the tumor growth. 

Interestingly, RNA sequencing and subsequent studies suggest that HFD feeding increases 

TLR4 expression in CRC.  

Next, we explored how TLR4 expression was enhanced in CRC under HFD feeding 

condition. Since the CRC-bearing mouse models received high-fat dietary intervention, we 

first examined the lipid profiles of the tumor tissues and investigated whether the lipid 

changes would regulate TLR4 expression. The data show that both palmitic acid and stearic 

acid levels are increased in the tumors of the HFD-fed mice. Subsequent studies suggest that 

only palmitic acid, but not stearic acid, increases TLR4 mRNA and protein expressions in the 

CRC. Palmitic acid increases transcription factor PU.1 expression. TLR4 promoter reporter 

assay and point mutation analysis suggest that PU.1 binding sites at -106, -172 and -204 on 

the TLR4 promoter are essential for the palmitic acid mediated TLR4 transcription. Our data 

suggest that HFD feeding increases TLR4 expression in CRC via a palmitic acid/PU.1 axis. 
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Results 

HFD feeding promotes CRC growth  

We first established CRC-bearing mouse model by inoculating human CRC cells SW480 

into the left armpit of nude mice. After the size of tumors of the xenograft models reached 

about 20mm3, we randomly divided the tumor mice into two groups, the HFD-feeding group 

(HD group) and the matched control diet-feeding group (CD group) (Figure 5A). After 15-day 

dietary intervention, the tumor sizes and tumor weight of HD group were significantly larger 

than CD group (Figure 5B). To better identify the molecular mechanisms that regulate the 

CRC growth under HFD-feeding, we randomly selected half of the mice in the HD group 

to have match control diet feeding (HCD group) while the remaining mice kept feeding 

HFD (HHD group) for 20 days (Figure 5A). Interestingly, we found that the tumor size 

and tumor weight in the HCD group were significantly less than those in the HHD group 

(Figure 5C). These results showed that HFD feeding increases the growth of CRC which 

can be reversed by CD feeding. 
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Figure 5 Dietary affects the growth of CRC 

A) The flow chart showing the details of dietary intervention. B) The size and tumor weights 

between HFD and CD group. C) The size and tumor weights of HHD, HCD and CD group. 

A 
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CD, matched control diet feeding; HD, high-fat diet feeding; HHD, HFD feeding persisted for 

35 days; HCD, HFD feeding for 15 days followed by CD feeding for 20 days. Data are shown 

as means ± SEM, n = 4–8 mice in each group. *p < 0.05, **p < 0.01 as indicated. 

HFD feeding increases the expression of TLR4 in CRC-bearing mouse model 

The changes of tumor sizes and tumor weight with the dietary intervention suggest that 

HFD feeding affects some reversible signaling mechanisms that influence the tumor growth. 

Therefore, we next examined the genetic profiles of these tumor tissues to explore whether 

they can explain the enhanced of CRC growth under HFD feeding. Firstly, we performed 

RNA sequencing with the HHD and HCD tumor tissues and a total of 19707 genes were 

detected. When compared to the HCD samples, 331genes were upregulated, and 1189 genes 

were downregulated in the HHD samples (Figure 6A), which suggests that dietary 

intervention affects the genetic profiles of CRC. The Gene Ontology (GO) enrichment 

analysis revealed that most of the genes affected by the dietary intervention were involved in 

the cellular process and metabolic process (Figure 6B). Interestingly, we found that HFD-

feeding increased TLR4 by 4 folds as indicated by the total read counts among the 10 TLR 

homologs. This result was in consistent with the FPKM (fragments per kilobase million)-

normalized read counts, increasing by 3.28 folds (Table 2). Although the data showed HFD 

increasing the total count of TLR3 by 20 folds as well, it had a discrepancy with the FPKM-

normalized read counts that indicated HFD increased TLR3 by 38 folds. Moreover, the null 

expression of TLR3 in CRC was inconsistent with other published studies (Maitra et al. 2017, 

Catalano et al. 2020). Therefore, we shortlisted TLR4 for the study and further validated its 

expressions in the tumor tissues by qPCR. The results showed that when compared to the CD 

group, TLR4 mRNA level was increased in the HD group. Besides, TLR4 mRNA levels were 

reduced in HCD group while kept increasing in the HHD group (Figure 6C). TLR4 protein 

levels also showed similar trends with the dietary interventions (Figure 6D). These in vivo 

data suggest that HFD feeding increases TLR4 expressions in CRC. 
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Figure 6 HFD feeding increases the expression of TLR4 in CRC 

A) RNA sequencing showing the number of upregulated and downregulated genes in the 

HCD and HHD tumor samples. B) GO enrichment analysis for the biological functions of the 

genes that show significant changes between HCD and HHD tumor samples. C) TLR4 mRNA 

levels and D) the protein levels and quantification in the tumor tissues. CD, matched control 

diet feeding; HD, high-fat diet feeding; HHD, HFD feeding persisted for 35 days; HCD, HFD 

feeding for 15 days followed by CD feeding for 20 days. Data are shown as means ± SEM, n 

= 4–8 mice in each group. *p < 0.05, **p < 0.01 as indicated. 

 

Table 2 RNA sequencing data of the 10 TLR homologs in the HHD and HCD groups 

id HHD_fpkm HCD_fpkm HHD_count HCD_count Symbol 

ENSG00000174125 0 0 0 0 TLR1 

ENSG00000137462 0.11 0.06 7 3 TLR2 

ENSG00000164342 0.38 0 20 0 TLR3 

ENSG00000136869 0.23 0.07 16 4 TLR4 

ENSG00000187554 0 0 0 0 TLR5 

ENSG00000174130 0 0.03 0 2 TLR6 

ENSG00000196664 0 0.05 0 3 TLR7 

ENSG00000101916 0 0 0 0 TLR8 

ENSG00000239732 0 0 0 0 TLR9 

ENSG00000174123 0 0.02 0 1 TLR10 

Remark: Quantification of the TLR genes in the xenograft tissues. HHD: CRC-bearing mice 

were kept feeding high fat diet (HFD) for 35 days; HCD: CRC-bearing mice were fed HFD 

for 15 days and then fed match control diet (CD) for 20 days. fpkm, fragments per kilobase 

million; count, total count. n=4-8 mice in each group, data are shown as means ± SEM. 

Palmitic acid increases TLR4 expression in CRC  

Next, we explored how TLR4 expression was enhanced in the CRC under HFD feeding 

condition. Since the CRC-bearing mouse models received high-fat dietary intervention, we 
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first examined the lipid profiles of the tumor tissues and investigate whether the lipid changes 

would regulate TLR4 expression. The result of sample clustering in principal component 

analysis revealed that dietary intervention affected the tumor lipid profiles (Figure 7A). The 

total fatty acid levels in HD group were higher than CD groups. Besides, the total fatty acid 

levels were decreased in the HCD group but kept increasing in the HHD group (Figure 7B). 

Then we identified the fatty acid species that have the significant changes between HHD and 

HCD group. The data are shown in Table 3. We also performed target lipidomics to validate 

the changes of these fatty acid species. Our results showed that palmitic acid and stearic acid 

levels were enhanced in the xenograft tissues of the HD and HHD group when compared with 

CD and HCD groups, respectively (Table 4). In addition, we found the levels of these fatty 

acid were lower in the HCD group when compared with HD group (Table 4). These data 

suggest that the palmitic acid and stearic acid levels in the tumor tissues are in parallel 

concomitant changes with the dietary interventions. Therefore, we explored whether palmitic 

acid and stearic acid would affect the expression of TLR4 in CRC. We treated the CRC cells 

separately with palmitic acid and stearic acid for 24h. Our results showed that palmitic acid 

significantly increased the mRNA levels of TLR4 in SW480 (Figure 7C) and HCT116 (Figure 

7D) cells. The treatments also significantly increased the protein levels of TLR4 in these cells 

(Figure 7E, F). However, stearic acid did not affect the TLR4 expression in these CRC cells 

(Figure 7G, H). These data suggest that HFD increases palmitic acid and stearic acid levels in 

CRC, but only palmitic acid increases TLR4 expression. 
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Figure 7 A Palmitic acid increases TLR4 expression in CRC cells 

A) Principal component analysis (PCA) of the tumor samples in global lipidomics study. B) 

Relative total free fatty acid (FFA) levels in the tumor tissues examined by the global 

lipidomics. Data are shown as means ± SEM, n = 4–8 mice in each group, *p < 0.05 as 

indicated. C, D) Relative mRNA levels of TLR4 in SW480 and HCT116 cells after palmitic 

acid (PA, 50 µM) treatments. E, F) Relative proteins levels of TLR4 in SW480 and HCT116 

cells after palmitic acid (PA, 50 µM) treatments. G, H) Relative proteins levels of TLR4 in 

SW480 and HCT116 cells after stearic acid (SA, 50 µM) treatments. Fatty acid treatments 

were done in the presence of 1% fatty acid-free BSA, 1% fatty acid-free BSA alone served as 

control (Ctrl). Data are shown as means ± SEM, n = 3 independent experiments, *p < 0.05, 

**p < 0.01 as indicated. 

 

Table 3 Lipidomics reveals the changes of the fatty acid species in the tumor tissues 

Fatty acid HHD: HCD p-value Mass Retention 

Time 

Myristic acid up 5.72E-07 228.206 15.210 

Oleic acid up 2.82E-08 282.256 17.744 

Palmitic acid up 7.35E-06 256.240 17.541 

Pelargonic acid up 6.25E-06 316.259 10.450 

G H 
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Pentadecylic acid up 1.95E-04 302.242 17.619 

Stearic acid up 6.61E-07 284.271 19.615 

10-Hydroxy-3,7-dimethyl-2E,6E-

decadienoic acid 

down 8.92E-06 212.140 8.200 

10-tridecynoic acid up 2.05E-07 210.161 7.020 

12-tridecenoic acid up 5.24E-04 484.374 17.129 

12Z,15Z-heneicosadienoic acid down 3.63E-04 704.585 23.409 

12Z-heneicosenoic acid down 7.62E-04 324.299 19.888 

13Z-eicosenoic acid down 2.79E-05 310.282 19.797 

2E,6E,8E,10E-dodecatetraenoic 

acid 

up 1.29E-16 192.115 7.7859 

2E,6Z,8Z,12E-hexadecatetraenoic 

acid 

up 6.25E-06 744.524 20.779 

2Z,4E-nonadienoic acid up 5.89E-09 368.216 7.629 

3-undecynoic acid up 4.27E-04 242.152 5.599 

4,8,11,14-Eicosatetraynoic acid up 1.42E-06 592.367 18.187 

5,8-heptadecadiynoic acid up 1.19E-08 322.212 11.762 

5-oxo-7-decynoic acid up 1.54E-04 546.279 10.250 

6,9,12,15,18,21-

Tetracosahexaynoic acid 

up 1.92E-04 404.193 7.624 

6E,8E,12E,14E-Hexadecatetraen-

10-ynoic acid 

up 5.79E-11 488.296 18.641 

8,11,14-nonadecatriynoic acid up 1.69E-04 346.213 14.263 

8Z-Decene-4,6-diynoic acid up 6.54E-04 546.229 19.306 

alpha-nonylenic acid up 0.00147588 216.134 7.8041 

beta-ethyl acrylic acid up 2.21E-08 300.155 8.4722 

cis, cis-dodeca-3,6-dienoic acid up 1.78E-04 196.145 8.383 

trans, trans-hepta-2,4,6-trienoic 

acid 

up 1.71E-07 308.120 8.368 

trans-beta-octenoic acid down 2.01E-08 426.305 19.279 

Remark: HHD: CRC-bearing mice were kept feeding high fat diet (HFD) for 35 days; HCD: 
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CRC-bearing mice were fed HFD for 15 days and then fed match control diet (CD) for 20 

days. n=4-8 mice in each group. 

 

Table 4 The levels of palmitic acid, stearic acid and oleic acid in the tumor tissues 

ng/mg protein Palmitic acid Stearic acid Oleic acid 

CD 1.0204±0.0281 0.5120±0.0186 4.0387±0.0200 

HD 3.7802±0.6189a 1.5079±0.2044a, e 2.5580±0.4097a, d 

HHD 4.6550±0.2315a 14.0742±0.3258c 0.1180±0.0005b 

HCD 3.0331±0.1777a, d 1.2206±0.0292a, e 0.0967±0.0046b 

Retention time (min) 17.541 19.615 17.744 

Accurate MS 256.2402  284.2715  282.2559 

Remark: HD: CRC-bearing mice were fed high fat diet (HFD); CD: CRC-bearing mice were 

fed match control diet (CD); HHD: CRC-bearing mice were kept feeding HFD for 35 days; 

HCD: CRC-bearing mice were fed HFD for 15 days and then fed CD for 20 days. Data are 

shown as means ± SEM. n = 4-8 mice in each group. a< 0.05, b<0.01, c<0.001 compared to 

CD; d< 0.05, e<0.001 compared to HHD. 

Palmitic acid increases PU.1 and Sp1 expressions in CRC 

Since palmitic acid increased the mRNA levels of TLR4, we investigated whether 

palmitic acid affected TLR4 gene transcription. Other studies reported that TLR4 promoter 

has both Sp1(Wasiluk et al. 2006) and PU.1 (Rehli et al. 2000, Lichtinger et al. 2007) 

transcriptional regulatory elements. Interestingly, our data showed that palmitic acid treatment 

significantly increased both PU.1 (Figure 8A, 8C) and Sp1 (Figure 8E, 8G) mRNA levels in 

CRC cells. Palmitic acid treatment also significantly increased the protein expressions of 

PU.1 and SP1 in these cells (Figure 8B, 8D, 8F, 8H). 

PU.1 expression is critical for the palmitic acid enhanced TLR4 expression in CRC 

To investigate whether Sp1 and PU.1 were involved in the palmitic acid increased TLR4 

expressions, we separately knocked down Sp1 and PU.1 in the CRC cells before palmitic acid 

treatments (Figure 8I, 8K). Our results show that palmitic acid significantly increased the 
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protein expression of TLR4 in Sp1-knockdown CRC cells but not in the PU.1-knockdown 

CRC cells (Figure 8J, 8L). These data suggest that PU.1 is critical for the palmitic acid 

enhanced TLR4 expression in CRC. 

Lichtinger et al has identified several PU.1 binding sites on the TLR4 promoter 

(Lichtinger et al. 2007). Then we studied which sites were essential for the palmitic acid 

mediated TLR4 transcription. We performed luciferase assay with TLR4 promoter constructs 

that have mutated PU.1 binding sites including mPU.1_0, mPU.1_1, mPU.1_2, mPU.1_5, 

respectively (Lichtinger et al. 2007). Figure 8M shows the PU.1 binding sites on the TLR4 

promoter. Luciferase assay results showed that palmitic acid significantly increased the 

activity of the TLR4 promoter (-1 to -385 TLR4-E). However, mutation at PU.1_1, PU.1_2 

and PU.1_5, but not at PU.1_0, abolished the palmitic acid-increased promoter activity 

(Figure 8N). These data suggest that PU.1 binding sites at -106, -172 and -204 (Figure 8N) are 

essential for the palmitic acid mediated TLR4 transcription. 
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Figure 8 PU.1 expression that is critical for the palmitic acid enhanced TLR4 expression 

After palmitic acid (PA, 50 µM) treatments, the relative A) mRNA and B) protein expressions 

of PU.1 in SW480 cells; the relative C) mRNA and D) protein expressions of PU.1 in 

HCT116 cells. The relative E) mRNA and F) protein expressions of Sp.1 in SW480 cells; the 

relative G) mRNA and H) protein expressions of Sp.1 in HCT116 cells. The protein 

expression of Sp.1 and PU1 in the I) SW480 and K) HCT116 cells after siRNA-mediated 

knockdown of Sp.1 and PU1, respectively. J) TLR4 protein expressions and quantification in 

Sp1-knockdown or PU.1-knockdown SW480 cells after palmitic acid (PA, 50 µM) treatments. 

L) TLR4 protein expressions and quantification in Sp1-knockdown or PU.1-knockdown 

HCT116 cells after palmitic acid (PA, 50 µM) treatments. M) Schematic illustration for the 

PU.1 binding site on TLR4 promoter. N) Effects of the PA treatment (PA, 50 µM) on TLR4 

promoter activity, wild-type TLR4 promoter (TLR4-E-pGL3), and TLR4 promoter with 

mutations at PU.1-binding sites, mPU.1_0, mPU.1_1, mPU.1_2, and mPU.1_5. pGL3-Basic 

is control plasmid. Data are shown as means ± SEM. n=3 independent experiments. *p < 0.05, 

**p < 0.01 as indicated. Fatty acid treatments were done in the presence of 1% fatty acid-free 

BSA, 1% fatty acid-free BSA alone served as control (Ctrl). 
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Discussion  

The aim in this part of the study is to investigate the involvement of TLR4 in CRC 

growth under obesity or HFD feeding condition. Our data clearly demonstrate that HFD 

feeding increases palmitic acid levels in CRC, which in turn increases TLR4 expressions by 

increasing PU.1 level and PU.1-dependent TLR4 gene transcription. 

The physiological or pathogenic factors that increase TLR4 expression are less reported. 

A study shows that LPS does not affect TLR4 expression (Hornef et al. 2002, Tang et al. 

2012), but increases the phosphorylation of ERK1/2 and p38 and activates NF-κB (Tang et al. 

2012). Another study demonstrates that continuous LPS stimulation reduces TLR4 expression 

(Otte et al. 2004). Other factor like endotoxins does not affect TLR4 promoter activity but 

decreases the TLR4 steady-state mRNA levels by increasing the turnover rate of the TLR4 

transcripts (Roger et al. 2005). Hypoxic condition in the inflamed intestinal lining induces 

TLR4 expressions (Leaphart et al. 2007).  

Interestingly, our study suggests that palmitic acid enhances PU.1 transcription factor 

expression, and mutations of the PU.1 binding sites at −106, −172, and −204 on TLR4 

promoter completely abolish the palmitic acid-mediated TLR4 transcription. PU.1 is a critical 

transcription factor in TLR4 transcription, which increases the recruitment of polymerase II to 

the proximal TLR4 promoter and directs the location of the transcription-initiation complex 

(Lichtinger et al. 2007). Nevertheless, it deserves further investigation to study how the 

palmitic acid increases PU.1 expression in CRC, and whether palmitic acid facilitates the 

physical interaction between PU.1 and the TATAbox-binding protein TFIID (Hagemeier et al. 

1993) or other critical trans-acting elements that enhance the TLR4 transcription. 
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CHAPTER 4  

Palmitic acid promotes CRC growth by re-programming the cancer 

metabolism mediated by TLR4  

 

Results in this chapter are published, for which the license for reuse in this thesis has been 

obtained. 

Hu, X. §., Fatima, S. §., Chen, M§. et al. Toll-like receptor 4 is a master regulator for colorectal 

cancer growth under high-fat diet by programming cancer metabolism. Cell Death Dis 12, 

791 (2021). https://doi.org/10.1038/s41419-021-04076-x (§ co-first author) 

 

Abstract 

The aim of this part of the study is to investigate whether palmitic acid increases TLR4 

activity and to reveal the mechanism of action underlying how TLR4 promotes CRC growth 

under HFD feeding. Data in the surface plasmon resonance study suggest that palmitic acid 

does not directly bind to TLR4 protein. Instead, palmitic acid increases not only TLR4 

expression but also the TLR4 adaptor proteins such as MyD88 and TIR-domain containing 

adapter protein (TIRAP) in CRC, which may underlie how palmitic acid increases TLR4 

activity as indicated by the activation of NF-κB. Activation of TLR4 upon palmitic acid 

challenge increases CRC cell proliferation, which is abolished by TLR4 inhibitor C34 or 

knockout of TLR4 in the cells. Our in vivo data also suggest that palmitic acid increases CRC 

growth in a TLR4-dependent manner. 

Interestingly, we also found that HFD significantly increases ATP level in the tumor 

tissues, and HFD fails to increase the ATP level in the TLR4 knockout tumor tissues in the 

CRC-bearing mouse models. Therefore, we explore whether TLR4 promotes CRC growth by 

regulating the cancer metabolism under HFD feeding condition. Western blot analysis shows 

that knockout of TLR4 in the tumor tissues abolishes the HFD-enhanced expressions of 

acetyl-CoA carboxylase, fatty acid synthase, carnitine palmitoyltransferase-1, medium-chain 

acyl-CoA dehydrogenase glucose transporter GLUT1 and sterol regulatory element-binding 
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transcription factor-1 in CRC. Furthermore, iTRAQ-based proteomics and signaling pathway 

enrichment analysis with the tumor tissues also suggest that knockout of TLR4 changes the 

expressions of some metabolic enzymes and affects the tumor lipid metabolism. These 

enzymes are involved in energy production and take part in triglyceride biosynthesis, glucose 

metabolism, fatty acid activation, fatty acid, triglyceride and ketone synthesis in a cooperative 

manner as illustrated in the STRING analysis. The results suggest that the regulatory role of 

TLR4 in CRC metabolism under HFD feeding is attributed to a collaborative work of the 

metabolic enzymes. Our data suggest that TLR4 regulates the CRC growth under HFD 

feeding by programming the cancer metabolism. 

 

Results 

Palmitic acid promotes CRC cell proliferation in a TLR4-dependent manner 

Since palmitic acid increased the expression of TLR4, we investigated whether palmitic 

acid affect the expressions of TLR4 adaptor proteins. Our results showed that palmitic acid 

increased the expressions of MyD88 and TIRAP in CRC cells (Figure 9A, B). Besides, 

palmitic acid also enhanced the TLR4 activity as indicated by the increased of 

phosphorylation of NF-κB in CRC cells (Figure 9C, D). However, the surface plasmon 

resonance (SPR) results showed that palmitic acid did not directly bind to TLR4 protein 

(Figure 9E). We used the computer fitting function to obtain the dissociation equilibrium 

constant (KD) of palmitic acid binding to TLR4 protein, which was 35.56 M. The lower the 

KD value, the better the binding of the sample to the protein. This KD value suggests that 

there is less likely to have a binding between palmitic acid and TLR4 protein, which agrees 

with other studies (Nicholas et al. 2017, Wang et al. 2017, Lancaster et al. 2018). Our data 

suggest that palmitic acid activates the TLR4 pathway, which is, at least in part, due to the 

enhanced expression of TLR4, MyD88, and TIRAP in CRC cells but not a direct binding of 

palmitic acid to the TLR4 protein. 

Interestingly, we found that palmitic acid increased the CRC cell proliferation, which 

was abolished by C34, an inhibitor of TLR4 (Figure 9F, G). To further examined if TLR4 was 
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involved in the palmitic acid-enhanced CRC cell proliferation, we knocked out the TLR4 in 

the HCT116 cells (TLR4—KO) (Figure 9H). The data showed that palmitic acid failed to 

increase the proliferation of the TLR4—KO cells (Figure 9I). These data suggest that palmitic 

acid increases CRC cell proliferation in a TLR4-dependent manner. 
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Figure 9 Palmitic acid increases CRC cell proliferation in a TLR4-dependent manner 

Protein expression of TLR4, MyD88, and TIRAP in A) SW480 and B) HCT116 cells after 

palmitic acid (PA, 50 µM) treatments. Expression of p-NF-κB in C) SW480 and D) HCT116 

cells after palmitic acid (PA, 50 µM) treatments. E) Kinetics analysis of palmitic acid binding 

to TLR4 protein using SPR Biacore X100. Representative sensorgrams were obtained from 

injections of palmitic acid at different concentrations as indicated. Proliferation of F) SW480 

and G) HCT116 cells after palmitic acid (PA, 50 µM) treatments in the presence or absence of 

C34. H) Knockout of TLR4 in HCT116 cells (HCT116 TLR4-KO). I) Proliferation of 

HCT116 cells and HCT116TLR4-KO cells after palmitic acid (PA, 50 µM) treatments in the 

presence or absence of C34. Data are shown as means ± SEM. n = 3 independent experiments. 

*p < 0.05, **p < 0.01 as indicated. Fatty acid treatments were done in the presence of 1% 

F G 

H I 
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fatty acid-free BSA, 1% fatty acid-free BSA alone served as control (Ctrl). 

HFD or palmitic acid-rich diet (PAD) increases CRC growth in a TLR4-dependent 

manner when compared to the respective matched control diets 

    Next, we examined whether TLR4 mediated the growth of CRC under HFD feeding in vivo. 

We subcutaneously inoculated wild-type HCT116 cells or TLR4-knockout HCT116 cells 

(HCT116TLR4_KO cells) into the nude mice. When the tumor volume reached to ~100 mm3 in 

size, we randomly divided the mice into HFD group and CD group. The HFD was 

purchased from Research Diets (D12492), which contains 49.9 g of palmitic acid in 254.5 

g of the total fatty acids, and palmitic acid accounts for 19.6% of the total fatty acids. The 

mice in control group were fed a match control diet (CD) (D12450J, Research Diets). 

Although HFD is commonly used to induce obesity, it cannot clearly demonstrate the 

effect of palmitic acid on CRC growth in the mouse model. Therefore, another batch of 

mice were fed a palmitic acid-rich diet (PAD) (D16042106, Research Diets). The PAD 

was formulated to have 106.5 g of palmitic acid in 262.8 g fatty acids, in which palmitic 

acid accounts for 40.5% of the total fatty acids. The mice in control group were fed with 

the corresponding match diet (C-PAD) (D17042705, Research Diets). No apparent 

difference in the food intakes was observed among these groups. The diets did not 

significantly affect the body weight of the mice during the 18-day dietary intervention 

(Figure 10A and 10B). However, for the mice that were inoculated with the wild-type 

HCT116 cells, both HFD and PAD significantly increased the tumor size (Figure 10C and 

10E) and tumor weight (Figure 10F) when compared to CD and C-PAD, respectively. 

Interestingly, for the mice that were inoculated with the HCT116TLR4_KO cells, both HFD 

and PAD failed to increase the tumor volume (Figure 10D and 10E) and tumor weight 

(Figure 10F). Our data suggest that HFD and PAD increase CRC growth in a TLR4-

dependnet manner in vivo. 
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Figure 10 HFD or palmitic acid-rich diet (PAD) increases CRC growth in a TLR4-

dependent manner in vivo 

The body weight of the xenograft mouse models that were inoculated with A) wild-type 

HCT116 cells or B) HCT116TLR4-KO cells, during the 18-day dietary intervention. The tumor 

volume of the xenograft mouse models that were inoculated with C) wild-type HCT116 cells 

or D) HCT116TLR4-KO cells, during the 18-day dietary intervention. E) Pictures of the 

dissected tumor tissues. F) The tumor weight of the xenograft mouse models that were 

inoculated with wildtype HCT116 cells or HCT116TLR4-KO cells, after the dietary 

intervention. HFD high-fat diet, CD matched control diet for HFD, PAD palmitic acid rich 

diet, C-PAD matched control diet for PAD. Data are shown as means ± SEM, n = 3 mice in 

each group. *p < 0.05 compared with CD, #p <0.05, ##p < 0.01 compared with C-PAD. 

 

 

 

 

 

 

F 



64 
 

TLR4 regulates CRC metabolism under HFD feeding 

Interestingly, we also found that HFD significantly increased the ATP level in the tumor 

tissues in these mice, and HFD failed to increase the ATP level in the TLR4 knockout tumor 

tissues (Figure 11A). Therefore, we explored whether TLR4 promoted CRC growth by 

regulating the cancer metabolism under HFD feeding condition. As shown in Figure 11B, 

knockout of TLR4 in the tumor tissues abolished the HFD-enhanced expressions of acetyl-

CoA carboxylase (ACC), fatty acid synthase (FASN), carnitine palmitoyltransferase-1 (CPT-

1), medium-chain acyl-CoA dehydrogenase (MCAD), glucose transporter GLUT1 and also 

sterol regulatory element-binding transcription factor-1 (SREBP-1c), the master transcription 

factor that regulate cellular lipogenesis and lipid homeostasis (Shao et al. 2012). We also 

performed the iTRAQ (isobaric tags for relative and absolute quantitation)-based proteomics 

with the tumor tissues. Signaling pathway enrichment analysis showed that knockout of TLR4 

changed the metabolic pathways (Figure 11C to 11E). When HCT116-HFD (HFD) group was 

compared with HCT116TLR4_KO-HFD (KO-HFD) group, we found that TLR4 regulated the 

expressions of some metabolic enzymes (Table 5). The changes of many of these enzymes 

were not due to the dietary intervention as indicated in the comparison between 

HCT116TLR4_KO-HFD (KO-HFD) and HCT116TLR4_KO-CD (KO-CD) in Table 5. Further 

analysis showed that these metabolic enzymes were either located in mitochondria and 

cytoplasm (Figure 11F), and they had catalytic activities (Figure 11G). These enzymes were 

mainly involved in energy production (Figure 11H) and took part in triglyceride biosynthesis, 

glucose metabolism, fatty acid activation, fatty acid, triglyceride and ketone synthesis (Figure 

11I) in a cooperative manner as illustrated in the STRING analysis (Figure 11J). Our results 

suggest that the regulatory role of TLR4 on CRC metabolism under HFD feeding is not 

attributed to a single metabolic enzyme but a collaborative work of the enzymes. Taken 

together, our data suggest that TLR4 regulates the CRC growth under HFD feeding by 

programming the cancer metabolism. 
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Figure 11 Knockout of TLR4 in CRC re-programs the cancer metabolism in vivo 

A) ATP levels of the tumor tissues of the mouse models inoculated with wild-type HCT116 

cells or HCT116TLR4_KO cells under the dietary intervention. B) Protein expression of SREBP-

1c, ACC, FASN, CPT-1, MCAD, GLUT-1 and β-catenin in the tumor tissues of mouse models 

inoculated with wild-type HCT116 cells or HCT116TLR4-KO cells under different dietary 

interventions. C-E) In iTRAQ proteomics study, the gene ontology (GO) pathway enrichment 

analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of the 

biological functions of the differentially expressed proteins in the wild-type HCT116 or 

HCT116TLR4-KOtumor tissues dissected from HFD mice. F) STRING analysis of the 

highlighted metabolic enzymes that show significant differences between the wild-type 

HCT116 or HCT116TLR4-KO tumor tissues. GO pathway enrichment analysis on the G) cellular 

component and H) biological pathways and I-J) GO pathway enrichment analysis of the 

highlighted metabolic enzymes that show significant differences between the wild-type 

G H 

I J 
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HCT116 or HCT116TLR4_KO cells tumor tissues.  Data are shown as means ± SEM. n = 4-5 

mice in each group. *p< 0.05, ** p<0.01 compared to CD-HCT116; a<0.05 compared to CD-

HCT116TLR4_KO; b<0.05, bb<0.01 compared to HFD-HCT116 TLR4_KO. CD-HCT116 TLR4_KO, 

mice inoculated with TLR4-KO HCT116 cells received CD diet; HFD-HCT116TLR4_KO, mice 

inoculated with TLR4-KO HCT116 cells received HFD diet; CD-HCT116, mice inoculated 

with HCT116 cells received CD diet; HFD-HCT116, mice inoculated with HCT116 cells had 

HFD diet. ACC, acetyl-CoA carboxylase; FASN, fatty acid synthase; CPT1, carnitine 

palmitoyltransferase-1; MCAD, medium-chain acyl-CoA dehydrogenase; GLUT1, glucose 

transporter; SREBP-1c, sterol regulatory element-binding transcription factor-1. 
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Table 5 iTRAQ proteomics analysis reveal the metabolic enzymes that are significantly upregulated or downregulated in the tumor tissues 

Name 
Citable 

Accession 
Gene Name 

KO-HFD/ 

HFD 

KO-HFD/ 

HFD 

KO-HFD/  

KO-CD 

KO-HFD/  

KO-CD 
Mass (KDa) GRAVY 

Isoelectric 

Point 

Isocitrate dehydrogenase O75874 IDH1 0.501187205 down 0.855066717 -- 46.659 -0.39178744 6.53 

Apoptosis-inducing factor 1 O95831 AIFM1 0.444631308 down 0.758577585 -- 66.9001 -0.268189233 9.04 

ATP-dependent RNA helicase Q92499 DDX1 0.580764413 down 0.772680581 -- 82.4317 -0.395540541 6.8 

Glyoxalase domain-containing protein 4 Q9HC38 GLOD4 0.636795521 down 1.047129035 -- 34.7932 -0.383067093 5.4 

Mitochondrial import receptor subunit 

TOM34 Q15785 TOMM34 0.380189389 down 0.731139123 -- 34.559 -0.609385113 9.12 

Transforming growth factor-beta-induced 

protein ig-h3 Q15582 TGFBI 0.597035289 down 1.037528038 -- 74.6802 -0.085065886 7.62 

Phosphoenolpyruvate carboxykinase  Q16822 PCK2 0.416869402 down 0.920449615 -- 70.6984 -0.27546875 7.57 

Adipocyte plasma membrane-associated 

protein Q9HDC9 APMAP 0.654636085 down 0.972747207 -- 46.4799 -0.186298077 5.82 

Aldehyde dehydrogenase P05091 ALDH2 0.349945188 down 0.981747925 -- 56.3809 -0.13655706 6.63 

Rho GTPase-activating protein 1 Q07960 ARHGAP1 0.492039502 down 0.937561989 -- 50.4353 -0.366514806 5.85 

NAD(P) transhydrogenase Q13423 NNT 0.212813899 down 0.809095919 -- 113.8946 0.29907919 8.31 

Phosphoserine aminotransferase Q9Y617 PSAT1 0.461317599 down 1.047129035 -- 40.4224 0.019459459 7.56 

Acetyl-CoA acetyltransferase Q9BWD1 ACAT2 0.642687678 down 1.116863012 -- 41.3505 0.202518892 6.46 

Glutamine synthetase P15104 GLUL 0.224905506 down 0.619441092 down 42.0641 -0.595710456 6.43 

Flotillin-1 O75955 FLOT1 0.580764413 down 1.076465011 -- 47.355 -0.338407494 7.08 

Tyrosine-protein kinase CSK P41240 CSK 0.630957425 down 0.855066717 -- 50.704 -0.268444444 6.62 
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Glutathione peroxidase 1 P07203 GPX1 0.591561615 down 0.679203629 -- 22.0879 -0.069950739 6.15 

Carnitine O-acetyltransferase P43155 CRAT 0.081658237 down 0.586138189 down 70.8571 -0.241533546 8.63 

Programmed cell death protein 4 Q53EL6 PDCD4 0.619441092 down 0.990831971 -- 51.7348 -0.484008529 5.07 

Isocitrate dehydrogenase subunit alpha P50213 IDH3A 0.510505021 down 1.355188966 -- 39.5914 -0.056284153 6.46 

Acetyl-coenzyme A synthetase Q9NR19 ACSS2 0.322106898 down 0.920449615 -- 78.5791 -0.27703281 6.02 

MAP kinase-activated protein kinase 2 P49137 MAPKAPK2 0.597035289 down 0.672976673 -- 45.5674 -0.476 8.87 

Mitochondrial Rho GTPase 2 Q8IXI1 RHOT2 0.534564376 down 1.066596031 -- 68.1172 -0.102588997 5.55 

ATP-binding cassette sub-family D member 

1 P33897 ABCD1 0.524807513 down 0.809095919 -- 82.9361 -0.055167785 9.09 

Beta-hexosaminidase subunit alpha P06865 HEXA 0.319153786 down 0.963828981 -- 60.7023 -0.222306238 5.04 

Insulin-like growth factor 2 mRNA-binding 

protein 1 Q9NZI8 IGF2BP1 0.044463132 down 0.220800504 down 63.4802 -0.470710572 9.26 

Acyl-CoA-binding protein P07108 DBI 0.608134985 down 1.367728949 -- 10.0444 -0.897701149 6.12 

Long-chain-fatty-acid--CoA ligase 4 O60488 ACSL4 0.229086801 down 1.028015971 -- 79.1874 -0.19395218 8.66 

Isobutyryl-CoA dehydrogenase Q9UKU7 ACAD8 0.474242002 down 0.862978518 -- 45.0694 -0.050843373 8.12 

4-aminobutyrate aminotransferase P80404 ABAT 0.169044107 down 0.73790431 -- 56.4384 -0.2652 8.17 

GTP-binding protein Rheb  Q15382 RHEB 0.478630096 down 0.981747925 -- 20.4973 -0.094021739 5.65 

Acetoacetyl-CoA synthetase Q86V21 AACS 0.322106898 down 0.779830098 -- 75.1436 -0.150297619 5.86 

Glutathione peroxidase 2 P18283 GPX2 0.383707315 down 0.765596628 -- 21.9538 -0.32 7.64 

Galactose-1-phosphate uridylyltransferase P07902 GALT 0.636795521 down 0.928966403 -- 43.3628 -0.565963061 6.49 

Pyruvate dehydrogenase kinase isozyme 3 Q15120 PDK3 0.244343102 down 1.08642602 -- 46.9385 -0.390394089 8.46 

Pyruvate kinase P14618 PKM 3.630779982 up 1.066596031 -- 57.9364 -0.128060264 7.96 

ATP-citrate synthase P53396 ACLY 3.732501984 up 1.08642602 -- 120.8383 -0.105267938 6.95 

ATP synthase subunit beta P06576 ATP5B 2.147830009 up 1.30617094 -- 56.5594 0.018147448 5.26 
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Remark: iTRAQ proteomics analysis reveal the metabolic enzymes that were significantly upregulated or downregulated in the tumor tissues. KO-CD, mice 

inoculated with TLR4-KO HCT116 cells received CD diet; KO-HFD, mice inoculated with TLR4-KO HCT116 cells received HFD diet; HFD, mice 

inoculated with HCT116 cells received HFD diet. 

 

 

 

 

 

 

 

2,4-dienoyl-CoA reductase Q16698 DECR1 2.937649965 up 1.158776999 -- 36.0674 -0.019701493 9.35 

Acyl-CoA dehydrogenase family member 9 Q9H845 ACAD9 1.819700956 up 1.08642602 -- 68.7597 -0.095491143 8.15 

ATP synthase subunit d, mitochondrial O75947 ATP5H 1.995262027 up 1.16949904 -- 18.491 -0.554037267 5.21 

Fatty acid-binding protein 5 Q01469 FABP5 8.165823936 up 1.047129035 -- 15.1644 -0.457777778 6.59 

Aspartate aminotransferase P17174 GOT1 1.584892988 up 1.047129035 -- 46.2471 -0.276513317 6.53 

ATP synthase subunit alpha P25705 ATP5F1 2.312064886 up 1.158776999 -- 59.7501 -0.066726944 9.16 

Insulin-like growth factor 2 mRNA-binding 

protein 2 Q9Y6M1 IGF2BP2 4.446312904 up 0.801678121 -- 66.121 -0.403505843 8.48 

Glycogen phosphorylase P06737 PYGL 1.836537957 up 1.224616051 -- 97.1478 -0.32325856 6.71 
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Discussion  

The aim of this part of the study is to investigate whether palmitic acid activates TLR4 

and reveal the mechanism of action underlying how TLR4 promotes CRC growth under HFD 

feeding. Our data show that palmitic acid activates TLR4 activity by increasing TLR4 and its 

co-adaptor protein expressions in CRC. In animal model, the increased TLR4 expression and 

activity under HFD feeding promotes CRC growth. Knockout of TLR4 in CRC completely 

abolishes the HFD-enhanced CRC growth. We also found that TLR4 regulates the expressions 

of the metabolic enzymes and ATP production in the tumor tissues, that may underlie how 

TLR4 promotes the CRC growth under HFD feeding. 

Other studies show that palmitic acid is a ligand for TLR4 (Nicholas et al. 2017, Wang et 

al. 2017). However, a recent study using molecular dynamics simulations demonstrates that 

the presence of palmitate molecules within the active TRL4/MD2 receptor complex will 

destabilize the complex (Lancaster et al. 2018). Furthermore, palmitic acid does not induce 

TLR4 dimerization or endocytosis (Lancaster et al. 2018). In this study, our data suggest that 

the activation of TLR4/NF-κB signaling pathway upon palmitic acid challenge, is at least in 

part, due to the elevated expressions of the TLR4 and its adaptor proteins in the cancer cells. 

It is generally believed that obesity promotes CRC progression. Negative associations 

between visceral adipose tissues and survival are frequently observed in the CRC patients 

(Xiao et al. 2018). Some studies report an absence of a direct linkage between obesity and 

CRC, but an indirect linkage between the chronic inflammation secondary to obesity and 

CRC (Coussens et al. 2002). It deserves further investigation to examine whether under HFD 

conditions, activation of TLR4 would affect the tumor infiltrating immune cells that promote 

the cancer growth.  

Nevertheless, inflammation alone is not sufficient to increase CRC growth, but 

contributions from other factors are equally important in the pathogenesis. A recent study 

shows that TLR4 induces inflammation by reprogramming macrophage metabolism, in which 

the abundances of phosphatidylcholines and phosphatidylethanolamines in the bone marrow-

derived macrophages are significantly changed (Lancaster et al. 2018). Our data show that 
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TLR4 expression is directly associated with the metabolism of the CRC. Knockout of TLR4 

in the xenograft tissues changes the expressions of the metabolic enzymes. These enzymes are 

mainly involved in energy production, triglyceride biosynthesis, glucose metabolism, fatty 

acid activation, fatty acid, triglyceride, and ketone synthesis, IGF, and insulin pathways. 

These metabolic enzymes are working in a cooperative manner as illustrated in the STRING 

analysis. Therefore, the effects of TLR4 on the CRC metabolism are not attributed to a single 

metabolic enzyme or a metabolic pathway. Our study suggests that TLR4 reprograms CRC 

metabolism that may affect the cancer growth under HFD feeding; this notion agrees with our 

findings that HFD feeding fails to increase the growth of the TLR4-knockout CRC. Indeed, 

the regulatory role of TLR4 in CRC metabolism has also been reported in which TLR4 siRNA 

inhibits proliferation and invasion of CRC by downregulating acyl coenzyme A cholesterol 

acyltransferase 1 (ACAT1) (Ye et al. 2016). ACAT1 is an intracellular enzyme that catalyzes 

the formation of cholesterol ester from free cholesterol and long chain fatty acids. Besides, 

TLR4 also increases GSK3β phosphorylation and the related lipogenic enzymes hence 

increase the metastatic ability of CRC (Park et al. 2016). 

Our study is the first few suggesting TLR4 regulates CRC growth under HFD feeding by 

regulating the tumor metabolism.  

Implication of the Study 

Inhibiting TLR4 signaling seems to be a pragmatic therapeutic approach for treating 

obesity-associated CRC. Indeed, TNF-α-induced protein 8-like 2 (TIPE2) inhibits TLR4-

mediated CRC development by regulating TLR4 inflammatory effect and inhibiting further 

amplification of the cascade reactions (Li et al. 2014). MicroRNA 6869-5p-targeting 

TLR4/NF-κB signaling acts as a tumor suppressor in CRC (Yan et al. 2018). Our study also 

shows that knockout of TLR4 and inhibiting the TLR4 signaling pathway completely abolish 

the HFD-mediated CRC growth. Therefore, TLR4 antagonists and also the negative regulator 

of the adapter complex may be the novel therapeutics for the treatment of obesity-associated 

CRC. 
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CHAPTER 5  

Baicalein directly binds to TLR4 protein 

 

Results in this chapter are published, for which the license for reuse in this thesis has been 

obtained. 

Chen MT, Zhong KY, Tan JC, Meng MJ, Liu CM, Chen B, Huang CH, Wong HLX, Bian ZX, 

Su T*, Kwan HY*. (2021) Baicalein directly binds to toll like receptor 4 and inhibits 

colorectal cancer growth and metastasis via the TLR4/HIF/VEGF axis. Clin. Transl. Med. 11: 

e564. https://doi.org/10.1002/ctm2.564.  

 

Abstract 

We have identified the role of TLR4 in mediating the growth of CRC under obesity or 

HFD feeding in Chapter 3 and 4. Our data suggest that TLR4 is a potential therapeutic target 

for the treatment of obesity-associated CRC. In Chapter 5, we aim to investigate whether 

baicalein directly binds to TLR4 and inhibits TLR4 activity.  

We first performed molecular docking to study binding effects of baicalein and TLR4. 

Results show that the binding energy of baicalein for TLR4 is -6.6 kcal/mol, which is the 

same as the binding energy between TLR4 antagonist TAK242 and TLR4. Hydrogen bond 

was formed between the backbone of PHE-573, ALA-572, VAL-548, GLN-547, VAL-524, 

PHE-500, THR-499, VAL-475 of TLR4 in the baicalein-TLR4 complex. Surface plasmon 

resonance (SPR) biosensor analysis shows a clear dose-dependent interaction between 

baicalein and TLR4 protein, with the maximum response (Rmax) of 598 RU. The KD for 

baicalein binding to TLR4 protein is 9.324E-5 M, suggesting that there is a direct binding 

between baicalein and TLR4 protein. Furthermore, real time bio-layer Interferometry (BLI) 

assay also reveals the direct binding of baicalein to the TLR4 protein. The association 

constant (Kon)(M-1s-1) for the binding is 2.73 and the dissociation constant (Kdis)(s-1) is 

2.14×10-2. The equilibrium dissociation constant (KD) calculated from the equation Kdis⁄Kon 

is 7.84×10-4.  
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We next studied whether baicalein binds to TLR4 in CRC cell models. Cellular thermal 

shift assay (CETSA) shows that baicalein induces a large thermal shift (∆Tm) of TLR4 as 

indicated in the melting curve in different CRC cell models. The ∆Tm of the melting curve of 

TLR4 is a biophysical measurement in the CRC cells indicating the physical interaction 

between baicalein and TLR4 protein. Since the binding of baicalein does not imply baicalein 

will inhibit TLR4 activity in CRC cells; therefore, we treated the CRC cells with FITC-

conjugated LPS (FITC-LPS) in the presence or absence of baicalein. Our data show that 

baicalein binding to TLR4 interrupts the binding of LPS to the TLR4-MD-2 complex. 

Subsequent studies also show that baicalein inhibits TLR4 activity as indicated by the reduced 

NF-κB phosphorylation in the cells. Our data also suggest that the reduced NF-κB activity is 

unlikely due to the changes of the expressions of TLR4, MyD88 and TIRAP because baicalein 

does not significantly affect the expression levels of TLR4 and its adaptor proteins in the CRC 

cells. Our data strongly suggest that baicalein directly binds to TLR4 protein and inhibits 

TLR4 activity. 
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Results 

A direct physical binding of baicalein to TLR4 protein is demonstrated by molecular 

docking, surface plasmon resonance (SPR) biosensor analysis and bio-layer 

interferometry analysis (BLI) 

TAK-242 is a TLR4 inhibitor that directly binds to the amino acid Cys747 in the 

intracellular domain of TLR4 (Takashima et al. 2009). To determine whether baicalein can 

directly bind to TLR4 protein, firstly, we performed molecular docking to compare the 

binding of baicalein or TAK-242 to TLR4, respectively. Results showed that the binding 

energy of baicalein for TLR4 was -6.6 kcal/mol, which is the same as the binding energy 

between TAK242 and TLR4. The three-dimensional ribbon model of the baicalein-TLR4 

complex was showed in Figure 12A. Hydrogen bonds were formed between the backbone of 

PHE-573, ALA-572, VAL-548, GLN-547, VAL-524, PHE-500, THR-499, VAL-475 of TLR4. 

We next studied the dynamic stability of the model and the rationality of the sampling strategy. 

We performed molecular dynamic (AmberTools 18) and calculated the root-mean-square 

deviation (RMSD) values of the protein backbone based on the starting structure along the 

simulation time. As shown in Figure 12B, the system was stable during the simulation. These 

molecular simulation results suggest that there is a potent binding effect between baicalein 

and TLR4. 

To validate the binding of baicalein to TLR4 protein, we then performed the surface 

plasmon resonance (SPR) biosensor analysis which is an affinity-based label-free biophysical 

technique for the analysis of bio-molecular interactions. Firstly, TLR4 protein was coupled to 

a CM5 sensor chip, increasing concentrations of baicalein were injected and kinetic analysis 

was performed with the binding data. Figure 12C, 12D and 12E showed a clear dose-

dependent interaction between baicalein and TLR4 protein, with the maximum response 

(Rmax) of 598 RU. The Langmuir model is a commonly used binding model for SPR 

biosensor analysis in which 1:1 interaction between ligand molecule and analyte molecule is 

assumed and the formation of the ligand-analyte complex follows a second-order kinetics. 

The interaction is described as A+B ↔AB, where A is the analyte and B is the ligand. In the 
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kinetic analysis, the equilibrium constant KD (M) is calculated from KD=kd/ka, where ka (M-

1s-1) is the association constant, kd (s-1) is the dissociation constant. The lower the KD value, 

the better the binding between baicalein and the TLR4 protein. The KD for baicalein binding 

to TLR4 protein is 9.324E-5 M, suggesting that there is a direct binding between baicalein 

and TLR4 protein. 

    Furthermore, a real time Bio-layer Interferometry (BLI) assay working on the Octet Red 96 

instrument also revealed the direct binding of baicalein to the TLR4 protein. The curves 

shown in Figure 12F contain two phases, the association and dissociation phases. In the 

association steps, baicalein at different concentrations (12.5μM, 25μM, 50μM, 100μM, 

200μM) were found to interact with TLR4 protein. The values for the binding signal for 

different concentrations of baicalein gradually increased until they reached 0.0202, 0.0256, 

0.0872, 0.2277 and 0.3494nm, respectively. In the dissociation steps, baicalein could not be 

easily dissociated from TLR4 protein, suggesting that the TLR4-baicalein complexes are 

stable. The association constant (Kon)(M-1s-1) for the binding was 2.73 and the dissociation 

constant (Kdis)(s-1) was 2.14×10-2. The equilibrium dissociation constant (KD) calculated from 

the equation Kdis⁄Kon is 7.84×10-4, revealing that baicalein directly binds to the TLR4 protein. 
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Figure 12 Direct physical binding of baicalein to TLR4 protein is demonstrated by 

molecular docking, surface plasmon resonance (SPR) biosensor analysis and Bio-layer 
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interferometry analysis (BLI) 

A) The three-dimensional ribbon model of the baicalein-TLR4 complex and B) the molecular 

simulation showing a potent binding effect between baicalein and TLR4. C) SRP showing the 

real-time measurements of the binding affinity of baicalein to TLR4. Baicalein at a 

concentration of 0.78125, 1.5625, 3.125, 6.25, 12.5, 25, 50, 100, 200μM (curves from bottom 

to top) was injected. D) Kinetics analysis of baicalein binding to TLR4 based on SPR 

platform Biacore X100. Representative sensorgrams were obtained from injections of 

baicalein at different concentrations, the Y-axis RU is the coupled value, the X-axis is time 

and the E) computer fitting. F) BLI sensorgrams showing the interactions between gradient 

concentrations of baicalein and TLR4 were measured on an Octet Red 96 system, with 

association and dissociation for 180s each. 

Baicalein binds to TLR4 and interrupts the binding of LPS to the TLR4-MD-2 in CRC 

cells 

We next studied whether baicalein binds to TLR4 in the CRC cell models. We employed 

cellular thermal shift assay (CETSA) which is a label free assay and is based on biophysical 

principle of ligand-induced thermal stabilization of the target protein (Martinez Molina et al. 

2013, Martinez Molina et al. 2016). In this assay, the unfolding of the protein and its distinct 

melting curve under high temperature will shift to a higher temperature when a ligand binds 

to and stabilizes the protein. The tested temperature can be ranged from, for example 55oC to 

87oC (Martinez Molina et al. 2013), depending on the protein and the interaction between the 

ligand and protein. CETSA does not require purified target protein for measuring the protein 

thermal melting curve. Instead, we treated the CRC cell lysate with high concentration of 

baicalein. As shown in Figure 13A and 13B, baicalein induced a large thermal shift (∆Tm) of 

TLR4 as indicated in the melting curve in different CRC cells. The ∆Tm of the melting curve 

of TLR4 is a biophysical measurement in the CRC cells indicating the physical interaction 

between baicalein and TLR4 protein. 

Moreover, given LPS inserts into the hydrophobic binding pocket of the MD-2 that 

bound to TLR4 and activates the TLR4-MD-2 complex, we examined whether baicalein 
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binding to TLR4 would interrupt the binding of LPS to the TLR4-MD-2 complex. We 

overexpressed TLR4 in the CRC cells before treating the cells with FITC-conjugated LPS 

(FITC-LPS) in the presence or absence of baicalein. The LPS fluorescence signal indicates 

the binding of FITC-LPS to the TLR4-MD-2 in the cells. Cells without FITC-LPS treatment 

served as negative controls. Figure 13C and 13D showed that the fluorescence signal was 

significantly reduced in the presence of baicalein, suggesting that baicalein interrupts the 

binding of FITC-LPS to the TLR4-MD-2 complex in the CRC cells.  

However, binding of baicalein to the TLR4 protein in CRC cells does not imply that 

baicalein inhibits TLR4 activity. It is well-known that activation of the TLR4-MD-2 complex 

will activate the downstream signaling cascade that eventually induces NF-κB activation. The 

most abundant form of the activated NF-κB via the canonical pathway is the p65:p50 

heterodimer (Giridharan et al. 2018). Since baicalein interrupts the binding of LPS to the 

TLR4-MD-2 complex, the activity of NF-κB in the presence of baicalein was significantly 

reduced as indicated by the reduced phosphorylation of NF-κB p65 at Ser-536 upon LPS 

challenge (Figure 13E). Moreover, baicalein also inhibited the activity of the intermediate 

signaling molecules in the TLR4 signaling pathway such as Akt as indicated by the reduced 

phosphorylation of the Akt at Ser 473 (Figure 13E). Our data also suggest that the reduced 

NF-κB activity is unlikely due to the changes of the expression of TLR4, MyD88 and TIRAP 

because baicalein did not significantly affect the expression levels of TLR4 and its adaptor 

proteins in the CRC cells (Figure 13F). 

To further examine whether baicalein directly binds to TLR4 and hence inhibits TLR4 

activity, we pre-treated the cells with TLR4 neutralizing antibody (Weindl et al. 2007, Mei Du 

et al. 2017). Our data showed that pretreatment with TLR4 neutralizing antibody, but not 

control IgG, abolished the baicalein-enhanced TLR4 activity as assessed by the 

phosphorylation of NF-κB in CRC cells (Figure 13 G). 
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Figure 13 Baicalein binds to TLR4 and interrupts the binding of LPS to the TLR4-MD-2 

in the CRC cells 

CESTA analysis of the binding of baicalein to TLR4 in A) DLD-1 and B) HCT116 cells. 

Baicalein induces a large thermal shift (∆Tm) of TLR4 as indicated in the melting curve. The 

LPS fluorescence signal indicates the binding of FITC-LPS to the TLR4-MD-2 in the C) 

TLR4-overexpressed DLD-1 (TLR4-DLD) cells and D) TLR4-overexpressed HCT116 

(TLR4-116) cells in the presence or absence of baicalein. Cells without FITC-LPS treatment 

served as negative controls. E) Western blot showing the expressions of p-NF-κB (ser536) 

and AKT (Ser473) in the presence of LPS (10μg/ml) in HCT116 and DLD-1 cells after 

baicalein treatments. F) Western blot showing the expressions of TLR4, MyD88, TIRAP in 

the HCT116 and DLD-1 cells after baicalein treatment. G) Western blot showing the 

expressions of p-NF-κB (ser536) in HCT116 and DLD-1 cells pretreated with 10ug/mL of 

TLR4 neutralizing antibody (TLR4) or control immunoglobulin G (IgG) for 6h, followed by 

baicalein treatment for 24h. Shown is mean ± SEM, n = 3 individual experiments, p*<0.05 

compared to control, a<0.05, aa<0.01 compared to LPS only. TLR4, toll like receptor 4; 

MyD88, myeloid differentiation factor 88; TIRAP, TIR domain-containing adaptor protein; 

LPS, lipopolysaccharides, Bai, baicalein. 
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Discussion 

TLR4 can be activated by pathogen-associated molecular patterns such as LPS. The LPS 

binding protein (LBP)-catalyzed the extraction and transfer of the LPS molecules to cluster of 

differentiation 14 (CD14) (Wright et al. 1990) and myeloid differentiation protein 2 (MD-2) 

(Shimazu et al. 1999) hence triggers the dimerization of TLR4 and forming the activated 

complex (LPS.MD-2.TLR4)2 (Park et al. 2009). The formation of the TLR4/ MD-2 complex 

recruits other adaptor proteins such as myeloid differentiation factor 88 (MYD88), TIR 

domain-containing adaptor protein (TIRAP), TIR domain-containing adaptor inducing IFN-b 

(TRIF) and TRIF-related adaptor molecule (TRAM), and hence activates NF-κB and initiates 

the pro-inflammatory responses. 

Since LPS inserts into the hydrophobic binding pocket of the MD-2 that bound to TLR4, 

TLR4 agonists or antagonists have been designed based on the modification of the structure 

of lipid A (Peri et al. 2014) that is the innermost regions of the LPS. For example, 

monosaccharides (GLA and ONO compounds), mimetics with a linear backbone (ER112022), 

compounds OM-174 type, diphosphorylated compound OM-174-DP are obtained by 

modifying lipid A structure (Peri et al. 2014). However, many of these lipid A analogues or 

the synthetic ligands have poor water solubility and bioavailability and may be toxic.  

Natural small molecules that interrupt the formation of the (LPS.MD-2.TLR4)2 have 

been identified. For example, isoliquiritigenin (Park et al. 2010) that disrupts the TLR4-MD-2 

heterodimer by forming covalent adducts with the solvent-exposed MD-2 and TLR4 cysteines; 

sulforaphane forms covalent adducts with MD-2-exposed cysteine thiols (Koo et al. 2013); 1-

dehydro-10-gingerdione interacts non-covalently with MD-2 and competes with endotoxin for 

MD-2 binding (Park et al. 2012). 

Interestingly, many of the compounds that interrupt the formation of (LPS.MD-2.TLR4)2 

are flavonoids. Studies show that 6-shoagol (Ahn et al. 2009), caffeic acid phenetyl ester 

(CAPE) (Kim et al. 2013) and cinnamaldehyde (Youn et al. 2008) form covalent adducts with 

MD-2 and TLR4 cysteine residues and disrupt the TLR4-MD-2 heterodimer formation. 

Xanthohumol and the related prenylated flavonoids (Peluso et al. 2010) bind directly to the 

MD-2 pocket. Curcumin competes for the same MD-2 binding pocket with LPS although it 
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does not form covalent linkage with MD-2 (Gradisar et al. 2007). The characteristic chemical 

structures may confer an advantage for the flavonoids to interrupt the formation of (LPS.MD-

2.TLR4)2 complex (Youn et al. 2006).  

Scutellaria species have high content of flavonoids (Liu et al. 2015, Wang et al. 2018). 

Interestingly, studies have reported that flavonoids from the Scutellaria species such as S. 

baicalensis Georgi (Hong et al. 2013) and S. barbata (Bao et al. 2019) inhibit TLR4/MYD88 

signaling pathway in macrophages. However, whether any of these flavonoids would directly 

bind to TLR4 protein and mediate the inhibitory effect are not known. Baicalin and its 

aglycone baicalein are the main components in S. baicalensis Georgi, which exert potent anti-

CRC effects. Our study strongly suggests that baicalein directly binds to TLR4 protein in 

CRC and inhibits TLR4 activity.  

Implication 

Studies on the X-ray structures of (LPS.MD-2.TLR4)2 complex reveal that five of six 

acyl chains of lipid A moiety of LPS insert into the hydrophobic binding pocket of the MD-2, 

in which the sixth acyl chain of lipid A moiety stays on the rim of the cavity, and binds to a 

second TLR4 molecule in the LPS.MD-2.TLR4 complex (Park et al. 2009, Ohto et al. 2012).  

Our data strongly suggest that baicalein directly binds to TLR4 protein. The direct 

binding of baicalein to TLR4 has an added advantage in inhibiting the TLR4 activity because 

nuclear magnetic resonance spectroscopy (NMR) studies indicate that the presence of the 

fatty acyl chain of the lipid A moiety is not necessary and sufficient for driving TLR4 

activation (Yu et al. 2012). Therefore, direct binding to TLR4 and inhibits TLR4 basal activity 

is important in some pathological context. Indeed, TLR4 is highly expressed in CRC 

(Cammarota et al. 2010, Wang et al. 2010, Lu et al. 2014) and many other cancer types. TLR4 

signaling pathway also has crosstalk with other oncogenic signaling pathways. For example, 

in the canonical Wnt pathway, TLR4 increases the phosphorylation of β-catenin at Ser552 in a 

PI3K-dependent manner (Santaolalla et al. 2013) . TLR-4 signaling upregulates Nox-1 and 

promotes CRC adhesion (O'Leary et al. 2012). Furthermore, TLR4 also modulates the tumor 

immune infiltrate profiles. The inhibition of TLR4 by the direct binding of baicalein would 
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have a far-reaching clinical implication. 
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CHAPTER 6  

Baicalein reduces CRC growth and metastasis in a TLR4-dependent manner 

via HIF-1α / VEGF axis both in vitro and in vivo 

Results in this chapter are published, for which the license for reuse in this thesis has been 

obtained. 

Chen MT, Zhong KY, Tan JC, Meng MJ, Liu CM, Chen B, Huang CH, Wong HLX, Bian ZX, 

Su T*, Kwan HY*. (2021) Baicalein directly binds to toll like receptor 4 and inhibits 

colorectal cancer growth and metastasis via the TLR4/HIF/VEGF axis. Clin. Transl. Med. 11: 

e564. https://doi.org/10.1002/ctm2.564. 

Abstract 

The aim of this part of study is to investigate whether baicalein inhibits CRC growth by 

inhibiting TLR4 activity and explore the underlying mechanism of action. Our data show that 

baicalein reduces CRC cell viability in a TLR4-dependent manner in the presence or absence 

of LPS. We next explore the downstream signaling molecules of TLR4 that mediates the 

inhibitory effects of baicalein on CRC cell viability. Drug-targets-disease network analysis 

and protein-protein interaction (PPI) network have highlighted the top candidates that may 

represent the key molecular targets mediating the anti-CRC effects of baicalein. These 

candidates include hypoxia-inducible factor-1α (HIF-1α), vascular endothelial growth factor 

(VEGF) and so on. Other studies suggest that high expressions of HIF-1α and VEGF are 

found in 54.93% and 56.34% of the CRC patients and their expression levels are significantly 

associated with tumor stage, lymph node and liver metastasis (P<0.05), and the overall 

survival (P<0.01). Therefore, we attempt to explore whether the anti-CRC effect of baicalein 

is mediated by HIF-1α and VEGF upon the binding of baicalein to TLR4. Interestingly, 

overexpression of TLR4 in CRC increases both HIF-1α and VEGF expressions; knockout of 

TLR4 reduces both HIF-1α and VEGF expressions. Besides, activation of TLR4 by LPS 

enhances HIF-1α and VEGF expressions, which is abolished in the presence of baicalein or 

TLR4 inhibitor C34. In the TLR4-knockout cells, baicalein also fails to reduce the 
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expressions of HIF-1α and VEGF. These findings suggest that HIF-1α and VEGF are the 

TLR4 downstream signaling molecules and baicalein reduces their expressions in a TLR4-

dependent manner. Both HIF-1α and VEGR are implicated in CRC metastasis. Indeed, we 

also found that baicalein inhibits CRC cell migration. In CRC-bearing mouse model, baicalein 

significantly reduces the TLR4 activity in the tumor tissues and reduces the tumor size. More 

importantly, baicalein reduces the metastatic markers VEGF, CD31 and MMP-2 in the tumor 

tissues. The anti-angiogenic effect of baicalein is also demonstrated by the reduced blood 

vessel formation in the chick yolk sac membrane, reduced vessel sprouting in the rat aortic 

ring model and the cultured human umbilical vein endothelial cells. 
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Results 

Baicalein reduces CRC cell viability in a TLR4-dependent manner  

We explored the biological consequence after TLR4 signaling pathway was inhibited by 

baicalein. We measured the viability of the baicalein-treated CRC cells in the presence of LPS. 

We found that baicalein significantly reduced the CRC cell viability (Figure 14A and 14B). 

Similarly, in the non-LPS-treated CRC cells, baicalein also reduced the CRC cell viability in 

time- and dose-dependent manner (Figure 14C and 14D), suggesting that baicalein also 

reduces the basal activity of TLR4 in the cells. Indeed, overexpression of TLR4 in HCT 116 

cells (TLR4-116) (Figure 14E) and DLD-1 cells (TLR4-DLD) (Figure 14F) abolished the 

baicalein-reduced cell viability (Figure 14G to 14L). 
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Figure 14 Baicalein reduces CRC cell viability in TLR4-dependent manner 

Cell viability of A) HCT116 and B) DLD-1 in the presence of LPS (10μg/ml) after baicalein 

treatments. Cell viability of C) HCT116 and D) DLD-1 in the absence of LPS after baicalein 

treatments. Overexpression of TLR4 in E) HCT116 (TLR4-116) and F) DLD-1 (TLR4-DLD) 

cells. G to I) Viability of HCT116 and TLR4-116 cells after baicalein treatment. J to L) 

Viability of DLD-1 and TLR4-DLD cells after baicalein treatment. Shown is mean ± SEM, n 

= 3 individual experiments, p*<0.05, p**<0.01 compared with control, pb<0.05, pbb<0.01 

compared with 24h and pc<0.05 compared with 48h at the indicated concentration. pd<0.05, 

pdd<0.01 compared to TLR4-116 or TLR4-DLD cells under the same baicalein concentration. 
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HIF-1α and VEGF are downstream of TLR4, baicalein reduces HIF-1α and VEGF 

expressions in TLR4-dependent manner 

To explore the downstream signaling molecules of TLR4 that mediated the inhibitory 

effects of baicalein on CRC cell viability, we performed a drug-targets-disease network 

analysis. In the analysis, we constructed a Drug–Targets–Disease network using the 

Cytoscape platform. As shown in Figure 15A, 18 yellow nodes represent the overlapping 

targets between CRC and baicalein, and 64 green nodes represent the target-related pathways. 

The edges indicate that the nodes can interact with each other. The network indicates the 

potential relationship between baicalein and its molecular targets, which implied the potential 

pharmacological mechanisms of baicalein in treating CRC.  

We next constructed a protein-protein interaction (PPI) network that is a mathematical 

representation showing the interaction between the candidate protein targets of baicalein. PPI 

can suggest the genes or the signaling molecules that mediate the growth inhibitory effect of 

baicalein. In the PPI, the node with a higher degree represents a more important role in the 

pharmacological process. As shown in Figure 15B, the PPI network contains 16 nodes which 

are the top candidates that may represent the key molecular targets mediating the anti-CRC 

effects of baicalein. These candidates include hypoxia-inducible factor-1A (HIF1A), vascular 

endothelial growth factor A (VEGFA), androgen receptor (AR), Fos proto-oncogene (FOS), 

FOS like 1 AP-1 transcription factor subunit (FOSL1), RELA proto-oncogene (RELA), 

nuclear receptor coactivators (NCOA1, NCOA2), TP53, caspase 3 (CASP3), CCNB1, IGF 

like family member 2 (IGF2), CYCS, BCL2, aryl hydrocarbon receptor (AHR) and 

prostaglandin-endoperoxide synthase 1 (PTGS1). Among these candidates, HIF1A, AR, FOS 

and VEGFA are separately linked to other 10-11 proteins (Figure 15C), suggesting the vast 

cellular consequences of these 4 candidates.  

Previous studies suggest that high expressions of HIF-1α and VEGF are found in 54.93% 

and 56.34% of the CRC patients and their expression levels are significantly associated with 

tumor stage, lymph node and liver metastasis (P<0.05), and the overall survival (P<0.01) (Cao 

et al. 2009). Therefore, we attempted to explore whether the anti-CRC effect of baicalein is 

mediated by HIF-1α and VEGF upon the binding of baicalein to TLR4.  
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We first studied whether HIF-1α and VEGF are the downstream signaling molecules of 

TLR4 with CRC cell models. We found that in TLR4-overexpressed HCT116 cells (TLR4-

116) and DLD-1 cells (TLR4-DLD), both HIF-1α and VEGF expressions were significantly 

increased (Figure 15D and 15E). Alternatively, in TLR4-knockout cells (Figure 15F), 

expression of both HIF-1α and VEGF were significantly reduced (Figure 15D). If HIF-1α and 

VEGF are the downstream signaling molecules of TLR4, inhibition of TLR4 by baicalein 

should also reduce HIF-1α and VEGF expressions. Indeed, Figure 15G and 15H showed that 

activation of TLR4 by LPS enhanced HIF-1α and VEGF expressions and was reduced in the 

presence of baicalein or a TLR4 inhibitor C34. 

To further reveal if baicalein reduced HIF-1α and VEGF expressions is in a TLR4 

dependent manner, we overexpressed TLR4 or knockout TLR4 in the CRC cells. Figure 15I 

and 15J showed that baicalein or C34 significantly reduced HIF-1α and VEGF expressions in 

the wild-type HCT116 and DLD-1 cells, respectively. However, TLR4 overexpression 

abolished the baicalein-reduced HIF-1α and VEGF expressions (Figure 15K and 15L). In the 

TLR4-knockout cells, baicalein also failed to reduce the expressions of HIF-1α and VEGF in 

the absence (Figure 15M) or presence (Figure 15N) of LPS. Similarly, pretreatment with 

TLR4 neutralizing antibody abolished the baicalein-reduced HIF-1α and VEGF expression in 

CRC cells (Figure 15O and 15P). These findings clearly show that HIF-1α and VEGF are the 

downstream signaling molecules of TLR4 and baicalein reduces their expressions in a TLR4-

dependent manner.  To further examined whether baicalein inhibits CRC cell growth through 

TLR4/HIF-1α/VEGF axis, we knockout the VEGF in CRC cells (Figure 15Q and 15R). The 

data showed that knockout of VEGF in HCT116 cells (VEGFKO-116) (Figure 15Q) and DLD-1 

cells (VEGFKO-DLD) (Figure 15R) abolished the baicalein-reduced cell viability (Figure 15S to 

15X). These data suggest that baicalein inhibits the CRC growth via TLR4/HIF-1α/VEGF 

axis. 
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Figure 15 HIF-1α and VEGF are downstream of TLR4, baicalein reduces HIF-1α and 

VEGF expressions in a TLR4-dependent manner 

A) Drug–Targets–Disease network using the Cytoscape platform to illustrate the overlapping 

targets between CRC and baicalein (yellow nodes) and the target-related pathways (green 

nodes). B) Protein-protein interaction (PPI) network showing the interaction between the 

candidate protein targets of baicalein and C) the number of proteins interact with the 

highlighted protein. F) CRISPR/Cas9 mediated knockout of TLR4 in HCT116 cells 

(TLR4KO-116). Western blot showing the expression of HIF-1α and VEGF in D) HCT116, 

TLR4-overexpressed (TLR4-116) and TLR4KO-116 cells. E) Western blot showing the 

expression of HIF-1α and VEGF in DLD-1 and TLR4-overexpressed DLD-1 cells (TLR4-

DLD). Western blot showing the expressions of p- NF-κB (Ser536), HIF-1α and VEGF in G) 

HCT116 cells and H) DLD-1 cells in the presence of LPS (10 μg/ml) after baicalein (15 μM) 

or C34 (10 μM) treatment for 24h. Western blot showing the expressions of HIF-1α and 

VEGF in I) HCT116 cells and J) DLD-1 cells in the absence of LPS after baicalein (15 μM) 

or C34 (10 μM) treatment for 24h. Western blot showing the expressions of HIF-1α and 

VEGF in K) TLR4-overexpressed HCT 116 (TLR4-116), L) TLR4-overexpressed DLD 

(TLR4-DLD) cells, and M) TLR4-knockout HCT116 (TLR4KO-116) cells in the absence of 

LPS after baicalein (15μM) or C34 (10μM) treatment for 24h. Western blot showing the 

expressions of HIF-1α and VEGF in N) TLR4-knockout HCT116 (TLR4KO-116) cells in the 

presence of LPS (10 μg/ml) after baicalein (15 μM) or C34 (10 μM) treatment for 24h. O) 

DLD-1 cells pretreated with 10ug/mL of TLR4 neutralizing antibody (TLR4) or control 

immunoglobulin G (IgG) for 6h, followed by baicalein treatment for 24h. P) HCT116 cells 

pretreated with 10ug/mL of TLR4 neutralizing antibody (TLR4) or control immunoglobulin G 

(IgG) for 6h, followed by baicalein treatment for 24h. CRISPR/Cas9 mediated knockout of 

VEGF in Q) HCT116 cells and R) DLD-1 cells. S to U) Viability of HCT116 and VEGFKO-116 

cells after baicalein treatment. V to X) Viability of DLD-1 and TLR4-DLD cells after 

baicalein treatment. Shown is mean ± SEM, n = 3 individual experiments, p*<0.05, p**<0.01 

compared to control. pd<0.05, pdd<0.01 compared to VEGFKO-116 or VEGFKO-DLD cells under 

the same baicalein concentration. HIF-1α, hypoxia-inducible factor 1-alpha; VEGF, vascular 

endothelial growth factor, Bai, baicalein. 
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Baicalein reduces CRC cell migration in a TLR4-dependent manner  

Other study shows that HIF induces CRC cell migration (Zhao et al. 2010). We expected 

the reduced HIF expression after baicalein treatment would inhibit CRC migration. Figure 

16A and 16B showed that baicalein at 3µM or 6µM, respectively, inhibited HCT116 cell 

migration in the presence of mitomycin C that inhibits mitosis, suggesting the inhibition on 

the cell migration is not due to the inhibition on the cell proliferation. The baicalein-inhibited 

cell migration was abolished when TLR4 was overexpression in the cells (Figure 16A and 

16B). A similar result was observed in DLD-1 cells (Figure 16C and 16D).  
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Figure 16 Baicalein reduces CRC cell migration in TLR4-dependent manner  

A-B) A single scratch was made in the confluent monolayer of HCT116 or TLR4-

overexpressed HCT116 (TLR4-116) cells, or C-D) DLD-1 or TLR4-overexpressed DLD 

(TLR4-DLD) cells. The scratch was photographed at 0h, 48h and 72h after baicalein 

treatments. The relative migrated areas are analyzed by Image J software (right panel). Shown 

is mean ± SEM, n = 3 individual experiments, p*<0.05, p**<0.01 compared to control. 
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Baicalein reduces TLR4 activity in the tumor tissues and the tumor size in the CRC-

bearing xenograft mouse models 

We next examined whether baicalein inhibited TLR4 activity in CRC in vivo. We first 

inoculated the HCT116 cells into the nude mice. When the tumors were grown to ~50mm3 in 

size, we randomly divided the mice into 4 groups. As shown in Figure 17A, 17B and 17C, 

baicalein at 20mg/kg dosage significantly reduced the tumor size and tumor weight in the 

mice. The growth inhibitory effect of baicalein was comparable with TAK242 that inhibits 

TLR4 activity by binding to the Cys747 in the intracellular domain of TLR4 (Figure 17A to 

17C). All these treatments did not significantly affect the body weight of the mice (Figure 

17D) and the blood levels of alanine aminotransferase (ALT) (Figure 17E), aspartate 

transaminase (AST) (Figure 17F), creatine kinase (CK) (Figure 17G) and urea (Figure 17H) 

in these mice, suggesting they do not have apparent toxicity to the mice. Interestingly, 

baicalein significantly reduced NF-κB activity in the tumor tissues (Figure 17I) which was not 

due to the reduced NF-κB expression (Figure 17I) or reduced TLR4 expression (Figure 17J). 

The reduced tumor size was most likely due to the reduced cancer growth as indicated by the 

reduced expression of the proliferation marker Ki67 (Figure 17K). These data are in 

consistence with our in vitro data that baicalein inhibits TLR4 activity and CRC growth. 
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Figure 17 Baicalein reduces the tumor size and TLR4 activity in the tumor tissues of the 

CRC-bearing xenograft mouse models 

A) Tumor volume, B-C) tumor weight, D) body weight and the blood levels of E) alanine 

aminotransferase (ALT), F) aspartate transaminase (AST), G) creatine kinase (CK) and H) 

urea in the CRC-bearing xenograft mouse models after baicalein treatment. Western blot 

showing the expressions of I) p-NF-Κb (ser536), NF-κB and J) TLR4 in the xenograft tissues 

of the mice. K) Immunohistochemistry staining of Ki67 in the xenograft tissues of the mice. 

Shown is mean ± SEM, n = 8 mice in each group, p*<0.05, p**<0.01 compared to control. 
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Baicalein inhibits angiogenesis as demonstrated in the tumor tissues, chick yolk sac 

membrane assay, rat aortic ring assay and the capillary tube formation activity of the 

human umbilical vein endothelial cells (HUVEC) 

In parallel with the in vitro data, baicalein reduced the metastatic marker VEGF and 

CD31 (Figure 18A and 18B) and MMP-2 (Figure 18C) in the tumor tissues. Since VEGF and 

CD31 are implicated in angiogenesis, the baicalein-reduced VEGF expression implies that 

baicalein inhibits angiogenesis. Therefore, we also used the chick yolk sac membrane assay as 

an angiogenesis model to examine the effect of baicalein on angiogenesis (Wang et al. 2016). 

As shown in Figure 18D, baicalein treatment obviously reduced the blood vessel formation in 

the chick yolk sac membrane. We also performed the rat aortic ring assay in the presence of 

20ng/mL of VEGF with or without baicalein. As shown in Figure 18E, baicalein significantly 

reduced the abundance of the sprouting vessels when compared to control. Besides, baicalein 

also inhibited the HUVEC capillary tube formation in a dose-dependent manner (Figure 18F). 
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Figure 18 Baicalein inhibits angiogenesis in the tumor tissues, reduces blood vessel 

formation in the chick yolk sac membrane, reduces the abundance of sprouting vessels 
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in rat aortic ring assay and inhibits HUVEC capillary tube formation  

A) Immunohistochemistry staining showing the expressions of VEGF and CD31 in the 

xenograft tissue, arrows indicate the CD31-stained blood vessel, and Western blot showing 

the protein expression of B) VEGF and C) MMP-2 in the xenograft tissues. D) Blood vessel 

on the chick yolk sac membrane after baicalein treatments.  E) Abundance of the sprouting 

vessels in the rat aortic ring assay after baicalein treatments. F) Capillary tube formation 

activity of HUVEC cells under baicalein treatments at the indicated concentration for 24h. 

Shown is mean ± SEM, n = 3 individual experiments, p*<0.05, p**<0.01 compared to control. 

VEGF, vascular endothelial growth factor; CD31, cluster of differentiation 31; MMP2, matrix 

metalloproteinases 2. 
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Discussion 

The aim of this part of the study is to investigate whether baicalein inhibits CRC growth 

by inhibiting TLR4 activity and explore the underlying mechanism of action. Our data show 

that baicalein inhibits TLR4 activity as indicated by the reduced phosphorylation of NF-КB. 

The reduced TLR4 activity reduces HIF-1α and VEGF expressions in the CRC, and hence the 

reduces cancer growth, metastasis, and angiogenesis. 

Study shows that HIF-1α expression is upregulated in CRC compared to normal 

colorectal mucosa. The high levels of HIF-1α mRNA are also correlated with a poor grade of 

tumor differentiation (Furlan et al. 2007). HIF-1α not only plays a major role in the response 

of tumor to hypoxia, it also contributes to the CRC aggressiveness, invasiveness and 

resistance to radiotherapy and chemotherapy (Semenza 2003). Furthermore, HIF-1α has a 

significant role in the maintenance of stemness in cancer stem cells (CSC) and maintaining 

the Wnt/β-catenin signaling pathways in CSC (Nishi et al. 2008). However, the interplay 

between TLR4 and HIF-1α is complicated. Studies in other cell types show that LPS-activated 

TLR4 induces hypoxia inducible factor-1 (HIF-1) activation by increasing both HIF-1α 

protein expression and transcriptional activity in THP-1 human myeloid cells; the induction is 

inhibited by antioxidant (N-acetylcysteine or thioredoxin-1) and NADPH oxidase inhibitor 

(diphenyleneiodonium), suggesting that reactive oxygen species are essential in this process 

(Nishi et al. 2008). Since then, the regulatory role of TLR4 on HIF-1α expression and activity 

are reported in dendritic cells under normoxic condition (Spirig et al. 2010), in macrophages 

(Pchejetski et al. 2011) and in endothelial cells (Riddell et al. 2012). Recently, it has been 

reported that TLR4 increases HIF-1α expression by triggering reactive oxygen species in 

cervical cancer cells via the activation of lipid rafts/NADPH oxidase redox signaling (Cheng 

et al. 2012, Yang et al. 2018). 

On the contrary, in pancreatic cancer cells, HIF-1α increases TLR4 expression under 

hypoxic conditions; cells transfected with HIF-1α siRNA attenuates the hypoxia stress-

induced TLR4 expression (Fan et al. 2012). In hepatocellular carcinoma (HCC), the HIF-1α-

mediated TLR4 activation underlies the anti-tumor effects in HCC under hypoxia condition 

(Zhang et al. 2016). A study in macrophages also suggests that HIF-1α up-regulates TLR4 
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expression by binding to the TLR4 promoter region under hypoxic conditions (Kim et al. 

2010). Deletion or mutation of a putative HIF-1-binding motif in the TLR4 promoter greatly 

attenuates HIF-1α-induced TLR4 promoter reporter expression (Kim et al. 2010). HIF-1α also 

promotes keloid development via activation of TLR4/MyD88/NF-κB pathways signaling 

pathway (Lei et al. 2019). These studies demonstrate that HIF-1α can also regulate TLR4 

expression. 

Besides, TLR4 and HIF-1α can also exist in a regulatory feedback loop. A study on 

glioma shows that upon TNFα challenge, TLR4 activates HIF-1α. Interestingly, TNFα fails to 

activate TLR4 in cells transfected with HIF-1α siRNA, suggesting that the TNFα-TLR4-HIF-

1α is in a feed-forward loop that sustains the inflammatory response in glioma (Tewari et al. 

2012). In oral squamous cell carcinoma, TLR4 increases HIF-1 expression mediated by NFκB 

activity, while HIF-1 increases the expression of TLR4 through direct promoter binding, 

forming a TLR4-NF-κB-HIF positive feedback loop that contributes to the caner progression 

(Han et al. 2016). 

Our data have clearly delineated the regulatory role of TLR4 on HIF-1α and VEGF 

expressions in CRC and the involvement of TLR4/HIF-1α/VEGF axis in mediating the anti-

CRC effect of baicalein.  

Implication  

The elevated expressions of HIF-1α and VEGF in CRC confer the cancer metastatic 

potential. Metastatic CRC presents in 25% of the patients at diagnosis (Van Cutsem et al. 

2009), and one-third of the patients experience a metastatic relapse after initial curative 

surgical treatment (Gan et al. 2007). Metastatic CRC remains a lethal disease. Given the 

critical pathogenic roles of TLR4 and HIF-1α in CRC, baicalein is a promising therapeutic 

agent for metastatic CRC treatment. More importantly, the direct binding of baicalein to 

TLR4 protein and the inhibition of TLR4 activity also suggests that baicalein can be 

developed as a novel TLR4-targeted therapeutic agent for disease treatments. 
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CHAPTER 7 

Baicalein reduces CRC growth in a TLR4-dependent manner under HFD 

feeding 

Abstract 

We have identified the role of TLR4 in mediating the growth of CRC under obesity or 

HFD feeding in Chapter 3 and 4. Our data suggest that TLR4 is a potential therapeutic target 

for the treatment of obesity-associated CRC. In Chapter 5 and 6, we have also demonstrated 

baicalein binds to TLR4 and hence inhibits CRC growth and metastasis via HIF-1α/VEGF 

axis. In this chapter, we aim to investigate whether baicalein possesses the anti-CRC effect 

under HFD feeding. 

We first inoculated the CRC cells into the nude mice and fed them with HFD. The data 

show that baicalein reduces the tumor volume and tumor weight. However, baicalein fails to 

reduce the tumor volume and tumor weight in xenograft mouse models inoculated with TLR4 

knockout CRC cells. Besides, there is no apparent toxicity of baicalein in these mice. 

Results 

Although we have demonstrated that baicalein inhibits the CRC growth, whether 

baicalein inhibited CRC growth under HFD feeding is still unclear. We next examined 

whether baicalein inhibited CRC growth under HFD feeding in vivo. We first inoculated the 

HCT116 cells into the nude mice and fed them with HFD. When the tumors were grown to 

~70mm3 in size, we randomly divided the mice into 2 groups. As shown in Figure 19A, 19B 

and 19C, baicalein at 20mg/kg dosage still reduced the tumor volume and tumor weight in the 

mice under HFD feeding. Interestingly, for the mice that were inoculated with the 

HCT116TLR4_KO cells, 20mg/kg baicalein failed to reduce the tumor volume and tumor weight 

under HFD feeding (Figure 19E, 19F and 19G). These data suggest that baicalein reduces 

CRC growth in a TLR4-dependent manner under HFD feeding in vivo. In addition, we found 

that baicalein shows no apparent toxicity in the mice because baicalein did not significantly 



126 
 

affect the bodyweight of the mice (Figure 19D and 19H). 

 

 

  

    

 

    

 

    

 

Figure 19 Baicalein reduces CRC growth in a TLR4-dependent manner under HFD 

feeding 
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A) Tumor volume, B-C) tumor weight, D) body weight of the HFD-fed xenograft mouse 

models that were inoculated with wild-type HCT116 cells followed by baicalein treatments.  

E) Tumor volume, F-G) tumor weight, H) body weight of the HFD-fed xenograft mouse 

models that were inoculated with HCT116TLR4-KO cells followed by baicalein treatment. 

Shown is mean ± SEM, p*<0.05, p**<0.01 compared to control. HCT116TLR4-KO, TLR4-

knockout HCT116 cells. 

 

Discussion 

The aim of this part of study is to explore whether baicalein reduces CRC growth under 

HFD feeding. Our data show that baicalein reduces the tumor volume and tumor weight in the 

xenograft mouse model under HFD feeding condition. Interestingly, in the HFD-fed mice that 

were inoculated with TLR4 knockout CRC cells, baicalein fails to reduce the tumor volume 

and tumor weight.  

It is reported that overall survival reduced in severely obese CRC patients (Daniel et al. 

2016). Moreover, the efficacies of many current frontline treatments for CRC are reduced in 

obese-CRC patients (Cao 2019). In our study, we have demonstrated that baicalein inhibits 

CRC growth under HFD-feeding at dosage of 20mg/kg, and no apparent toxicity of baicalein 

is observed in our experiments as indicated by the bodyweight. The converted human dosage 

is 2.2mg/kg, which is feasible because about 20mg to 100mg of baicalein can be extracted 

from 1g of herb (Sheng-chuan et al. 2011, Xuezhi et al. 2012). Besides, due to the concern 

about toxicity if the obese patients receive a high dose based on their actual body weight, 

oncologists usually use ideal body weight or an arbitrary cap for body surface area (BSA) to 

calculate treatment dose for the frontline drugs (Jennifer J. Griggs et al. 2021). Therefore, in 

the future, the treatment dosage of baicalein for obese cancer patients may be further reduced.  
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CHAPTER 8 

General discussion and Conclusion 

General discussion 

CRC is one of the most prevalent cancers in the world and impose a heavy burden not 

only on patients but also on the society. Obesity is one of the risk factors of CRC that has 

been known for many years. Obese CRC patients experienced worse overall survival than 

non-obese patients (Daniel et al. 2016). Although many studies have suggested the potential 

mechanisms linking obesity and CRC development such as the activation of β2AR, release of 

adipokines, elevated lipids levels, changes in gut microbiota and production of inflammatory 

cytokines, the master regulator that controls the growth of CRC under obesity or high fat 

feeding is still unclear (Louie et al. 2013), which hinders the development of targeted 

therapeutics for the treatment. 

It has been reported that PRRs are related to CRC progression and metastasis (Zeromski 

et al. 2019). TLR4 belongs to the PRRs family. It can be activated by long-chain saturated 

fatty acid such as palmitic acid (Nicholas et al. 2017). Since it has been indicated that TLR4 is 

overexpressed in CRC and is directly related to the prognosis of the patients, we examined the 

roles of TLR4 in the deployment of obesity-associated CRC in Chapter 3. We have 

demonstrated that HFD feeding increase the growth of CRC which can be reversed by CD 

feeding. After the RNA sequencing analysis of the tumor tissues in HHD and HCD group, we 

shortlist the TLR4 and have verified that HFD feeding increases the expression of TLR4 in 

CRC. Our studies also showed that HFD feeding increases the levels of palmitic acid, which 

in turn increases TLR4 expression. Further studies suggest that PU.1 expression is critical for 

the palmitic acid-enhanced TLR4 expression in CRC cells, as evidenced by the abolishment 

of the palmitic acid-increased TLR4 expressions in the PU.1-knockdown cells. We have also 

demonstrated that PU.1-binding sites at −106, −172, and −204 on the TLR4 promoter are 

essential for the palmitic acid-mediated TLR4 transcription. Since PU.1 is a critical 

transcription factor in TLR4 transcription (Lichtinger et al. 2007), further studies can be done 

to investigate how palmitic acid increases PU.1 expression in CRC.  
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In Chapter 4, we investigated the mechanism of action underlying how TLR4 promotes 

CRC growth under HFD feeding. We have demonstrated that palmitic acid increases not only 

TLR4 activity but also its adaptor protein expression such as MyD88 and TIRAP. However, 

the interaction between palmitic acid and TLR4 is not due to a direct binding, which is 

consistent with other studies (Nicholas et al. 2017, Wang et al. 2017, Lancaster et al. 2018). 

We have demonstrated that palmitic acid increases CRC growth in a TLR4-dependent manner 

both in vitro and in vivo. Interestingly, we found that HFD significantly increases the ATP 

level in CRC tumor tissues, while fails to increase the ATP level in TLR4 knockout CRC 

tumor tissues. Therefore, we explored whether TLR4 promotes CRC growth by regulating the 

cancer metabolism under HFD feeding. Interestingly, our data shown that knockout of TLR4 

in the tumor tissues abolishes the HFD-enhanced expressions of metabolic enzymes including 

ACC, FASN, CPT-1, MCAD, GLUT1 and also SREBP-1c. iTRAQ-based proteomics with the 

tumor tissues from HFD, KO-HFD, KO-CD groups also demonstrate that TLR4 regulates the 

CRC growth under HFD feeding by reprogramming the cancer metabolism. 

Given the pathological role of TLR4 in CRC growth under HFD feeding as has 

demonstrated in Chapter 3 and 4, we looked for potential therapeutic agent that directly 

targets TLR4 and inhibits CRC growth. In Chapter 5, we have demonstrated that baicalein 

directly binds to TLR4 directly as revealed by molecular docking, SPR and BLI analysis. 

CETSA experiment demonstrated that baicalein binds to TLR4 in CRC cells. We also found 

that baicalein binding to TLR4 interrupts the binding of LPS to the TLR4-MD-2 complex in 

the cells. The binding of baicalein to TLR4 protein inhibits the activity of NF-κB. Moreover, 

baicalein also reduces the phosphorylation of the Akt at Ser 473. Our data show that the 

reduced NF-κB activity is unlikely due to the changes of the expression of TLR4, MyD88 and 

TIRAP because baicalein dose not significantly affect the expression levels of TLR4 and its 

adaptor proteins in the CRC cells. Currently, the design of TLR4 agonists or antagonists are 

based on the modification of the structure of lipid A (Peri et al. 2014) that is the innermost 

regions of the LPS. These agonists or antagonists have poor water solubility, bioavailability 

and may be toxic. Therefore, developing baicalein as a TLR4-targeting therapeutic agent may 

provide an alternative to inhibit TLR4 activity. The direct binding of baicalein to TLR4 also 

has an added advantage in inhibiting the TLR4 activity because NMR studies indicate that the 
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presence of the fatty acyl chain of the lipid A moiety is not necessary and sufficient for 

driving TLR4 activation (Yu et al. 2012). Therefore, direct binding to TLR4 and inhibits 

TLR4 basal activity is important in some pathological context.    

In Chapter 6, we investigated whether baicalein inhibits CRC growth by inhibiting TLR4 

activity and explore the underlying mechanism of action. We have demonstrated that baicalein 

reduces CRC cell viability in a TLR4-dependent manner in the presence or absence of LPS. 

Drug–Targets–Disease network suggests that HIF-1α and VEGF are the downstream signaling 

molecules of TLR4. We have also found that activation of TLR4 by LPS enhances HIF-1α 

and VEGF expressions, which is abolished in the presence of baicalein or TLR4 inhibitor C34. 

In the TLR4-knockout cells, baicalein also fails to reduce the expressions of HIF-1α and 

VEGF. Other study shows that HIF promotes CRC cell migration (Zhao et al. 2010). We have 

demonstrated that baicalein inhibits CRC cell migration which is abolished when TLR4 was 

overexpressed in the cells. Moreover, baicalein significantly reduces the TLR4 activity in the 

tumor tissues and reduces the tumor size. Baicalein also reduces the metastatic markers VEGF, 

CD31 and MMP-2 in the tumor tissues. Besides, the anti-angiogenic effect of baicalein is also 

demonstrated by the reduced blood vessel formation in the chick yolk sac membrane, reduced 

vessel sprouting in the rat aortic ring model and cultured human vascular endothelial cells. 

Because we have demonstrated that TLR4 is a master regulator for CRC growth under 

HFD feeding and baicalein inhibits CRC growth and metastasis by inhibiting TLR4 activity. 

In chapter 7, we further examined the anti-CRC effect of baicalein under HFD feeding.  Our 

data show that baicalein reduces the CRC growth in TLR4-dependent manner under HFD 

feeding. 

Conclusion 

In conclusion, obesity or HFD feeding increases TLR4 expression in CRC. HFD feeding 

increases palmitic acid level in the tumor tissues, which in turn increases TLR4 expression in 

PU.1-dependent manner. Knockout of TLR4 in CRC completely abolished the HFD-enhanced 

CRC growth by re-programming the cancer metabolism and reducing ATP production. Our 

data suggest that TLR4 is a potential therapeutic target for the treatment of obesity-associated 
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CRC. Subsequent study has identified baicalein is a TLR4 targeting agent. Baicalein directly 

binds to TLR4 and inhibits TLR4 activity. Mechanistic studies strong suggest that baicalein 

inhibits CRC growth and metastasis in a TLR4-dependent manner via the HIF-1α/VEGF axis. 

Baicalein also reduces the CRC growth in a TLR4-dependent manner under HFD feeding. A 

schematic diagram summarizes the main findings of the present study is shown in Figure 20. 

 

 

 

Figure 20 A schematic diagram summarizes the main findings of the present study 
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Significance of this study 

Our study is the first to report that TLR4 is a master regulator of CRC growth under 

HFD feeding and provides solid evidence to support the development of TLR4-targeting 

therapeutics for obesity-associated CRC treatment. Our data also suggest that baicalein has a 

high translation potential to be developed as a TLR4-targeting therapeutic for obesity-

associated CRC treatment. 

 

Future plans 

To test the toxicity of baicalein 

Baicalein is reported to be toxic to many malignant cell types including human colon 

cancer cells(Kim et al. 2013), hepatocellular carcinoma cells (Chen et al. 2021), myeloma 

cells (Ma et al. 2005), bladder cancer cells (Li et al. 2013) and so on. In animal models, Lu et 

al indicated that 50 mg/kg baicalein plus 10 mg/kg docetaxel does not have apparent toxicity 

to the major organs such as lung, liver and kidney (Lu et al. 2018). In our study, no apparent 

toxicity has been observed in mice treated with baicalein as evidenced by the body weight and 

the blood levels of ALT, AST, CK and urea after treatments. Nevertheless, a complete 

toxicological test is needed to examine the toxicity of baicalein before it can be developed as 

a TLR4-targeting agent for cancer treatment.  

We will perform 1) acute toxicity test; 2) chronic toxicity test; 3) as well as the 

pharmacokinetic study of baicalein. Data in these studies will also tell us the Median Lethal 

Dose (LD50) of baicalein. We can then compare the LD50 with the effective dosage of 

baicalein in the animal model. 

To enhance the therapeutic effect of baicalein using nanomaterials 

        Nano delivery systems are a relatively new but rapidly developing science, which is 

designed to deliver the therapeutic agent to the target organ. Recently, researchers use 

nanoparticles to modify the properties of natural compounds such as the bioavailability, and 
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solubility; the release of the therapeutic agent can also be controlled (Patra et al. 2018). For 

example, lipid nanocarrier has been used to encapsule the thymoquinone, a bioactive 

compound in Nigella sativa. After encapsulation, the bioavailability of thymoquinone is 

significantly increased when compared to free thymoquinone (Abdelwahab et al. 2013). Other 

study uses the biodegradable pseudo-protein nanoparticles to carry the gambogic acid, a 

bioactive compound in Garcinia hanburyi, for triple negative breast cancer treatment and has  

demonstrated a significantly enhanced therapeutic effect and reduced the off-target side 

effects when compared to free gambogic acid (Kwan et al. 2020).  

It is reported that the poor water solubility and instability in the intestinal fluid greatly 

limit the oral bioavailability and clinical efficacy of baicalein (Yin et al. 2017). Many delivery 

systems including long-circulating nanoliposomes(Liang et al. 2013), self-microemulsifying 

drug delivery system (Liu et al. 2012), self-assembled nanoparticles (Wang et al. 2015), and 

nanoemulsions based on hemp oil (Yin et al. 2017) have been used to carry baicalein that can 

improve the bioavailability of baicalein. Using nanoparticles as the vehicles for target delivery 

may also increase the concentration of baicalein in the tumor tissues such that we can reduce 

the treatment dosages of baicalein. Besides, nanoparticle delivery system may also reduce the 

off-target side effects of baicalein. 

However, there is no delivery system that is designed for baicalein to treat obesity-

associated CRC. To do this, we will collaborate with NP experts to develop the NP-delivery 

system for baicalein to treat obesity-associated CRC. At the end, we hope that the baicalein-

loaded nanoparticles can be applied for FDA or CFDA clinical trials and developed as 

therapeutic agents that will benefit the obesity-associated CRC patients. 
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