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Abstract. Obesity is a major and increasing public health 
concern, associated with an increased risk of and mortality 
from several types of cancer including colorectal cancer (CRC), 
being associated with cancer progression, metastasis and 
resistance to therapy. It was hypothesized that the expression 
of cancer/metastasis‑inducing gene metastasis‑associated 
in colon cancer 1 (MACC1) is increased in obesity, which 
may constitute a link to obesity‑induced cancer. The present 
study thus analyzed circulating cell‑free plasma MACC1 
expression levels in human obese (vs. normal weight) adult 
individuals from independent studies, namely the Martin 
Luther University (MLU) study (n=32) and the Metabolic 
syndrome study (MetScan, Berlin) (n=191). Higher plasma 
MACC1 levels were found in obese individuals, increasing 
with a greater body fat mass and body mass index; these levels 
were predominantly observed in male and to a lesser extent in 
female individuals, although the results were not significant. 
A reduction in body fat mass following dietary intervention 
and physical exercise decreased the MACC1 expression levels 
in the MLU study. Furthermore, Wistar rats with diet‑induced 

obesity exhibited slightly increased plasma MACC1 levels 
compared with rats of normal weight. The obese Wistar rats 
exposed to azoxymethane to induce colon cancer exhibited 
a more severe colon tumor outcome, which was associated 
with significantly increased MACC1 levels compared with 
their non‑obese littermates. On the whole, the findings of the 
present study suggest an association between MACC1 and 
obesity, as well as with obesity‑induced CRC.

Introduction

Obesity is a major and continually increasing public health 
concern. Since 1975, the worldwide prevalence of obesity 
has rapidly increased almost 3‑fold (1). Obesity is a public 
health concern in developed and developing countries, in 
all ages and in all socioeconomic groups. The World Health 
Organization (WHO) published in 2016 that 1.9 billion adults 
(aged ≥18 years; 39%) were overweight [body mass index 
(BMI) ≥25.0 kg/m2] and 650 million (13%) were obese (BMI 
≥30 kg/m2) (2). For Germany, 67% of adult men are overweight 
and 23% obese, and 53% of women are overweight, with 24% 
being obese (3). 

Obesity is linked to a number of severe and chronic 
diseases, such as type 2 diabetes, coronary heart disease or 
stroke. Moreover, obesity is also associated with an increased 
risk of and mortality from several types of cancer, including 
colorectal cancer (CRC), and is associated with cancer 
progression, metastasis and resistance to therapy (4‑6). In fact, 
it has been estimated that a substantial proportion (up to 20%) 
of the total cancer cases may be attributed to being overweight 
(BMI ≥25 kg/m2) (7). CRC is the second most common cause 
of cancer‑related mortality in the United States (8). Human 
studies have demonstrated that a body weight increase of 5 kg 
elevates the incidence of colon cancer by 6% (9). Moreover, a 
high BMI in patients with colon cancer has also been linked to 
an increased mortality rate (10,11).
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A variety of factors may contribute to obesity‑induced 
cancer, such as metabolic factors, microbiota or chronic 
inflammation (12). However, the underlying molecular patho‑
physiological mechanisms and signaling pathways are not 
yet entirely understood. The present study focused on the 
cancer‑ and metastasis‑inducing gene, metastasis‑associated 
in colon cancer 1 (MACC1), in the context of obesity and 
obesity‑induced cancer. The authors previously newly discov‑
ered MACC1 in the tissues of patients with colon cancer (13,14). 
The authors have previously demonstrated its functions for 
inducing phenotypes, such as proliferation, migration, invasion, 
dissemination, etc. in cell culture, as well as carcinogenesis 
and metastases in several mouse models (13,15,16). Since 
the discovery of MACC1, the authors of the present study, as 
well as several other research groups have demonstrated the 
clinical significance of MACC1 as a causal, prognostic and 
predictive biomarker for >20 solid cancer types (14), including 
meta‑analyses for solid cancers, cancers of the digestive 
system, colorectal, hepatocellular, gastric, gynecological and 
breast cancer (17‑22). The causal contribution of MACC1 
for rewiring cell metabolism has been demonstrated by the 
authors of the present study, as well as others (23‑25). A 
recent study reported MACC1‑driven metabolic networks in 
CRC, such as rewiring glucose and glutamine metabolism, an 
increase in glucose use by the enhanced surface of glucose 
transporter 1 (GLUT1) or an increase in glutamine and pyru‑
vate use by enhanced uptake (25). It was thus concluded that 
MACC1 is an important regulator of cancer metabolism. 

The present study aimed to determine whether the plasma 
MACC1 levels may be increased in obesity, which may be a link 
to obesity‑associated CRC. The levels of circulating cell‑free 
MACC1 transcripts were first investigated in the blood of 
obese subjects from two independent human studies of adult 
individuals: One study of subjects from the Martin Luther 
University (MLU study) (26) and a second study on individuals 
from the Metabolic Syndrome study (MetScan) (27), thereby 
evaluating a potential link of MACC1 expression and BMI 
or body fat mass. These analyses were complemented with 
plasma MACC1 expression data from the MLU intervention 
study of subjects analyzed following 3 months of a moderate 
dietary and exercise program. Plasma MACC1 levels in Wistar 
rats fed a normal‑fat diet (NFD) or a high‑fat diet (HFD) were 
further compared. Finally, the animals were exposed to azoxy‑
methane (AOM) in order to test the hypothesis of the induction 
of CRC in the context of obesity and MACC1 expression (28).

Materials and methods

Animal experiments. Animal experiments were performed 
as previously described (27,28). All research and animal 
care procedures were approved by the local Animal Care 
Committee (reference no. 42502‑2‑1200 MLU). The principles 
of laboratory animal care were followed according to the 
guidelines of the European (FELASA) and German Society 
of Laboratory Animal Sciences (GV‑SOLAS). In brief, male 
Wistar rats (6 weeks old, n=50, Charles River GmbH) were 
randomly divided according to body weight into two groups. 
One group (n=25) received a NFD (control, 4% fat, C1090‑10, 
Altromin) and the other group (n=25) received the corre‑
sponding HFD (34% fat, C1090‑60, Altromin) for 46 weeks. 

At 8 weeks following the start of dietary intervention, 
12 (NFD group) or 11 (HFD group) rats were injected subcu‑
taneously with 15 mg/kg body weight of the carcinogen, AOM 
(Sigma‑Aldrich; Merck KGaA), once a week for 2 weeks to 
induce colon cancer growth. The corresponding control groups 
received a subcutaneous injection of 0.9% sodium chloride 
(NaCl; NFD: n=13, HFD: n=14). At 37 weeks after the final 
AOM injection, the rats were sacrificed by isoflurane inhalation 
anesthesia (1.5‑2% v/v in oxygen) followed by cardiac puncture 
for blood collection (8‑9 ml per rat). The final body weight was 
determined directly prior to cardiac puncture. Visceral fat mass 
was removed and determined by weighing the total intra‑ and 
retroperitoneal adipose tissues. The colon was examined for 
macroscopically visible tumors and tumor‑bearing areas were 
excised, followed by tumor classification according to histo‑
logic grade by an expert pathologist. 

Human populations 
Description of the MLU study. The MLU study was performed 
as previously described (26). In brief, male and female partici‑
pants were recruited. The inclusion criteria were as follows: 
BMI ≥30 kg/m2 and an age between 18 and 65 years. The 
exclusion criteria were pregnancy, breastfeeding, chronic 
infections, acute diseases, metabolic or endocrine diseases 
(e.g., type 1 diabetes, hypo‑ or hyperthyroidism), or immuno‑
suppression (e.g., chemotherapy). The participants (n=32; male, 
n=14; female, n=18) were divided into 2 groups as follows: One 
experimental group (n=19; 8 males and 11 females) and one 
control group (n=13; 6 males and 7 females). The participants 
of the experimental group performed a moderate exercise 
training program of three 1‑h exercise sessions per week: One 
unit endurance training and two units of a combined weight 
and endurance training. The training intensity was adapted to 
the individual performance level determined before the start 
of intervention. In addition, participants of the experimental 
group received dietary recommendations according to the 
guidelines of the German Society for Nutrition to reduce their 
body weight through information flyers as well as individual 
or group consultations. Participants of the control group were 
instructed not to change their lifestyle and to maintain their 
weight. They received neither dietary advices nor an exercise 
training program. 

The following parameters were determined before and 
at 3 months after the start of the intervention as previously 
described: Body weight and height with the calculation of 
BMI, waist and hip circumferences, as well as body fat mass 
measured by bioelectrical impedance analysis (26). In addi‑
tion, blood plasma of participants was obtained from blood 
samples after fasting before and at 3 months following the 
start of intervention. Each participant signed informed consent 
prior to participation. 

Description of the MetScan study. MetScan is a cross‑sectional 
study that aimed to investigate to what extent abdominal 
volume, automatically determined using a 3D body surface 
scanner algorithm, allows metabolic characterization (27,30). 
Following a standardized recruitment protocol, a total of 516 
participants, aged 18‑79 years, were recruited. The inclusion 
criteria were German language skills and an ability to provide 
informed consent. The exclusion criteria were an inability to 
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perform a body scan measurement and any condition distorting 
body shape (e.g., casts). 

Sex, age, and a history of diabetes mellitus and dyslipid‑
emia were assessed in computer‑assisted interviews. Body 
height (cm, stadiometer SECA 285, Hamburg, Germany), body 
weight and fat mass (kg, bioelectrical impedance analysis 
device SECA mBCA 515, SECA), as well as both waist and 
hip circumference (cm, measuring tape SECA 201, SECA) 
were measured with an accuracy of one decimal place by 
trained personnel according to WHO guidelines (31). BMI 
was calculated as body weight divided by the square of body 
height (kg/m²); waist‑to‑hip ratio (WHR) was calculated as 
the waist circumference divided by hip circumference; the 
waist‑to‑height ratio (WHtR) was calculated as the waist 
circumference divided by body height. 

Blood pressure was calculated as the mean of the second and 
third blood pressure measurement taken after an initial 5‑min 
rest (OMRON Medizintechnik mbH) (32). Blood samples 
were collected in BD Vacutainer® (BD Becton‑Dickinson) 
tubes following a standardized venipuncture protocol. EDTA 
tubes (9 ml) were centrifuged at 2,000 x g for 15 min (15˚C) 
and the plasma supernatant was aliquoted and immediately 
frozen on dry ice and stored at ‑80˚C until the measurement 
of MACC1 levels.

Concentrations of triglycerides (TG, mmol/l), high‑density 
lipoprotein cholesterol (HDL‑C, mg/dl) in serum, glucose 
(mmol/l) in citrate fluoride plasma and hemoglobin A1c 
(HbA1c; mmol/mol) in EDTA blood were determined from 
blood samples following fasting (>8 h) (Hospital Laborverbund 
Brandenburg‑Berlin GmbH).

Parameters of the metabolic syndrome (MetS) were clas‑
sified according to the Harmonized model as follows (33) 
elevated TG concentration (≥1.7 mmol/l); decreased HDL‑C 
concentration (men, <1.0 mmol/l; women, <1.3 mmol/l); 
elevated blood pressure (systolic blood pressure ≥130 mmHg 
or diastolic blood pressure ≥85 mm Hg or reported diagnosis 
of hypertension); elevated glucose concentration (≥5.6 mmol/l 
or reported diagnosis of diabetes). If participants met at least 
three of the aforementioned criteria or elevated waist circum‑
ference (WC; men, ≥94 cm; women, ≥80 cm) this was defined 
as having MetS (33).

Selection of participants from the MetScan study. In the 
preliminary analyses derived from the MLU study, correlation 
coefficients of Rho=0.2‑0.5 were observed for the associa‑
tion of MACC1 with fat mass and body weight. Assuming 
similar effect sizes and with the adjustment for two covari‑
ates (age and sex), a study sample size of 195 participants was 
determined to be necessary to detect correlation coefficients 
of Rho >0.2. Following the exclusion of participants with 
missing covariates, 429 MetScan participants were eligible 
for inclusion in the present analyses. From these, selected 
204 participants were randomly, stratified by BMI categories 
(normal weight, <25; pre‑obesity, 25‑29.9; obesity, ≥30 kg/m²) 
and sex. This resulted in 68 participants per BMI category, 
with 34 males and 34 females in the low and middle BMI 
category. The highest BMI category included slightly more 
females than males (41 vs. 27) as the number of males eligible 
in this category was limited. For these 204 participants, a 
blood sample was transferred to the Translational Oncology 

of Solid Tumors Group, Max Delbrück Center for Molecular 
Medicine in the Helmholtz Association (MDC), to determine 
the level of circulating cell‑free MACC1 transcripts.

Determination of circulating cell‑free MACC1 transcripts 
using reverse transcription‑quantitative PCR (RT‑qPCR)
MLU. The entire procedure, as employed for the MLU study, 
has already been described for patients suffering from CRC, 
gastric and ovarian cancer, and glioblastomas (34‑38). 
Herein, total RNA was isolated from the plasma samples 
by employing the high pure viral RNA kit (Roche 
Diagnostics) according to the manufacturer's instructions. 
The analysis of circulating cell‑free MACC1 transcripts 
was carried out with the hybridization probe detection 
format using amplicon‑specific hybridization probes on the 
LightCycler 480 system (Roche Diagnostics). Following 
2 min at 95˚C, 40 cycles were run, each with 3 sec at 95˚C, 
5 sec at 60˚C, 25 sec at 60˚C, followed by melting curve 
analysis (40˚C to 95˚C) after the PCR cycles (Promega 
GoTaq Probe PCR Master kit). The MACC1‑specific PCR 
product of 136 bp was amplified with the following primers 
(BioTeZ) and probes (TIB MolBiol): Forward primer, 
5'‑TTC TTT TGA TTC CTC CGG TGA‑3' and reverse primer, 
5'‑ACT CTG ATG GGC ATG TGC TG‑3';  FITC‑probe, 
5'‑GCA GAC TTC CTC AAG AAA TTC TGG AAG ATC TA‑3'; 
LCRed640‑probe, 5'‑AGT GTT TCA GAA CTT CTG GAC 
ATT TTA GAC GA‑3'. MACC1 mRNA levels are presented 
as a percentage of the calibrator sample mRNA levels. The 
calibrator cDNA originated from the CRC cell line, SW620 
(authentication by short tandem repeat genotyping, DSMZ). 
Serial dilutions of this calibrator RNA were employed for 
standard curve generation simultaneously in each quantita‑
tive PCR run. The in‑run standard curve ranged from 100% 
calibrator down to 6.25% calibrator sample. Each sample 
was run and calculated in duplicate, the means are depicted.

MetScan. For the determination of circulating cell‑free 
MACC1 in the plasma of individuals from MetScan, digital 
droplet PCR was performed using a Bio‑Rad QX200 Droplet 
Digital PCR System (Bio‑Rad Laboratories GmbH) and 
droplet digital polymerase chain reaction (ddPCR) Supermix 
for Probes (Bio‑Rad Laboratories, Inc.) following the manu‑
facturer's instructions (34). Briefly, 1X master mix was 
supplemented with primer probe mix (qHsaCPE5056798, 
Bio‑Rad Laboratories, Inc.) and cDNA. Droplet generation 
for ddPCR was performed using the QX200 droplet generator. 
A total of 20 µl PCR mix and 70 µl droplet generator oil 
are given in the respective cavities of the droplet generator 
cartridges (Bio‑Rad Laboratories, Inc.). Subsequently, 40 µl 
droplet suspension was pipetted into twin.tec 96‑well PCR 
plates (Eppendorf). PCR was performed at 95˚C for 10 min, 
by 39x 95˚C for 30 sec and 60˚C for 60 sec, followed by 98˚C 
for 10 min using a T100 thermal cycler (Bio‑Rad Laboratories, 
Inc.). Droplet quantification was performed in the QX200 
droplet reader. The system counts all generated droplets and 
detects the amount of PCR product‑positive (fluorescent) 
droplets. The determination of circulating cell‑free MACC1 
transcripts was not successful in 13 out of the 204 MetScan 
participants, thus, 191 MetScan participants were included in 
the following analyses. The Poisson correction of generated 
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droplet amount and data analysis was performed using the 
QUANTA LIFE (Bio‑Rad Laboratories, Inc.) software. 

Statistical analyses. For the animal experiments, statistical 
analyses were performed using Graph Pad Prism software V7 
(GraphPad Software, Inc.). Statistical analyses were performed 
using a Student's t‑test to compare results between the HFD‑group 
with the appropriate control group. Spearman's correlation 
analysis was used to investigate the correlation between rat body 
weight and relative MACC1 expression. Values are presented as 
the mean ± standard error of the mean (SEM). A value of P≤0.05 
was considered to indicate a statistically significant difference. 

For the MLU study, statistical analyses were performed 
using Graph Pad Prism software V7 (GraphPad Software, Inc.). 
Spearman's correlation analysis was used to investigate the 
correlation between MACC1 expression and body fat mass prior 
to the start of the intervention. The change in MACC1 expression 
and body fat mass before and after intervention was determined 
by the subtraction of the values at 3 months after the start of 
the intervention from the values before the start of the interven‑
tion. Spearman's correlation analysis was used to determine the 
correlation between the changes in MACC1 expression and the 
changes in body fat mass by intervention. A value of P≤0.05 was 
considered to indicate a statistically significant difference. 

For the MetScan study, descriptive data on age, anthro‑
pometric and blood pressure measures are presented as the 
median and interquartile range (IQR), the frequency of MetS 
components and elevated MACC1 levels, WHR and WHtR as 
relative figures. Laboratory parameters are presented as the 
geometric mean (GM) and 95% confidence interval (CI). The 
level of circulating cell‑free MACC1 transcripts was deter‑
mined as 0.0 copies/20 µl in 27 out of the 191 participants. To 
avoid missing values for the log‑transformed MACC1 measures 
for the respective participants, half of the minimal value >0.0 
measured for MACC1 expression in the MetScan study popu‑
lation (i.e., 1.2 copies/20 µl) was determined and this value 
was used to set MACC1 values of 0.0 as 0.6 copies/20 µl. The 
respective participants were included with the modified values 
in the following analyses requiring a log‑transformed value of 
MACC1 expression. Basic characteristics of participants were 
additionally analyzed by MACC1 tertiles.

Tests for differences across and between groups were 
analyzed using ANOVA and the post hoc Scheffe test or 
Kruskal‑Wallis tests and the post hoc rank‑based Scheffe test 
for continuous variables and Chi‑squared tests for discrete 
variables. The mean level of circulating cell‑free MACC1 
transcripts (copies/20 µl) was calculated according to the 
three BMI categories, first as raw estimates (presented as the 
median and IQR) and secondly based on least square means 
and log‑transformed MACC1 values, adjusted for sex and age 
(presented as the GM and 95% CI). 

Additionally, the association of MACC1 expression with 
anthropometric measures, i.e., WC, BMI, WHR and WHtR, 
as well as metabolic parameters, i.e., glucose and HbA1c 
concentration and absolute fat mass, was investigated using 
Spearman's partial correlations adjusted for sex and age. 

P‑values presented are two‑tailed, with P<0.05 considered 
to indicate a statistically significant difference. Analyses were 
performed using SAS® Enterprise Guide® (version 7.15; SAS 
Institute Inc.).

Results

Correlation between circulating cell‑free plasma MACC1 
expression and body fat mass in the MLU study. First, the 
correlation between anthropometric parameters and MACC1 
expression in plasma samples of obese human subjects was 
analyzed. Of note, a modest positive correlation between body 
fat mass and MACC1 expression (Rho=0.36) was found, which, 
however, was not significant at the 5% level (P=0.06, Fig. 1). 

Association of circulating cell‑free plasma MACC1 expression 
with anthropometric parameters in the MetScan study. 
Subsequently, MACC1 expression was measured in MetScan, 
a larger, independent study (Table I). The median MACC1 
expression in MetScan was 3.4 copies/20 µl (IQR, 1.6‑6.8) and 
GM 3.7 copies/20 µl (95% CI, 3.1‑4.5). When stratified by sex, 
the median expression in males was 4.0 copies/20 µl (IQR, 
1.6‑6.8) and GM was 4.0 copies/20 µl (95% CI, 3.1‑5.3), and 
in females the median expression was 3.1 copies/20 µl (IQR, 
1.4‑6.6) and GM 3.4 copies/20 µl (95% CI, 2.7‑4.4); the differ‑
ences between sexes were not statistically significant (P=0.28 
and P=0.40, respectively). 

The characteristics of the MetScan participants per tertiles 
of MACC1 expression are presented in Table II. Age and sex did 
not vary substantially across the MACC1 tertiles. However, there 
were differences in WC (P=0.02) and WHtR (P=0.03) across 
MACC1 tertiles with higher anthropometric measures in the 
upper than in the lower tertile. Similar, yet non‑significant differ‑
ences were observed for BMI (P=0.06) and fat mass (P=0.07). 

In unadjusted analyses, median MACC1 expression 
was 3.2 copies/20 µl (IQR, 1.6‑6.4) among normal weight 
individuals (BMI <25 kg/m2), 3.0 copies/20 µl (IQR 1.4‑4.6) 
among pre‑obese individuals (BMI 25.0‑29.9 kg/m2; P=0.93 
in comparison to normal weight) and 4.8 copies/20 µl (IQR 
1.7‑11.0) among obese individuals (BMI ≥30.0 kg/m2; P=0.16 
in comparison to normal weight; P=0.05 for differences in 
MACC1 across BMI categories) (Table III). The results were 
similar when after adjusting for age and sex: 

Figure 1. Relative expression of circulating cell‑free plasma MACC1 tran‑
scripts and body fat mass in healthy obese adults (n=29). Correlation analysis 
of relative MACC1 expression in plasma of healthy obese adults of the 
control as well as of the experimental group with the individual body fat 
mass. MACC1, metastasis‑associated in colon cancer 1.
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Thus, geometric mean MACC1 levels were 3.3 copies/20 µl 
(95% CI 2.4‑4.5) among normal weight, 3.1 copies/20 µl 
(95% CI 2.3‑4.3) among pre‑obese (P=0.98 compared to normal 
weight), and 5.1 copies/20 µl (95% CI 3.7‑7.0) among obese 
individuals (P=0.18 compared to normal weight; P=0.07 across 
BMI categories; Fig. 2). The differences in MACC1 levels 
across BMI categories were slightly, although not‑significantly 
(P=0.63) stronger among males than among females (Fig. 3).

When analyzed continuously, there were weak associations 
found between MACC1 and markers of general or abdominal 
adiposity and with markers of glucose metabolism (Table IV). 
For example, the Spearman's partial correlation coefficient for 
the association with MACC1 expression, adjusted for age and 

sex, was 0.10 (P=0.17) for BMI, 0.13 (P=0.07) for fat mass, 0.11 
(P=0.12) for WC and 0.07 (P=0.36) for glucose levels. Of note, 
when stratified by sex, these associations were slightly stronger 
among males than among females (Table IV), although most 
correlations were not significant at the 5% level. 

Association of circulating cell‑free plasma MACC1 expres‑
sion and body fat mass in obese individuals following dietary 
and exercise intervention in the MLU study. Previous results 
of the MLU study demonstrated that a moderate dietary and 
physical exercise program in obese individuals led to a signifi‑
cantly reduced body fat mass and waist and hip circumferences 
in the male sub‑cohort following 3 months of intervention. 

Table I. Characteristics of the participants of the MetScan study (n=191).

Characteristic Total (n=191) Male (n=91) Female (n=100)

Age, years, median (IQR) 54.2 (40.3‑66.3) 55.2 (42.0‑67.5) 54.1 (38.0‑65.3)
Height, cm, median (IQR) 172.0 (166.1‑179.7) 179.3 (174.3‑183.3) 166.8 (161.6‑170.1)
WC, cm, median (IQR) 95.2 (83.6‑105.1) 98.0 (89.5‑109.6) 92.6 (79.8‑102.6)
BMI, kg/m², median (IQR) 26.8 (23.9‑31.1) 26.1 (23.8‑30.7) 27.4 (24.0‑31.9)
BMI categories, %   
  <25.0 kg/m² 33.5 36.0 31.0
  25.0‑29.9 kg/m² 33.0 34.0 32.0
  ≥30.0 kg/m² 33.5 30.0 37.0
WHR, median (IQR) 0.90 (0.83‑0.96) 0.95 (0.90‑1.02) 0.85 (0.78‑0.91)
WHtR, median (IQR) 0.55 (0.49‑0.62) 0.54 (0.49‑0.62) 0.56 (0.48‑0.62)
Fat mass, kg, median (IQR) 27.0 (19.6‑35.2) 23.0 (17.4‑32.1) 30.0 (24.2‑39.2)
SBP, mmHg, median (IQR) 122.0 (114.5‑135.5) 128.5 (119.5‑141.0) 117.0 (109.5‑127.0)
DBP, mmHg, median (IQR) 76.5 (71.0‑82.0) 78.0 (74.0‑84.0) 74.0 (68.0‑79.3)
TG, mmol/l, GM (95% CI) 1.2 (1.1‑1.3) 1.3 (1.2‑1.4) 1.1 (1.0‑1.2) 
HDL‑C, mg/dl, GM (95% CI) 1.5 (1.4‑1.5) 1.3 (1.2‑1.4) 1.6 (1.6‑1.7)
Glucose, mmol/l, GM (95% CI) 5.9 (5.8‑6.0) 6.1 (5.9‑6.2) 5.7 (5.6‑5.9)
HbA1c, mmol/mol, GM (95% CI) 35.7 (35.0‑36.5) 35.6 (34.5‑36.8) 35.9 (34.8‑37.0)
Diabetes mellitusb, % 8.9 9.9 8.0
Dyslipidemia, % 36.1 28.6 43.0
MetS (meeting ≥3 of the following five symptoms), % 41.9 42.9 41.0
  Elevated WCc, % 66.0 56.0 75.0
  Elevated TGd, % 22.0 27.5 17.0
  Reduced HDL‑Ce, % 8.9 5.5 12.0
  Elevated blood pressuref, % 50.3 57.1 44.0
Elevated glucoseg, % 66.0 76.9 56.0
MACC1, copies/20 µl, median (IQR) 3.4 (1.6‑6.8) 4.0 (1.6‑6.8) 3.1 (1.4‑6.6)
MACC1, copies/20 µla, GM (95% CI) 3.7 (3.1‑4.5) 4.0 (3.1‑5.3) 3.4 (2.7‑4.4)
Elevated MACC1, % 8.9 8.8 9.0

Information on age and history of diabetes, dyslipidemia, and cancer was derived from self‑reports during a personal interview; manual 
anthropometric, blood pressure as well as fasting blood samples were taken by trained personnel. aMACC1 value was 0 for 27 of the total 191 
participants. To calculate the GM (95%) MACC1 values were set as 0.6 copies/20 µl (half of the minimal value >0 measured for MACC1) for 
these participants and included the respective participants with the modified values in this analysis.bSelf‑report of ever physician‑diagnosed 
disease; cmales, >94 cm; women, >80 cm (33); d≥1.7 mmol/l (33); emales, <1.0 mmol/l; women, <1.3 mmol/l (33); fsystolic blood pressure 
≥130 mmHg or mean diastolic blood pressure ≥85 mm Hg (mean of the last two out of three sitting blood pressure measurements) or reported 
diagnosis of hypertension (33); g≥5.6 mmol/l or reported medical history of diabetes (33). BMI, body mass index; DBP, diastolic blood pres‑
sure; GM, geometric mean; HDL‑C, high‑density lipoprotein cholesterol; IQR, interquartile range; MACC1, metastasis‑associated in colon 
cancer 1; MetS, Metabolic Syndrome; SBP, systolic blood pressure; TG, triglycerides; WC, waist circumference; WHR, waist‑to‑hip ratio; 
WHtR, waist‑to‑height ratio; 95% CI, 95% confidence interval.
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Moreover, blood glucose levels significantly decreased in the 
male sub‑cohort following intervention. The body weight and 
plasma concentrations of cholesterol, its subsets and triacyl‑
glycerols were reduced, but results were not significant (26). 
The results of the present analyses demonstrated that the 
change in body fat mass reduction negatively correlated with 
the change of MACC1 expression following three month of 
dietary intervention and physical exercise program, although 
results were not statistically significant (P=0.0698, Fig. 4). 

Circulating cell‑free plasma MACC1 expression in Wistar rats 
fed a NFD or HFD with or without CRC. Previous research 
has demonstrated that Wistar rats fed a HFD for 46 weeks 
exhibited significantly higher body weights and visceral fat 
mass compared to Wistar rats fed a NFD (28). In the present 
study, representative images of NFD‑ and HFD‑fed Wistar rats 
are presented in Fig. 5A. Moreover, former investigations in 
diet‑induced obese rats revealed a more severe tumor outcome 

with an increased number, size, and weight of colorectal 
tumors and a higher rate of adenocarcinomas than adenomas 
compared to the normal‑weight control group (28). The results 
of the present analyses revealed no significant changes in 
circulating cell‑free plasma MACC1 expression levels of rats 
fed the NFD compared with rats fed the HFD (Fig. 5B). 

However, in AOM‑exposed Wistar rats, plasma MACC1 
expression was significantly increased in the HFD group 
compared with the NFD group (P<0.0001, Fig. 6A). In addition, 
correlation analyses revealed a slight, although not significant, 
positive correlation between body weight and MACC1 expres‑
sion in AOM‑exposed rats (P=0.06, Fig. 6B). 

Discussion

Obesity is a major risk factor for the development of CRC, as 
well as for metastasis and cancer‑associated mortality (10,12). 
Several pathophysiological mechanisms for an increased risk 

Table II. Basic characteristics of the participants of the MetScan study by MACC1 tertiles.

 MACC1 tertile
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Characteristic 1 (n=63) 2 (n=63) 3 (n=65) P‑value

MACC1 copies/20 µl ≤2.4 >2.4 to ≤4.8 >4.8 
Women, % 58.7 49.2 49.2 0.47
Age, years, median (IQR) 54.2 (40.6‑66.0) 54.0 (36.4‑65.1) 56.4 (45.5‑66.6) 0.52
Height, cm, median (IQR) 170.2 (166.1‑177.9) 172.2 (167.0‑179.7) 174.4 (165.4‑181.1) 0.73
Waist circumference, cm, median (IQR) 92.7 (82.8‑103.9) 92.7 (84.5‑102.3) 99.5 (88.5‑111.6) 0.02
BMI, kg/m², median (IQR) 25.8 (23.6‑31.0) 26.8 (23.7‑29.5) 28.2 (24.2‑33.1) 0.06
WHR, median (IQR) 0.90 (0.82‑0.96) 0.90 (0.82‑0.95) 0.91 (0.84‑1.00) 0.14
WHtR, median (IQR) 0.54 (0.48‑0.60) 0.53 (0.49‑0.60) 0.58 (0.50‑0.64) 0.03
Fat mass, kg, median (IQR) 25.4 (17.2‑32.3) 27.1 (19.6‑32.4) 32.1 (20.7‑37.6) 0.07
Systolic blood pressure, mm Hg 124.0 (116‑130.5) 122.0 (113.0‑141.0) 122.0 (113.5‑136.5) 0.62
Diastolic blood pressure, mm Hg 76.0 (71.5‑81.5) 77.5 (72‑87.5) 76.5 (70.0‑81.0) 0.07
TG, mmol/l, GM (95% CI) 1.15 (1.02‑1.28) 1.15 (1.03‑1.29) 1.25 (1.12‑1.40) 0.31
HDL‑C, mg/dl, GM (95% CI) 1.47 (1.39‑1.56) 1.48 (1.40‑1.57) 1.43 (1.35‑1.52) 0.71
glucose, mmol/l, GM (95% CI) 5.75 (5.57‑5.95) 5.85 (5.66‑6.05) 6.04 (5.84‑6.24) 0.27
HbA1c, mmol/mol, GM (95% CI) 35.7 (34.3‑37.1) 34.8 (33.5‑36.2) 36.8 (35.4‑38.2) 0.10
Diabetes mellitusa, % 7.9 4.8 13.8 0.19
Dyslipidemiaa, % 31.7 36.5 40.0 0.62
MetS (meeting ≥3 of the following five symptoms), % 41.3 31.7 52.3 0.06
  Elevated WCb, % 63.5 65.1 69.2 0.78
  Elevated TGc, % 25.4 15.9 24.6 0.36
  Reduced HDL‑Cd, % 11.1 4.8 10.8 0.37
  Hypertensione, % 44.4 49.2 56.9 0.36
  Elevated glucosef, % 63.5 65.1 69.2 0.78

Information on age and history of diabetes, dyslipidemia, and cancer was derived from self‑reports during a personal interview; manual 
anthropometric, fat mass, blood pressure as well as fasting blood samples were taken by trained personnel. aSelf‑reported physician‑diagnosed 
disease; bmales, >94 cm; women, >80 cm (33); c≥1.7 mmol/l (33); dmales, <1.0 mmol/l; women, <1.3 mmol/l (33); esystolic blood pressure 
≥130 mmHg or mean diastolic blood pressure ≥85 mm Hg (mean of the last two out of three sitting blood pressure measurements) or reported 
diagnosis of hypertension (33); f≥5.6 mmol/l or reported medical history of diabetes (33). BMI, body mass index; DBP, diastolic blood pres‑
sure; GM, geometric mean; HbA1c, HDL‑C, high‑density lipoprotein cholesterol; IQR, interquartile range; MACC1, metastasis‑associated in 
colon cancer 1; MetS, Metabolic Syndrome; SBP, systolic blood pressure; TG, triglycerides; WC, waist circumference; WHR, waist‑to‑hip 
ratio; WHtR, waist‑to‑height ratio; 95% CI, 95% confidence interval.
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of CRC in obese individuals have been investigated. Apart 
from altered secretion profiles of adipocytokines, the increased 
release of growth factors and steroid hormones, oxidative stress 
and alterations in microbiome the chronic low‑grade inflam‑
mation may contribute to the enhanced tumor development in 
obesity (6,39‑41). However, the underlying pathophysiological 
mechanisms linking obesity and cancer remain unclear. 

MACC1 was discovered to be expressed in human CRC 
tissue (13,14). Moreover, in vitro and in vivo studies have 
revealed the effects of MACC1 in tumor metabolism, prolif‑
eration, migration and invasion, and have demonstrated that 
MACC1 is a potent prognostic and predictive biomarker 
for several tumor entities, including CRC (13,15,16,25). The 
present study, to the best of our knowledge, is the first to inves‑
tigate the potential association between MACC1 expression, 
obesity and obesity‑induced CRC. 

The findings of the present study suggest an association 
between anthropometric parameters characterizing obesity 

Table III. Unadjusted median MACC1 expression in normal weight, pre‑obese, and obese persons.

 MACC1 expression
 (copies/20 µl)
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
  Interquartile P‑value for differences P‑value for
Group Median range compared with reference groupa difference across groupsb

 Normal weight (BMI <25.0 kg/m2) 3.2 1.6‑6.4 Reference 
Pre‑obese (BMI 25.0‑29.9 kg/m2) 3.0 1.4‑4.6 0.93 0.05
Obese (BMI ≥30.0 kg/m2) 4.8 1.7‑11.0 0.16 

aP‑value for differences compared with the reference group was determined using the rank‑based Scheffe test. bP‑value for differences across 
groups was determined using the Kruskal‑Wallis test. BMI, body mass index; MACC1, metastasis‑associated in colon cancer 1.

Figure 2. Geometric mean MACC1 levels (copies/20 µl) and 95% CI per BMI 
category, adjusted for sex and age in MetScan. MACC1 value was 0.0 copies/20 µl 
for 27 of the total 191 participants. To calculate the geometric mean (95%) 
MACC1 values were set as 0.6 copies/20 µl (half of the minimal value >0.0 
measured for MACC1) for these participants and included the respective partici‑
pants with the modified values in this analysis. Geometric mean MACC1 levels 
were 3.3 copies/20 µl (95% CI, 2.4‑4.5) among normal weight, 3.1 copies/20 µl 
(95% CI, 2.3‑4.3) among pre‑obese (P=0.98 compared to normal weight), and 
5.1 copies/20 µl (95% CI, 3.7‑7.0) among obese individuals (P=0.18 compared 
to normal weight; P=0.07 across BMI categories. Across‑group comparisons 
are based on ANOVA and between‑group comparisons are based on the Scheffe 
test, using log‑transformed MACC1 concentrations. BMI, body mass index; 
MACC1, metastasis‑associated in colon cancer 1.

Figure 3. Geometric mean MACC1 levels (copies/20 µl) and 95% CI per BMI 
category, adjusted for age in MetScan. (A) Geometric mean MACC1 levels 
and 95% CI per BMI category, adjusted for age among males. Geometric 
mean MACC1 levels were 3.6 copies/20 µl (95% CI, 2.3‑5.7) among normal 
weight, 3.0 copies/20 µl (95% CI, 2.0‑4.7) among pre‑obese (P=0.85 
compared to normal weight) and 6.3 copies/20 µl (95% CI, 3.9‑10.1) among 
obese individuals (P=0.18 compared to normal weight; P=0.08 across BMI 
categories. (B) Geometric mean MACC1 levels and 95% CI per BMI cate‑
gory, adjusted for age among females. Geometric mean MACC1 levels were 
3.0 copies/20 µl (95% CI, 1.8‑4.8) among normal weight, 3.1 copies/20 µl 
(95% CI, 1.9‑5.0) among pre‑obese (P=0.99 compared to normal weight) 
and 4.2 copies/20 µl (95% CI, 2.7‑6.7) among obese individuals (P=0.57 
compared to normal weight; P=0.52 across BMI categories. The MACC1 
value was 0.0 copies/20 µl for 27 of the total 191 participants. To calculate 
the geometric mean (95%) MACC1 values were set as 0.6 copies/20 µl (half 
of the minimal value >0.0 measured for MACC1) for these participants and 
included the respective participants with the modified values in this analysis. 
Across‑group comparisons are based on ANOVA and between‑group 
comparisons are based on the Scheffe test, using log‑transformed MACC1 
concentrations. The test for difference in MACC1 levels across BMI catego‑
ries was P=0.63), based on ANOVA with the inclusion of an interaction term of 
sex x BMI categories. BMI, body mass index; MACC1, metastasis‑associated 
in colon cancer 1.
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and plasma MACC1 expression. Although not statistically 
significant, the results of the MLU cohort detected a slight 
positive correlation between body fat mass and plasma MACC1 
expression in healthy obese subjects. In addition, analyses 
in MetScan demonstrated that participants in the highest 
MACC1 tertile had higher levels of BMI, WHtR, WC and fat 
mass, compared to participants in the lowest MACC1 tertile. 
Moreover, geometric mean MACC1 levels were the highest in 
the obese BMI group compared to normal weight and over‑
weight participants. Although most of these associations were 
not statistically significant at the 5% level, these data of these 
two independent studies indicate that obesity may be associ‑
ated with increased MACC1 expression levels. This is in line 
with the hypothesis that MACC1 expression may contribute to 
the higher risk for the development and metastasis of CRC in 
obese individuals. 

Of note, when stratified by sex, the increased MACC1 
levels in obesity were predominantly observed in male partici‑
pants and to a lesser extent in female participants, although 

these differences between males and females were not statisti‑
cally significant. It remains to be elucidated whether possible 
sex‑hormone‑dependent effects in females of reproductive age 
may affect the MACC1 expression levels. 

Previous studies have demonstrated an association 
between increased HbA1c or serum glucose levels and a 
higher cancer risk (42,43). Although the insulin‑insulin growth 
factor (IGF)‑1 axis is a commonly suggested pathway, the 
mechanisms through which hyperglycemia contributes to an 
increased cancer risk are not yet completely understood. 

The present study found a weak association between 
fasting glucose levels, as well as HbA1c and MACC1 levels 
in MetScan, and it may thus be hypothesized that MACC1 is 
involved in the pathway mediating the increased risk of cancer 

Table IV. Spearman's partial correlation of anthropometric measures and biomarkers with MACC1 expression (copies/20 µl).

 Totala (n=191) Maleb (n=91) Femaleb (n=100)
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
 Rho P‑value Rho P‑value Rho P‑value

BMI, kg/m2 0.10 0.17 0.15 0.16 0.05 0.63
Fat mass, kg 0.13 0.07 0.16 0.14 0.10 0.34
WC, cm 0.11 0.12 0.19 0.08 0.07 0.48
WHR 0.05 0.48 0.20 0.06 ‑0.03 0.79
WHtR 0.14 0.05 0.19 0.07 0.12 0.25
Glucose, mmol/l 0.07 0.36 0.23 0.03 ‑0.04 0.67
HbA1c, mmol/mol 0.07 0.36 0.20 0.07 ‑0.04 0.71

aModel adjusted for adjusted for age and sex; bmodel adjusted for adjusted for age. BMI, body mass index; MACC1, metastasis‑associated in 
colon cancer 1; WC, waist circumference; WHR, waist‑to‑hip ratio; WHtR, waist‑to‑height ratio.

Figure 4. Relative expression of circulating cell‑free plasma MACC1 
transcripts and body fat mass in obese individuals following dietary and 
exercise intervention. Correlation of the change in relative MACC1 expres‑
sion in plasma of healthy obese adults of the experimental group with the 
individual change in body fat mass three months after start of intervention. 
MACC1, metastasis‑associated in colon cancer 1. Figure 5. Relative expression of MACC1 in plasma of Wistar rats fed a NFD 

or a HFD and treated with a control solution (NaCl). (A) Representative 
image of a Wistar rat fed the NFD or HFD for 46 weeks. (B) Relative 
MACC1 expression in the plasma of NFD‑ and HFD‑fed Wistar rats. Data 
are expressed as the mean ± SEM of n=13 (NFD) or 14 (HFD) animals per 
group. MACC1, metastasis‑associated in colon cancer 1; NFD, normal‑fat 
diet; HFD, high‑fat diet; NaCl, sodium chloride.
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and tumor metastasis by hyperglycemia; nevertheless, this 
association was statistically significant for glucose and only 
in males.

Although epidemiological studies investigating the loss 
of body weight and the subsequent cancer risk in obesity are 
limited, there is some evidence to indicate that a reduction in 
body weight can reduce the risk of cancer in obese individ‑
uals (44,45). The present study analyzed whether a reduction 
in body weight and fat mass by a lifestyle intervention program 
in obese individuals may affect the plasma MACC1 expression 
levels. The results demonstrate that a change in body fat mass 
reduction negatively correlated with the change in MACC1 
expression following 3 months of a moderate dietary interven‑
tion and physical exercise program. These data indicate that 
the increased MACC1 levels in obesity may not be normalized 
by a loss of body weight and fat mass or an enhanced level 
of physical activity. Apart from the significant decrease in fat 
mass in male participants, other anthropometric parameters 
such as BMI and body weight, were only moderately reduced 
after the 3‑month intervention program of the MLU study (26). 
Therefore, further investigations are required to examine 
the impact of the loss of body weight or fat mass, as well as 
physical exercise on MACC1 levels in obese individuals. 

The present study further analyzed the impact of obesity 
on plasma MACC1 expression in an animal model of CRC. 
Wistar rats treated with the carcinogen, AOM, exhibited a more 
severe colorectal tumor outcome when fed a HFD compared 
to AOM‑treated rats fed a NFD (28). Notably, the results of 
the present study revealed that plasma MACC1 expression in 
AOM‑exposed animals was significantly increased in rats fed 
the HFD compared to rats fed the NFD. These data indicate 
that the MACC1 levels may have contributed to the increased 
number, size and weight of colorectal tumors and a higher rate 
of adenocarcinomas than adenomas in HFD‑fed rats exposed 
to AOM. Although no tumor metastases were detected in 
secondary organs of the AOM‑exposed rats at the end of the 
experiment (28), it can be hypothesized that a higher metas‑
tasis rate in obese individuals with CRC may be associated 

by increased MACC1 levels and driven by MACC1‑mediated 
pathways. Nevertheless, as AOM‑exposed rats fed the HFD 
had a more severe colon tumor burden compared with 
AOM‑exposed rats fed the NFD, future studies are warranted 
to investigate whether the high MACC1 levels in HFD‑fed 
rats were induced by obesity or resulted from an increased 
MACC1 secretion by colon tumor cells. To date, the biological 
mechanisms through which obesity contributes to an increase 
of MACC1 remain unclear. Future studies are required to 
evaluate whether obesity‑associated factors, such as alterations 
in adipocytokine levels or inflammatory parameters, may 
affect the expression of the transcription factor, MACC1. In 
addition, epidemiological long‑term studies, including normal 
weight and obese patients with or without CRC are required 
to investigate whether increased MACC1 expression levels 
in obese individuals are associated with an increased risk 
of CRC and metastasis in humans. Moreover, further inves‑
tigations are warranted to evaluate whether an association 
between the elevated MACC1 levels and the increased risk for 
tumor development in obesity may also be observed for other 
obesity‑related cancer types, such as breast, liver, kidney or 
pancreatic cancer.

The present study has some limitations. Although MACC1 
weakly correlated with anthropometric parameters of 
adiposity in the human studies, the majority of these results 
were statistically non‑significant at the 5% level. As described 
above, in the MLU study, the correlation coefficient between 
body fat mass and MACC1 expression was 0.36 (P=0.06). 
Based on this observation, the MetScan sample was powered 
to detect correlation coefficients r>0.2 with adjustment for two 
covariates. The correlations that we observed in MetScan were 
<0.2 and statistically non‑significant, which is in line with the 
current power calculations. When stratified by sex, slightly 
higher correlation coefficients were found among males 
than among females. These findings need to be interpreted 
cautiously, given that formal tests for interaction were statis‑
tically non‑significant. In addition, one should also keep in 
mind that these latter were post hoc analyses, which included 

Figure 6. Relative expression of MACC1 in plasma and body weight of Wistar rats fed the NFD or HFD and treated with AOM. (A) Relative plasma MACC1 
expression in AOM‑treated Wistar rats fed the NFD or the HFD. Data are expressed as the mean ± SEM of n=11 (HFD) or 12 (NFD) animals per group. 
P<0.001, HFD group compared with the NFD group. (B) Correlation of the relative MACC1 expression in plasma of AOM‑treated Wistar rats fed the NFD 
and HFD with the individual body weight of each rat (n=23). MACC1, metastasis‑associated in colon cancer 1; NFD, normal‑fat diet; HFD, high‑fat diet; 
AOM, azoxymethane.
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multiple testing, and that sample size was reduced in these 
stratified analyses.

In conclusion, the results of the present study revealed 
higher MACC1 plasma concentrations in obese as compared 
with non‑obese persons, although these findings were not 
statistically significant. In addition, significantly increased 
plasma MACC1 expression levels were observed in obese rats 
exposed to AOM to induce colorectal tumors. These findings 
lead to the assumption that MACC1 is associated with patho‑
physiological pathways, contributing to an increased risk of 
CRC in obesity. 
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