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Abstract
Background/Aims: Elevated serum cholesterol levels were linked to a higher risk of colorectal 
adenoma and colorectal cancer (CRC), while the effect of cholesterol on CRC metastasis has 
not been widely studied. Methods: CRC patients were enrolled to evaluate the association 
between low-density lipoprotein cholesterol (LDL) and CRC metastases, and LDL receptor 
(LDLR) level of the CRC tissue was assessed by immunohistochemistry. The effects of LDL on 
cell proliferation, migration and stemness were assessed in CRC cells in vitro, and the effects 
of high fat diet (HFD) on tumor growth and intestinal tumorigenicity were investigated in 
vivo. ROS assays, gene expression array analysis and western blot were used to explore the 
mechanisms of LDL in CRC progression. Results: The level of LDL was positively correlated 
with liver metastases, and a higher level of LDL receptor (LDLR) expression was associated 
with advanced N and M stages of CRC. In vitro, LDL promoted the migration and sphere 
formation of CRC cells and induced upregulated expression of “stemness” genes including 
Sox2, Oct4, Nanog and Bmi 1. High-fat diet (HFD) significantly enhanced tumor growth in 
vivo, and was associated with a shorter intestinal length in azoxymethane/dextran sodium 
sulfate (AOM/DSS)-treated mice. Furthermore, LDL significantly elevated reactive oxygen 
species (ROS) levels and Whole Human Genome Microarray found 87 differentially expressed 
genes between LDL-treated CRC cells and controls, which were largely clustered in the MAP 
kinase (MAPK) signaling pathway. Conclusions: LDL enhances intestinal inflammation and 
CRC progression via activation of ROS and signaling pathways including the MAPK pathway. 
Inflammation is strongly associated with cancer initiation, and the role of LDL in intestinal 
tumorigenicity should be further explored.
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Introduction

Colorectal cancer (CRC) remains one of the most common types of malignancy worldwide, 
and CRC-related mortality is largely caused by metastasis [1, 2]. Individuals with obesity 
are at a higher risk of certain types of malignancy, including CRC. As premalignant lesions, 
colorectal adenomas exhibit multiple molecular pathway variations and can progress into 
invasive cancer via the conventional adenoma–carcinoma sequence [3]. Previous studies 
have demonstrated an association between serum lipids and the risk of colorectal adenomas, 
indicating a possible role of serum lipids in cancers of the gastrointestinal (GI) tract [4]. 
Moreover, cholesterol has been observed to accumulate generally in various malignant 
tissues, and some studies have also suggested that cholesterol plays an important role in the 
development of cancer [5, 6]. However, some other studies have reported decreased serum 
lipid levels in cancer patients at advanced stages, possibly due to poor nutrition status [7]. 
Thus the association between cholesterol and cancer needs further research. In addition, 
only a few studies have investigated the association between serum cholesterol levels and 
the progression of CRC; therefore, the conclusion remains unclear.

The mammalian intestine can respond to dietary signals. It is increasingly being recognized that diet is a significant risk factor in cancer initiation and progression in 
multiple tumor types. One mechanism by which this occurs is via biological changes in 
adult stem cells [8, 9]. A high-fat diet (HFD) was shown to induce peroxisome proliferator-activated receptor delta (PPAR-δ) expression in intestinal stem cells and progenitor cells, 
indicating that HFD could augment the capacity of intestinal stem and progenitor cells to 
initiate tumors [10]. Additionally, another study indicated that the number of colonic green fluorescent protein-positive (GFP+) stem cells significantly increased in HFD mice compared 
with controls. Increased cell proliferation and decreased apoptosis were also observed in Lgr5(+) stem cells in response to injection with azoxymethane (AOM), suggesting that HFD-
induced obesity can promote colonic stem cell expansion during cancer initiation [11]. Stem 
cells are undifferentiated cells that can differentiate into specialized cells, while cancer 
stem cells may generate tumors through self-renewal and differentiation into multiple cell 
types. Cancer stem cells may play a vital role in cancer relapse and metastasis, due to their 
proliferative potential and strong resistance to therapy [12].Studies have also suggested that HFD may contribute to inflammation and oxidative 
stress by causing excessive production of reactive oxygen species (ROS) [13]; moreover, 
both LDL and VLDL were shown to activate the extracellular signal-regulated kinase (ERK)/
mitogen-activated protein kinase (MAPK) pathway [14]. ROS are a group of molecules and 
free radicals generated within cells through oxygen metabolism. Excessive ROS production 
can result in oxidative stress, characterized by oxidative damage to proteins, lipids and DNA 
[15]. Evidence has indicated an important role for ROS induction in cancer development, 
metastasis, progression, and survival [16]. The effects of ROS might be associated with 
multiple signaling pathways, including the MAPK pathway, which is one of the principal 
signaling conduits controlling cell proliferation and differentiation [15]. Moreover, ROS and the MAPK pathway also play vital roles in inflammation, which is strongly associated with 
cancer initiation [17]. 

Considering the current evidence of the association between cholesterol and CRC, and the 
effects of cholesterol on ROS and MAPK pathway activation, we hypothesize that cholesterol 
enhances the tumorigenicity of intestinal cells and CRC progression via ROS and the MAPK 
pathway. To test this hypothesis, we performed cohort studies comprising CRC patients to 
explore the effects of cholesterol and the LDL receptor (LDLR) on cancer progression, and 
in vivo and in vitro experiments to assess the effects of LDL on CRC tumorigenicity, growth, 
migration and stemness. Furthermore, the association between LDL and ROS/the MAPK pathway was also evaluated by DCFH-DA fluorescence analysis and Whole Human Genome 
Microarray.
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Materials and Methods

Ethics statementThe current research was approved by the Institutional Review Board of the Second Affiliated Hospital of Zhejiang University School of Medicine. Informed consent was obtained from all participants for the use 
of the clinical information in this research. All experiments involving animals in this study were approved by Institutional Review Board of the Second Affiliated Hospital of Zhejiang University School of Medicine, and 
were conducted in accordance with relevant national and international guidelines and regulations.

Patient enrollment, follow-up, and tissue array

A total of 90 patients who underwent surgery for histologically proven colorectal cancer (CRC) at 

hospitals that cooperated with the National Engineering Center for Biochip at Shanghai, China, during the period from April 2008 to November 2008, were selected for this research. Paraffin-embedded tumor specimens and paired adjacent non-tumor specimens (≤ 1.5 cm away from the tumor) were carefully collected before any treatment was administered. The formalin-fixed, paraffin-embedded colorectal cancer 
tissue samples that were collected were reassembled into multiple tissue arrays. All patients were followed 

up until September 2014. Patients were provided with written information regarding the course and 

purpose of the study, and all provided written consent to participate, prior to being included in the study. 

In addition, we also evaluated another cohort enrolling 41 CRC patients with liver metastases and 50 CRC patients without metastases, to evaluate the association between lipid profiles and metastasis of CRC. All those 91 CRC cases were newly diagnosed between May 2014 and September 2015 at the Second Affiliated Hospital of Zhejiang University School of Medicine (Zhejiang, China). The diagnosis of CRC for each case was confirmed independently by two pathologists. Clinicopathological characteristics of the CRC patients in our 
study are presented in Table 1.

Cell lines and cell cultureThe human colorectal cancer cell lines SW480, LoVo and RKO were purchased from the cell bank 
at the China Academy of Medical Science (China). These cells were cultured in RPMI-1640 medium (Gibco, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS, Gibco) and maintained at 37°C in a humidified 5% CO

2
 atmosphere. LDL (Meilun Biology Technology, Dalian, China) was added to medium at a concentration of 100 μg/ml to assess its influence on cell proliferation, migration and sphere formation 

compared with controls. The concentration of LDL was determined by preliminary experiment comparing LDL concentrations of 50 μg/ml, 100 μg/ml and 200 μg/ml, and the results indicate that a concentration of 100 μg/ml was superior to 50 μg/ml but similar to 200 μg/ml.
Cell proliferationSW480, LoVo or RKO cells were seeded at a density of 1 × 103 cells per well in a 96-well plate containing 200 μl RPMI-1640 medium with 10% FBS. 3-[4, 5-dimethylthiazol-2-yl]-5-[3-carboxymethoxy-phenyl]-2-[4-sulfophenyl]-2H-tetrazolium salt reagent (MTS) (Promega, Madison, WI, USA) (20 μl) was added to each well and the cells were incubated at 37°C for 4 h. The absorbance values were measured at 490 nm on a microplate reader (Bio-Rad, Hercules, CA, USA) and assessed continuously for 5 days.
Cell migration assayTranswell insert chambers with 8-μm porous membranes (Corning Incorporated, NY, USA) were used for motility assays. LoVo or RKO cells were placed in the top chamber at a density of 5 × 104 cells per well, in serum-free media. RPMI-1640 medium containing 15% FBS was added to the bottom chamber. Cells were incubated for 24 h at 37°C in 5% CO

2
. To quantify migrating cells, cells were removed from the upper surface, 

Table 1. Characteristics of the inclu-

ded CRC patients. All continuous vari-

ables are expressed as mean±standard 

deviation (SD). LDL, low-density lipo-

protein; HDL, high-density lipoprotein
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and migrated cells were fixed in methanol and stained with 0.1% crystal violet. The number of migrating cells was counted with a microscope in five representative fields. The test was repeated three times.
Sphere formation assayA total of 1 × 103 cells/well were cultured in DMEM/F12 medium (Gibco) containing 2% FBS, 20 ng/ml epidermal growth factor, 10 ng/ml basic fibroblast growth factor, 4 mg/ml heparin, and 1.25 mg/ml amphotericin B (all from Thermo scientific, Worcester, MA, USA) in ultralow attachment well plates (Corning) at 37°C for 14 days. Sphere formation (minimum 50 cells in a spheroid) was assessed after 14 

days, by manual counting under an inverted microscope (Olympus CKX31).

RNA extraction and gene expression by qPCRTotal RNA was extracted using the Trizol (Thermo scientific) method according to the manufacturer’s 
instructions. RNA quantity and quality were evaluated using a Nanodrop spectrophotometer (Thermo scientific). RNA was reverse-transcribed into cDNA using the Reverse Transcriptase M-MLV (Promega), and 
the expression of Sox2, Oct4, Nanog and Bmi 1 was measured using SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) on the Stepone plus system (Applied Biosystems). Gene expression levels 
were normalized to GAPDH expression. 

The primers for quantitative real time PCR (qRT-PCR) analysis were listed as follows:Sox 2-F 5’-GCA GAC TTC ACA TGT CCC AGC-3’Sox 2-R 5’-CCG GGT TTT CTC CAT GCT GTT-3’Oct 4-F 5’-TTC TCA GGG GGA CCA GTG TC-3’Oct 4-R 5’-CCC ATT CCT AGA AGG GCA GG-3’Nanog-F 5’-CCA GTG ACT TGG AGG CTG C-3’Nanog-R 5’-AAG GAT TCA GCC AGT GTCC-3’Bmi 1-F 5’-TGA CAA ATG CTG GAG AACTG-3’Bmi 1-R 5’-AAG ATT GGT GGT TAC CGCT-3’GAPDH-F 5’-CTG CCA ACG TGT CAG TGGTG-3’GAPDH-R 5’-TCA GTG TAG CCC AGG ATGCC-3’
Xenograft tumor growth assay

Twenty 4-week old nude mice were randomly assigned to two groups: the standard chow diet group 

(n = 10) and the high fat diet (HFD) group (n = 10). Mice in the HFD group were treated with a dietary chow consisting of 60% kcal fat (D12079B) (Research Diets, New Brunswick, USA). The mice were treated with standard chow diet or HFD for 2 weeks, and then LoVo cells (1 × 106 for each mouse) were injected into the backside of the five randomly selected mice for the HFD group and the standard chow group. The mice were 
killed and their weights were measured at week 4, and tumor volumes of each mouse were measured weekly as length × width2/2. The blood LDL levels of the mice were assessed following the instruction manual of the cholesterol assay kit (Thermo scientific).

Tumorigenicity in AOM/DSS-treated mice

Thirty A/J mice were randomly divided into two groups and treated with either HFD or standard chow for two weeks. Following this, mice were treated with AOM by intraperitoneal injection at a dose of 0.2 mg on the first day of week 1. Dextran sulfate sodium (DSS) (2 g/100 ml）in drinking water was administered 

for one week at weeks 3, 6 and 9 (Fig. 6A). Mice were treated with either HFD or standard chow according to their group assignment, from week 1 to week 16. We recorded the general health status of the mice every 
day, when conditions such as severe hematochezia or diarrhea, severe weight loss, inability to ambulate 

occurred, the mouse was considered to be moribund and was euthanized by cervical dislocation, and the 

mice survived at week 16 were also euthanized. Finally, a total of sixteen mice were euthanized at week 16, 

from which the intestinal lengths were measured and intestinal tissue samples were collected. The other 

fourteen mice were euthanized before week 16 because of moribund conditions. Data from these fourteen 

mice were excluded to ensure the reliability of the results. Intestinal tissue samples were processed and sectioned (4 μm), stained with haematoxylin and eosin, and assessed under a light microscope by one researcher who was blinded to the treatments. Each section was evaluated for the presence of inflammatory 
lesions, tissue destruction, and tissue repair.
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ImmunohistochemistryAnti-LDL Receptor antibody (ab30532) (Abcam, Cambridge, MA, USA) (1:100 dilution) was used to evaluate the abundance of LDL Receptor protein in the 90 CRC samples. Briefly, the extent of immunostaining was defined as 0 for 0% positive cells under the microscope, 1 for 1 -25% positive cells, 2 for 26 -50% positive cells, 3 for 51 -75% positive cells and 4 for ≥ 76% positive cells. Intensity was scored as 0 for 
absence of staining, 1 for weak, 2 for moderate, and 3 for strong staining.

ROS assaysSW480, LoVo and RKO cell lines were treated with LDL (100 μg/ml) for 36 h, followed by ROS measurement using dichloro-dihydro-fluorescein diacetate (DCFH-DA) (D6883) (Sigma, St Louis, MO, USA) according to the manufacturer’s instructions. Briefly, cells were loaded with DCFH-DA (at a final concentration of 10 μM for 30 min), washed with ice cold Hanks Balanced Salt Solution, then observed 
under a Zeiss LSM710 laser confocal microscope (Carl Zeiss, Germany) equipped with Zen software to 

process the images.

Gene expression array analysis and GSEAWe used a Whole Human Genome Microarray (HOA 7.1) to obtain the expression profiles of each cell 
line treated with LDL or controls. After global normalization of the data across replicates, the differentially expressed genes (DEG) were identified as upregulated if the fold change was greater than or equal to 1.5 
and as down regulated if the fold change was less than or equal to -1.5 (P < 0.05). KEGG pathway enrichment 

analysis was conducted for each group of DEGs by DAVID (https://david.ncifcrf.gov/) to identify and 

compare the enriched KEGG pathways.

Western blot

The DEGs were largely clustered in the p38 MAPK signaling pathway, thus we further assessed the 

levels of phosphorylated (p-p38) and p38 by western blot method. Total protein was extracted from cells lysed with the M-PER Mammalian Protein Extraction Reagent (Thermo Fisher Scientific, Rockford, USA). After blocking with 5% non-fat milk in TBST for 60 min, membranes were incubated with primary antibody dissolved in 5% bovine serum albumin in TBST overnight at 4°C. The following primary antibodies were used: anti-human-p-p38 (1:2000, Cell Signaling Technology, Danvers, MA, USA), anti-human-p38 (1:2000, 
Cell Signaling Technology). Human GAPDH (1:5000, KangChen, Shanghai, China) was used as an internal 

reference.

Statistical analysis

All data are expressed as mean ± Std. Statistical differences were measured using an unpaired two-sided Student’s t-test or one-way ANOVA for multiple comparisons when appropriate. Logistic analysis was 
used for the analysis of the association between LDL level and liver metastasis for CRC patients. P<0.05 was defined as statistically significant. All data analysis was conducted with GraphPad Prism Software Version 
5 (GraphPad, San Diego, CA).

Results

Elevated LDL levels in CRC patients with liver metastases
The role of cholesterol in cancer development appears to be controversial; higher serum 

cholesterol has been reported to be associated with cancer risk, while serum cholesterol 

has often been found to be decreased in advanced stage cancer patients. We included 
41 CRC patients with liver metastases and 
50 CRC patients without liver metastases in 
the current study, to assess the association 
between blood lipid levels and liver 
metastases in CRC patients, all of whom 
were newly diagnosed. The characteristics of 

Fig. 1. LDL levels 

of CRC patients 

with liver metasta-

ses compared with 

CRC patients wi-

thout liver metas-

tases.
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the enrolled patients are shown in Table 1. CRC patients with liver metastases were older 
compared to those without (60.2 vs. 54.3, p = 0.043), while there was no gender difference 
between those two groups. As shown in Fig. 1, LDL levels in CRC patients with liver metastases (mean LDL level=3.18 mmol/L, std = 1.03) were significantly higher than in those without 
liver metastases (mean LDL level = 2.49 mmol/L, std = 0.73) (p = 0.0013). Using logistic regression analysis, it was found that liver metastases were significantly associated with higher LDL levels (odds ratio, crude OR = 3.47, 95% CI 1.41-8.54). Then multiple logistic regression analysis was conducted with age and LDL, which were significantly different between liver metastasis group and the control group, and the age-adjusted OR was 2.26 (95% CI 1.33-3.85). No difference was observed in the levels of HDL cholesterol, triglycerides 
or uric acid between the liver metastases group and the non-liver metastases group (Fig. 2). 
These results indicate a possible role for LDL in CRC metastasis. However, the sample size 
was not large and the selection bias could not be ruled out though the CRC patients were 
consecutively enrolled, thus further large-scale study would be helpful to clarify this issue.

LDL may promote CRC cell stemness in vitro SW480, LoVo and RKO cells were used to examine the biological functions of LDL in vitro. CRC cells were exposed to LDL at a level of 100 μg/ml, and then cell proliferation, transwell 
migration, and sphere formation assays were performed. As shown in Fig. 3, there was no 
difference in the proliferation rate of cells exposed to LDL and the controls. However, LoVo and RKO cells exposed to LDL showed a significantly higher migration potential compared 
with controls (Fig. 4A and 4C). Moreover, LDL appeared to be positively associated with the number of spheres formed, for SW480 and LoVo cells (Fig. 4B and 4D). Expression of 
stemness-related genes was measured in CRC cells treated with LDL for 3 days and the 
controls using RT-qPCR, and it was found that LDL upregulated the expression of stemness 
genes including Sox2, Oct4, Nanog and Bmi 1 (Fig. 4E). Cancer stem cells play a crucial role 
in carcinogenesis and cancer recurrence, as well as metastasis and therapy resistance. Our 
results demonstrate that LDL promotes sphere formation and upregulates the expression of 
stemness genes, suggesting that LDL may enhance CRC cell stemness.

HFD promotes xenograft tumor growth
Administration of a HFD that was high in cholesterol was used to assess the effects 

of cholesterol on CRC tumorigenicity in vivo. Nude mice were randomly assigned into 

Fig. 2. HDL, triglycerides and uric acid levels of CRC patients with liver metastases compared with CRC 

patients without liver metastases.

Fig. 3. Cell proliferation of LoVo, RKO and SW480 cells exposed to LDL and controls.
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Fig. 4. Stem cell-like properties 

induced by LDL in CRC cells. (A) 

Representative photographs of 

cell migration assays of CRC cell 

lines treated with LDL, compa-

red with controls. (B) Represen-

tative photographs of sphere formation of LoVo and SW480 
cells treated with LDL, compa-

red with controls. (C) Statistical 

analysis of cell migration assays. 

(D) Statistical analysis of sphe-

re formation experiments. (E) 

RT-PCR results of stemness ge-

nes including Sox2, Oct4, Nanog 

and Bmi1 in LoVo and SW480 
cells treated with LDL, compa-

red with controls. * indicates  

P < 0.05.

Fig. 5. HFD promotes xenograft tumor growth. (A) LDL levels of non-xenograft and xenograft mice treated with HFD or standard chow. (B) Weight of non-xenograft and xenograft mice treated with HFD or standard 
chow. (C) Representative images of xenograft tumor growth in vivo in mice treated with HFD compared with 

standard chow. (D) Xenograft tumor volume for mice treated with HFD and standard chow. * indicates P < 

0.05.

the standard chow diet group or the HFD group, with ten mice in each group. Then, five randomly selected mice from the standard chow diet group and five from the HFD group were injected with LoVo cells, while the remaining mice were used as the non-xenograft 
groups. As expected, HFD was associated with an increased blood LDL level (0.694 mmol/L 
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vs. 0.380 mmol/L, p = 0.008) compared with the standard chow group of non-xenograft mice. 
However, LDL levels measured in xenograft mice with HFD were similar to those in xenograft 
mice from the standard chow group (0.402 mmol/L vs. 0.346 mmol/L, p = 0.347) (Fig. 5A), 
indicating that xenografts might play a role in cholesterol levels. Moreover, non-xenograft 

Fig. 7. LDLR expression in CRC 

patients. (A) Immunohistoche-

mistry images of LDLR in CRC tis-sues and adjacent normal tissues. 
(B) Comparison of LDLR expressi-

on levels between CRC tissues and adjacent tissues. (C) Images dis-

playing different degrees of LDLR expression levels (-, +, ++, +++). 
(D) LDLR expression levels in pa-

tients with different N stages. (E) 

LDLR expression levels in patients 

with different M stages.

Fig. 6. HFD promotes intestinal inflammation in AOM/DSS-trea-

ted mice. (A) AOM/DSS treatment 

strategy for A/J mice. (B) Images 

of intestinal tissue from mice tre-

ated with HFD and standard chow. 

(C) Statistical analysis of intestinal 

length between mice treated with 

HFD and standard chow. (D) H&E 

stain results of intestinal tissue of 

mice treated with HFD and stan-

dard chow. The red arrow indica-

tes destruction of the epithelial 

architecture, with loss of crypts 

and epithelial integrity, submuco-sal edema, intense inflammatory cellular infiltration and lymphoid 
hyperplasia, dysplasia and nucle-

ar hyperchromatism.
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mice from the HFD group had higher weights than corresponding mice from the standard 
chow group (mean weight = 20.2 g vs 18.5 g, p = 0.008). In contrast, xenograft mice from the 
HFD group had lower weights than the corresponding mice from the standard chow group 
(mean weight = 17.9 g vs 20.5 g, p = 0.008) (Fig. 5B). Images of tumors excised from xenograft 
mice after 4 weeks and tumor volumes are shown in Fig. 5C and 5D, indicating that tumor volumes were significantly higher in mice that were administered a HFD diet compared with those who were fed standard chow. Thus, these findings suggest that HFD promotes tumor 
growth, while tumor growth may also have a negative role in cholesterol level.

HFD promotes intestinal inflammation We next investigated the effects of HFD on CRC tumorigenesis in AOM/DSS-treated mice (Fig. 6A). The intestinal lengths of mice treated with HFD were significantly shorter than 
the mice fed with standard chow (p < 0.05) (Fig. 6B and 6C), and a shorter intestinal length has been widely used as a marker of inflammation. As suggested in Fig. 6D, the intestines 
of mice treated with HFD showed destruction of the epithelial architecture, with loss of crypts and epithelial integrity, submucosal edema, intense inflammatory cellular infiltration 
and lymphoid hyperplasia, dysplasia and nuclear hyperchromatism (as indicated by the red arrow). The shorter intestinal lengths, inflammatory cellular infiltration, and nuclear hyperchromatism in HFD-treated mice indicate that HFD promotes intestinal inflammation, 
while the limited time (16 weeks) may partially explain why no obvious adenoma or tumor 
structure was found.

LDLR expression levels are upregulated and associated with progression in CRC 
LDLR mediates the uptake of LDL from the circulation into cells, and over-production 

of LDLR has been observed to be an important mechanism for cancer cells to obtain more essential fatty acids [18]. The LDLR expression levels in cancer tissue and adjacent normal 
colorectal tissue from CRC patients were assessed using immunohistochemistry analysis. 
Figure 7A and 7C show representative images of different LDLR expression levels. LDLR expression levels were significantly higher in CRC tissues relative to adjacent normal colorectal tissues (Fig. 7B). We then sought to determine whether LDLR expression levels 
in CRC tissues were associated with cancer stages. Tumors from CRC patients with higher N 
or M stages demonstrated higher LDLR expression levels than those with lower stages (Fig. 
7D and 7E); however, LDLR expression levels were not associated with T stages (Fig. 8B). We also found that LDLR expression levels were not associated with survival in CRC patients 
(Fig. 8A).

LDL causes elevated ROS levels and activates the MAPK pathway
Previous studies have indicated that HFD contributed to excessive production of reactive ROS [13] and, therefore, we investigated the effects of LDL on ROS levels of SW480, LoVo and RKO, using DCFH-DA fluorescence analysis. The results showed that all types of CRC cells treated with LDL exhibited significantly higher ROS levels compared with controls (Fig. 9A and 9B). Furthermore, we used a Whole Human Genome Microarray to obtain the expression profiles of each cell line, and the number of DEGs identified between the SW480, 

LoVo and RKO cells treated with LDL and their controls, was 210, 268 and 733, respectively. 

Fig. 8. Association bet-

ween LDLR expression 

levels and survival and 

T stage. (A) LDLR ex-

pression levels are not 

associated with CRC 

survival. (B) LDLR ex-

pression levels are not 

linked to T stage of CRC.
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KEGG pathway enrichment analysis was 
performed for each group of DEGs using 
DAVID (https://david.ncifcrf.gov/), from 
which 87 DEGs were found to participate 
in the enriched pathways. The result of 
unsupervised hierarchical clustering analysis 
from the overlapped 87 DEGs is shown in Fig. 
9C. Besides these overlapping DEGs, we were 
also interested in the DEGs that participated 
in some important signaling pathways, such as the MAPK, WNT, PI3K-AKT and apoptotic 

Fig. 9. LDL elevates ROS levels and activates the MAPK signaling pathway in CRC cells. (A) Representative images of DCFH-DA fluorescence analysis suggesting that LDL elevates ROS levels in RKO, LoVo and SW480 CRC cells. (B) DCFH-DA fluorescence levels in CRC cells. (C) Images of the whole human genome microarray 
for CRC cells treated with LDL and controls. (D) Differentially expressed genes (DEGs) for CRC cells treated with LDL compared with controls. Fold change of expression level ≥1.5 indicates upregulated DEGs and fold 
change < 1.5 indicates downregulated DEGs.

Fig. 10. LDL promoted p38 and phosphorylated p38 levels in LoVo and SW480 cells.
pathways. The fold change values of DEGs that participated in these pathways are shown 
in Fig. 9D. Importantly, the DEGs were largely clustered in the MAPK signaling pathway, especially the p38 MAPK pathway. By Western blot method, we observed that LDL elevates p-p38 and p38 levels in CRC cells (Fig. 10), which further confirmed the finding.

Discussion

Epidemiologic studies have suggested a possible role for obesity and cholesterol in 
cancer. A substantial body of evidence supports an association between obesity and various 
cancers, including CRC [19]. Elevated serum cholesterol levels were shown to be linked to 
a higher risk of developing certain cancers, and higher cholesterol levels may also increase 
cancer recurrence [20, 21]. Moreover, statins use in patients with cancer is associated with 
a reduced cancer-related mortality [22]. Cholesterol metabolites have also been associated 
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with the development of various cancers in animal studies [23, 24]. HFD was also observed 
to accelerate cancer progression and reduce survival rates in mice [25]. However, only a 
few studies have evaluated the effects of blood cholesterol levels on cancer metastasis, and 
the underlying mechanisms remain unclear. Herein, we performed a cohort study with CRC patients, and found significantly higher LDL levels in CRC patients with liver metastases than in those without, indicating that cholesterol may play a role in CRC metastasis. We also 
assessed the expression levels of LDLR and observed increased LDLR expression in CRC 
tissues especially in CRC patients with advanced N and M stages. LDL and HFD increased CRC 
cell growth and progression both in vitro and in vivo, and LDL caused elevated ROS levels and 
MAPK pathway activation. 

Cholesterol has been observed to accumulate, generally, in various malignant tissues; 
however, although studies have suggested that cholesterol plays an important role in 
cancer progression [5, 6], advanced stage cancer patients tend to have lower cholesterol 
levels. To explain this inconsistency, a cohort study was performed enrolling only newly 
diagnosed CRC patients who had not undergone surgery, radiotherapy or chemotherapy and, therefore, mainly displayed normal nutritional compositions. We found that serum LDL levels in CRC patients with liver metastases were significantly higher than in those without 
liver metastases. Further studies were conducted using animal models, from which it was demonstrated that tumor volumes of HFD-treated xenograft mice were significantly larger 
than those from the standard chow group, while blood LDL levels were similar in the two groups. We observed similar LDL levels between xenograft mice treated with HFD and 
standard chow, and moreover, the weights of xenograft mice from the HFD group were lower 
than the mice from the standard chow group. Considering that HFD increased blood LDL 
levels and weights in non-xenograft mice, it might be speculated that tumor growth also 
has a negative role in cholesterol level and weight. In fact, serum lipids levels and weights 
of cancer patients at advanced stages might decrease because of poor nutrition status [7]. LDLR expression level was upregulated in CRC tissue relative to adjacent normal tissue, and 
was associated with advanced N and M stages; since LDLR is essential for transporting LDL 
from the blood into cells, we speculated that cholesterol levels would effect CRC metastasis. 
LDL was observed to promote migration of CRC cells, while no association between LDL and 
CRC cell proliferation was found. Moreover, LDL was observed to promote sphere formation 
of CRC cells in vitro, and LDL also upregulated the expression of stemness genes including 
Sox2, Oct4, Nanog and Bmi 1, indicating possible induction of stem cell-like properties 
by LDL. Cancer stem cells can be resistant to therapy and, thus, play a vital role in cancer 
initiation, relapse and metastasis. This is consistent with previous studies suggesting that 
HFD promotes colonic stem cell expansion and tumor initiation [10, 11].In the present study, we observed that LDL significantly elevates ROS levels in CRC cells. 
ROS are produced within cells through oxygen metabolism and act as important signaling 
molecules in the processes of cell proliferation, survival, and apoptosis [26]. Intracellular 
ROS are mainly synthetized in the mitochondria and therein enhance the accumulation of 
ROS, oxidization of proteins, lipids and DNA, and lead to redox imbalance and oxidative stress [27]. In addition, ROS induce secretion of pro- or anti-inflammatory molecules and thus play an important role in inflammation during cancer development [28]. Oxidative stress can promote inflammation, and excess inflammation can, in turn, increase oxidative 
stress, causing damage to cells and tissues [29]. AOM/DSS-treated mice were used to explore 
the effects of HFD on intestinal tumorigenesis, and the results suggested that intestinal lengths, widely used as a marker of inflammation in inflammatory bowel disease animal 
models, were shorter in mice treated with HFD. Damage to the epithelial architecture was also observed in HFD-treated mice, as well as intense inflammatory cellular infiltration and lymphoid hyperplasia, and nuclear hyperchromatism. However, no significant adenoma or 
tumor structures were found, possibly because of the limited treatment time (16 weeks), so further studies with longer treatment times would be helpful to clarify this issue. We observed that HFD enhanced intestinal inflammation, which is strongly associated with 
cancer initiation.
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The underlying molecular mechanisms were also explored by microarray; 87 
differentially expressed genes (DEGs) were found between three CRC cell lines treated 
with LDL and the controls. These genes were clustered in some important signaling pathways, such as MAPK, WNT and PI3K-AKT. We also observed increased levels of p38 and phosphorylated p38 by western blot, and further confirmed the activation of MAPK pathway. 
This is consistent with previous reports indicating that LDL and VLDL could activate the 
MAPK pathway [14]. MAPK pathway activation has been widely recognized to play a vital role 
in the regulation of gene expression, mitosis, metabolism, cell proliferation, apoptosis and 
cellular movement [30]. There are four classes of MAPK signaling cascades with functions 
in mammary epithelial cells and involvement in tumor progression, including extracellular-
regulated kinase (ERK)1/2, c-Jun N-terminal kinase (JNK), p38 MAPK and ERK5 [31]. ERK1/2 
primarily functions in cell proliferation [32], while activation of JNK and p38 MAPK mainly 
promote cell apoptosis [33]. Moreover, MAPKs have been found to be important signaling 
cascades in the processes of epithelial-mesenchymal transition (EMT) and cell migration, 
which are mediated by PKC, TGF-beta/Smad [34] and integrin-mediated signaling [35]. EMT is the first step in metastasis, which is characterized by the loss of epithelial polarity 
and cell-cell adhesion and is a precursor to increased cell mobility. MAPKs are involved in 
cell migration and invasion, partially through regulation of focal adhesion kinase (FAK) and 
matrix metalloproteinases (MMPs) [36-38]. Previous studies have indicated that ROS could 
regulate PI3K/Akt and MAPK signaling pathways and thus be involved in apoptosis [39]. 
ROS accumulation could inactivate JNK phosphatases and TNF-mediated necrosis, resulting 
in prolonged activation of JNK [40]. ROS was also shown to mediate MAPK activation in EMT 
[41]. Moreover, ROS-activated MAPK signaling was shown to induce migration of smooth 
muscle cells [42]. Thus, it could be speculated that LDL enhanced tumor progression via 
a ROS-activated MAPK pathway. Further experiments, including qRT-PCR and western blot should be conducted to confirm direct activation of MAPK pathway.In summary, the present study indicates that LDL enhances intestinal inflammation 
and CRC progression, possibly via activation of ROS and pathways including MAPK pathway. 
Future research is needed to further explore the effect of LDL on intestinal tumorigenicity, meanwhile, the pathways investigated in the current study should also be confirmed. 
Our study highlights the effects of cholesterol on CRC progression, providing a better 
understanding of the mechanisms regulating CRC and identifying a potential target for the 
treatment of CRC. Cholesterol-lowering strategies, including reduction of body weight and 
statins, may be helpful in reducing CRC risk, and statins could also be evaluated as a potential adjunctive therapy for CRC.
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