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Abstract

Background The existence of amino acid metabolic reprogramming in tumor cells is well established. How-
ever, the potential correlation between blood amino acids and the risk of colon adenocarcinoma remains largely
unexplored.

Methods We utilized Mendelian randomization (MR) analysis to examine the association between 20 amino acids

in the blood and the risk of colon adenocarcinoma. Additionally, reverse MR analysis was employed to identify

the presence of reverse causality. A two-step MR analysis was conducted to ascertain the potential mediating effect.
Lastly, the alanine detection data from colon adenocarcinoma patients in our hospital were utilized to investigate
the differences in alanine levels among healthy individuals and patients with colon cancer, as well as among patients
with different stages and locations of colon cancer. Furthermore, a Kaplan—Meier curve was employed to examine
the correlation between alanine and overall survival, followed by the implementation of COX univariate analysis.

Results The results of our study indicate that there is an inverse correlation between alanine and the risk of colon
adenocarcinoma. Additionally, we found no significant evidence to support a causal relationship between colon
adenocarcinoma and alanine. Furthermore, our analysis revealed that alanine aminotransferase (ALT) and blood
glucose do not act as mediators in this causal pathway. Moreover, individuals diagnosed with colon adenocarcinoma
exhibited a significant decrease in alanine levels, particularly in cases of stage IV colon adenocarcinoma with distant
metastasis. Additionally, elevated alanine levels were associated with improved overall survival rates among colon
adenocarcinoma patients.

Conclusions The results of this study indicate that alanine exhibits protective characteristics against the onset

of colon adenocarcinoma and may play a role in promoting a more favorable disease prognosis. Consequently,
dietary interventions aimed at increasing alanine intake may serve as a potential strategy for the prevention and treat-
ment of colon adenocarcinoma.
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Background

Colon cancer is a malignancy with a high incidence rate
that poses a significant threat to human health [1]. It is
imperative to identify the etiology and pathogenesis of
colon cancer to facilitate its prevention and treatment.
Recent research has demonstrated that tumors exhibit
abnormal metabolism, and metabolic reprogramming
plays a crucial role in tumor progression and response
to immunotherapy [2, 3]. Amino acid metabolic repro-
gramming is a critical component of tumor metabolic
reprogramming, which profoundly influences various
biological behaviors of tumors [4, 5].

Previous research has demonstrated that the amino
acid composition in the blood of individuals with gastric
[6, 7] and breast [8] cancer is notably aberrant in com-
parison to healthy individuals, which can be utilized for
the purpose of tumor identification and early detection.
And, investigations have also revealed that the amino
acid composition in the blood of patients with colon can-
cer is significantly anomalous [9, 10]. Several studies have
suggested that the consumption of branched chain amino
acids may increase the probability of mortality linked to
colorectal cancer [11, 12]. The identification of specific
amino acids that serve as risk factors for the develop-
ment of colon cancer remains unknown. Additionally,
the potential protective or cancer promoting effects of
individual amino acids in relation to colon cancer are
unclear. Conducting prospective amino acid interven-
tions to observe their impact on colon cancer incidence is
deemed unethical. Consequently, we employed computer
based Mendelian randomization (MR) analysis to exam-
ine the causal relationship between blood amino acid lev-
els and the risk of colon cancer.

The genetic epidemiological approach known as Men-
delian randomization (MR) employs single nucleotide
polymorphisms (SNPs) that exhibit strong associations
with the exposure as instrumental variables (IVs) to esti-
mate the potential causal relationship between the expo-
sure and the outcome [13]. Since genotypes are presumed
to be randomly allocated in the process of gamete forma-
tion, the introduction of the IV model largely resolves the
issue of confounding in observational studies, particu-
larly the bias effect of unmeasured confounders on causal
inference [14]. This approach has been shown to be effec-
tive in addressing causal questions in various research.

Colon cancer encompasses a diverse range of patholog-
ical subtypes, including adenocarcinoma, mucinous ade-
nocarcinoma, signet ring cell carcinoma, squamous cell
carcinoma, adenosquamous carcinoma, and medullary
carcinoma, among others. Adenocarcinoma represents
the predominant pathological subtype [15]. The present
study investigated the relationship between 20 amino
acids in the blood and the risk of colon adenocarcinoma.
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The results revealed a negative association between ala-
nine and the risk of colon cancer. Furthermore, the serum
alanine levels of colon adenocarcinoma patients and nor-
mal individuals were analyzed, and a significant decrease
in alanine content was observed in colon cancer patients.
Notably, patients with high alanine content exhibited a
favorable prognosis. These findings suggest that alanine
may act as an inhibitory factor in the onset and progres-
sion of colon adenocarcinoma. The manipulation of ala-
nine levels, including the supplementation of alanine in
the diet, may serve as a viable strategy for preventing and
treating colon adenocarcinoma.

Materials and methods

Study design

Initially, we employed a two sample Mendelian randomi-
zation approach to investigate the correlation between
20 amino acids and the risk of colon adenocarcinoma.
Our findings revealed that alanine exhibited a significant
association with the risk of colon adenocarcinoma. Sub-
sequently, we conducted a reanalysis of the relationship
between alanine and the risk of colon adenocarcinoma
by utilizing three sets of alanine data while imposing
the condition of linkage disequilibrium (LD). In order to
examine the potential for reverse causality and mediat-
ing effects, we conducted a reverse analysis of the impact
of colonic adenocarcinoma on alanine. Additionally, we
investigated the possibility of ALT and gluconic serving
as mediating factors in influencing the outcome. Finally,
we utilized hospital data to observe the levels of alanine
in the blood of patients diagnosed with colon adenocar-
cinoma and to explore the correlation between alanine
levels and the stage and prognosis of the disease. A sche-
matic of the study design is shown in Fig. 1.

Data sources

The genome-wide association study (GWAS) datasets
for 20 amino acids, colon adenocarcinoma, Alanine ami-
notransferase, and Fasting blood glucose were obtained
from the IEU GWAS database (https://gwas.mrcieu.ac.
uk/), which were limited to the European population.
Blood amino acid data, along with relevant clinical path-
ological and prognostic information, were collected from
83 healthy individuals and 236 patients with colon ade-
nocarcinoma at the First Affiliated Hospital of Jinzhou
Medical University. After a minimum of 12 h of fast-
ing, blood samples were collected from all participants.
Our previously published article provides a comprehen-
sive method for detecting amino acids [7]. Blood amino
acid data was collected from healthy individuals aged
50-80 years in addition to patients diagnosed with colon
adenocarcinoma within the same age range. The gender
composition of both groups was found to be similar. This
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Fig. 1 Study design

study was approved by the institutional ethics committee
of The First Affiliated Hospital of Jinzhou Medical Uni-
versity (N0.202347).

The identification code for colon adenocarcinoma is
finn-b-c3_COLON_ADENO, while the identification
code for Alanine aminotransferase is bbj-a-6, and for
Fasting blood glucose is ebi-a-GCST90002232. Table 1
presents comprehensive information on all amino acids.

Selection of instrumental variables

In the present MR study, SNPs that exhibited a significant
association with blood 20 amino acid at the genome-wide
level of significance (P value<5x10 — 8) and demon-
strated no linkage disequilibrium (LD) with other SNPs
(r2<0.001 within a clumping window of 10,000 kb) were
employed as instruments for these blood amino acid.
However, due to insufficient SNP availability for certain
amino acids under the aforementioned conditions, the p
value for arginine, proline, glutamic acid, and lysine was
adjusted to 5e-7, while the p value for cysteine, threonine,
and aspartic acid was set to 5e-6.

Upon conducting a screening, it was discovered that
alanine exhibited an association with the risk of colon
adenocarcinoma. To ensure accuracy, we utilized three
sets of alanine exposure data from the IEU GWAS data-
base and identified SNPs that demonstrated a signifi-
cant association with blood alanine at the genome-wide
level (P value<5x 10 — 8) and were not in linkage dis-
equilibrium (LD) with other SNPs (r2 <0.0001 within a
clumping window of 10,000 kb) as instrumental varia-
bles for alanine. Due to a limited number of SNPs avail-
able for instrumental variable analysis in met-a-469, the
p-value was adjusted to 5e-7.

Furthermore, a reverse Mendelian randomization
analysis was conducted utilizing colon adenocarcinoma
as the exposure and alanine as the outcome. SNPs as an
instrumental variable associated with colon adenocar-
cinoma were established at the genome-wide signifi-
cance level (P value<5x10 — 6) and were required to
exhibit no linkage disequilibrium (LD) with other SNPs
(r2<0.01 within a clumping window of 10,000 kb).
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Table 1 Summary of the amino acid data sets
Exposure ID Population Sample size Number of SNPs Year Author
Alanine met-d-Ala European 115,074 12,321,875 2020 Borges CM
met-c-840 European 24,796 12,091,566 2016 Kettunen
met-a-469 European 7,788 2,545,552 2014 Shin
Arginine met-a-347 European 7,528 2,545,579 2014 Shin
Asparagine met-a European 7,761 2,545,507 2014 Shin
Aspartate met-a European 7,721 2,545,425 2014 Shin
Aysteine met-a European 7,692 2,545,727 2014 Shin
Glutamine met-d European 114,750 12,321,875 2020 Borges CM
Glutamate met-a European 7,804 2,545,537 2014 Shin
Glycine met-d European 114,972 12,321,875 2020 Borges CM
Histidine met-d European 114,895 12,321,875 2020 Borges CM
Isoleucine met-d European 115,075 12,321,875 2020 Borges CM
Leucine met-d European 115,074 12,321,875 2020 Borges CM
Lysine met-a European 7,812 2,545,686 2014 Shin
Methionine met-a European 7,795 2,545,691 2014 Shin
Phenylalanine met-d European 115,025 12,321,875 2020 Borges CM
Proline met-a European 7816 2,545,669 2014 Shin
Serine met-a European 7,796 2,545,555 2014 Shin
Threonine met-a European 6,020 2,545,896 2014 Shin
Tryptophan met-a European 7,804 2,545,641 2014 Shin
Tyrosine met-d European 114,911 12,321,875 2020 Borges CM
Valine met-d European 115,048 12,321,875 2020 Borges CM

Statistical analysis

The Inverse Variance Weighted (IVW) method was uti-
lized as the primary approach for our MR analysis to
investigate the causal impact of 20 blood amino acid
levels on the risk of colon adenocarcinoma. Addition-
ally, we employed other methods such as Weighted
Median and Weighted Mode. Subsequently, a series of
sensitivity analyses were conducted, including Hetero-
geneity (Cochran’s Q statistics), Horizontal Pleiotropy
(MR-Egger intercept analysis), and Leave-One-Out
analysis. We also performed an MR-PRESSO analysis
and utilized the MR-PRESSO outlier test method to
remove outlier SNPs.

The present study conducted MR analysis, differ-
ence analysis of alanine level in blood among normal
individuals and those diagnosed with colon adenocar-
cinoma, difference analysis of alanine level across vari-
ous stages, Kaplan—Meier method was used to draw
the survival curve, and the Log-rank test was used for
comparison, with P<0.05 as statistically significant.
and univariate Cox analysis to examine the relationship
between age, gender, stage, differentiation, and prog-
nosis. All of the aforementioned analyses were deemed
statistically significant at a p value of less than 0.05.
Kaplan—Meier method was used to draw the survival

curve, and the Log-rank test was used for comparison,
with P <0.05 as statistically significant.

Results

Two-sample Mendelian randomization analysis of 20
amino acids and colon adenocarcinoma

Utilizing the IVW method, an MR analysis was con-
ducted to investigate the correlation between 20 blood
amino acids and the risk of colon adenocarcinoma. The
results revealed a causal association between alanine
and colonic adenocarcinoma, with a significance level
of p<0.05. Conversely, no significant relationship was
observed between other amino acids and the risk of
colon adenocarcinoma, with a p value exceeding 0.05.
The detailed results are in Table 2.

Two-sample Mendelian randomization analysis of alanine
and colon adenocarcinoma

To ascertain the precise association between alanine and
the risk of colon adenocarcinoma, we employed three
MR techniques to scrutinize the correlation between
three distinct alanine exposure datasets and the risk of
colon adenocarcinoma. Our analysis of alanine with an
ID of met-d-Ala and the risk of colon adenocarcinoma
revealed that the IVW method yielded a p value of less
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Table 2 MR analysis for 20 amino acids in blood associations
with colon adenocarcinoma risk

Exposure ID No.of SNPs OR  95%Cl P value
Alanine met-d-Ala 32 066 (0.45-0.98) 0.042
Arginine met-a-347 2 160 (0.02-111.05) 0.827
Asparagine met-a-638 2 1.94  (0.12-9.34) 0.639
Aspartate met-a-388 3 1.07  (0.12-31.03) 0951
Aysteine met-a-455 11 148  (046-4.74) 0512
Glutamine met-d-Gin 40 117 (0.87-157) 0.290
Glutamate met-a-466 2 11.74 (0.56-243.96) 0.112
Glycine met-d-Gly 43 103 (0.89-1.19) 0.699
Histidine met-d-His 15 1.04 (0.57-1.90) 0.888
Isoleucine met-d-lle 10 085 (0.30-2. 43) 0.767
Leucine met-d-Leu 16 1.01  (0.53-1.96) 0.968
Lysine met-a-326 2 0.20  (0.00-30. 86) 0.530
Methionine met-a-327 2 794  (0.00- 0.602
19241.33)
Phenylala-  met-d-Phe 8 131 (0.77-2.21) 0.320
nine
Proline met-a-355 4 202 (0.25-1649) 0512
Serine met-a-464 3 166 (0.14-1899) 0.684
Threonine met-a-324 13 098 (0.10-9.54) 0.983
Tryptophan met-a-304 18 006 (0.00-232) 0.130
Tyrosine met-d-Tyr 31 099 (0.72-1.36) 0.956
Valine met-d-Val 19 095 (0.55-1.63) 0.841

than 0.05, the Weighted median method yielded a p value
close to 0.05, and the OR value was less than 1 (Fig. 2A).
Further examination of the alanine exposure data from
two additional groups, identified as met-c-840 and met-
a-469, demonstrated that both the IVW and Weighted
median methods produced p values below 0.05, and the
OR value remained less than 1 (Fig. 2A). The examina-
tion of three sets of alanine exposure data revealed a
negative correlation between alanine and the likelihood
of colon adenocarcinoma (Fig. 2B-D). Additionally, the
leave-one-out analysis indicated that a single SNP did not
impact the results (Fig. 2E-G). Other sensitivity analyses
also revealed that the MR-Egger Intercept p value and
the Cochran Q test p value were both greater than 0.05.
Detailed results can be found in supporting materials
met-d-Ala, met-c-840, and met-a-469.

Reverse Mendelian randomization analysis of alanine

and colon adenocarcinoma

To investigate the potential reverse causal association
between alanine and colon adenocarcinoma, a Mendelian
randomization (MR) analysis was conducted with colon
adenocarcinoma as the exposure variable and alanine as
the outcome variable. The results of the analysis revealed
a nonsignificant relationship between the two variables,
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with a p value greater than 0.05 (Fig. 3A). There is no
obvious correlation between them (Fig. 3B). The Leave-
one-out analysis also demonstrated that the relationship
was not sensitive (Fig. 3C).

Two-step MR analysis of the mediating effect of ALT

and Fasting blood glucose

No significant causal relationship was observed between
alanine and ALT, Fasting blood glucose (FBG), as well as
between ALT, Fasting blood glucose, and colon adeno-
carcinoma, as indicated by P values greater than 0.05
(Table 3).

Alanine levels in the blood of patients with colon
adenocarcinoma and its relationship with stage

and prognosis

Through our data analysis, it was determined that the
blood alanine levels of individuals diagnosed with colon
adenocarcinoma were significantly lower in comparison
to those of healthy individuals (Fig. 4A). This difference
was found to be statistically significant (Fig. 4A). Fur-
thermore, a significant decrease in alanine content was
observed in patients with stage IV colon adenocarcinoma
in comparison to those without metastasis (Fig. 4B).
This difference was also found to be statistically signifi-
cant (Fig. 4B). In addition, a comparison was conducted
between the levels of alanine in patients diagnosed with
left hemicolon and right hemicolon adenocarcinomas.
The findings revealed that the levels of alanine in right
hemicolon adenocarcinomas were comparatively lower
than those observed in left hemicolon adenocarcino-
mas. However, it is worth noting that this disparity did
not reach statistical significance (P=0.059) (Fig. 4C).
Prognostic analysis revealed that patients with elevated
alanine levels exhibited a favorable prognosis (Fig. 4D).
Additionally, univariate COX analysis indicated that ala-
nine served as a positive prognostic factor for colon ade-
nocarcinoma (Fig. 4E).

Discussion

Amino acids serve as substrates for protein synthesis
and are integral to the proliferation and progression of
tumors. Moreover, amino acids comprise a vast and intri-
cate metabolic network that is closely interconnected
with other metabolic pathways [4]. It is not known
whether amino acids in the blood are a risk factor for
colon adenocarcinoma. Genetically predicted circulating
alanine and ALT levels have been associated with altered
prostate cancer risk in an MR study [16].

Mendelian randomization is a new epidemiologi-
cal analysis method, which can reduce the bias of con-
ventional epidemiological analysis methods and the
influence of confounding factors [13]. Given the ethical
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Fig. 2 Two-sample MR analysis of alanine and risk of colon adenocarcinoma. A Forest plots representing the MR estimates and 95% Cl values
of the causal effects of Ala. B-D Gene prediction of the association between Ala levels and risk of colon cancer based on different MR methods
from 3 sets of alanine data analysis. E-G Leave-one-out analysis from 3 sets of alanine data

concerns surrounding prospective intervention studies,
we also used MR methods to analyze the causal relation-
ship between 20 amino acids and colon adenocarcinoma.
We found that alanine was inversely associated with the
risk of colon adenocarcinoma.

Subsequently, in order to accurately determine the
relationship between alanine and the risk of colon

adenocarcinoma, we conducted an analysis of the rela-
tionship between alanine and colon adenocarcinoma
risk across three alanine groups. The resulting p values of
IVW were all less than 0.05. Sensitivity analysis revealed
that the MR-Egger Intercept p value and the Cochran Q
test P value were both greater than 0.05. Leave-one-out
analysis also found that the results were not affected by a
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Table 3 Two-step MR analysis of the mediating effect of ALT and Fasting blood glucose

Exposure Outcome No. of SNPs OR (95% Cl) Pvalue

Exposure Outcome No. of SNPs OR (95% Cl) Pvalue

Alanine ALT 24 0.96(0.87-1.07) 047
Alanine FBG 32 1.08(0.97-1.19) 0.16

ALT COAD 22 0.83(0.43-1.59) 0.58
FBG COAD 63 1.10(0.68-1.78) 0.71

single SNP. All of these suggest that alanine is negatively
associated with the risk of colon adenocarcinoma and
that the results are reliable.

Our previous study also found that the content
of alanine in the blood of colon cancer patients was

significantly lower than that of colon polyps, and the
difference was statistically significant [10]. Further-
more, in order to ascertain whether a reverse causal-
ity exists between alanine and colon adenocarcinoma,
a two-sample MR analysis was conducted with colon



Wang et al.

BMC Cancer

(2023) 23:1041

Page 8 of 10

A B . C Type B3 lefthemicolon E&3 right hemicolon
Type E Normal E&3 Tumor Stage TERunER v
0.0023 0.059
1e-06 0022 .
. o, 600 022 400 . . .
400 " ‘ 0.0094 .
o |e ° 033 o b B
K 0.11 oo el o
° [ ——] 300 o |® o lo
’ . ., oy |o
300 . ' o 400 o ¢ . o o0 of °® * e .
© L] g Y A
<« o ot ,‘.' . AL
200 ';.o. 3. 200 ,-. = 2] § .-.. ~.
200 (A e oV s
= S o
100 - 100 °rs ©qe S
Normal | I i v left hemicolon right hemicolon
Type Stage Type
Ala == High == |ow
pvalue Hazard ratio !
|
1.00 |
:‘-‘::' : — |
:é‘ Age 0.290 1.019(0.984-1.054) 7
3 0.75 X
©
Q |
o
3 0.50 Gender 0.387  1.338(0.692-2.588) |_: —
©
2 |
£ 025 !
@ | p=0.005 Grade 0.042  2276(1.031-5.024) P —
|
|
0.00 |
0 1 2 3 Stage <0001  5.458(3.438-8.665) . —
Time(years) 1
|
_ Ala 0.009  0.993(0.987-0.998) !
8 ngh181 77 47 1 —— , , |
< Low{155 136 75 8 0 2 4 6 8
0 1 2 3

Time(years)

Hazard ratio

Fig. 4 Alanine levels in the blood of patients with colon adenocarcinoma and its relationship with stage and prognosis. A Difference of Alanine
Level in Blood between Normal People and Patients with Colon adenocarcinoma. B Relationship between alanine level and stage in patients
with colon adenocarcinoma. C Relationship between alanine level and OS in patients with colon adenocarcinoma. D Univariate COX analysis
was used to analyze the relationship between age, sex, differentiation, stage, ala, and OS of colon adenocarcinoma

adenocarcinoma serving as the exposure factor and ala-
nine as the outcome. The findings indicated that there is
no reverse causal relationship between alanine and colon
adenocarcinoma.

Alanine is a crucial nonessential amino acid that serves
a significant function in the maintenance of blood glu-
cose stability [17], cellular protection against oxidative
damage [18], and collagen synthesis [19], among other
roles. The primary metabolic pathway for alanine in the
body is through alanine aminotransferase (ALT), which
converts it to pyruvate. Pyruvate serves as the end prod-
uct of glycolysis and the initial substrate for the tricar-
boxylic acid (TCA) cycle. Pyruvate facilitates the ability
of tumor cells to adapt to deleterious conditions within
the tumor microenvironment by reconfiguring metabolic

pathways [20]. The progression of breast cancer metasta-
sis is contingent upon pyruvate-mediated collagen-based
extracellular matrix remodeling [21].

Consequently, we conducted an analysis to determine
if glucose and ALT acted as mediating factors in the pro-
gression of colon adenocarcinoma via alanine. The find-
ings indicated that the impact of alanine on glucose and
ALT did not demonstrate statistical significance.

So, alanine may serve as a protective factor against
colon adenocarcinoma by inhibiting its occurrence.
Our research findings indicate a significant decrease
in blood alanine levels among colon adenocarcinoma
patients compared to healthy individuals. Addition-
ally, studies have demonstrated that the reduction of
alanine can intensify the nonadherent growth of colon
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cancer HCT116 cells, which is a characteristic feature
of aggressive tumors [22]. Furthermore, alanine plays
a role in collagen synthesis [19, 21], which is closely
linked to tumor invasion and metastasis [23, 24].

Simultaneously, our investigation revealed a notable
decrease in alanine levels among patients diagnosed
with stage IV colon adenocarcinoma with metastasis
in comparison to those without metastasis. Our prog-
nostic assessment demonstrated that patients exhibit-
ing elevated alanine levels exhibited a more favorable
prognosis, indicating that alanine elevation serves as a
promising prognostic indicator for colon adenocarci-
noma. The underlying mechanism may be attributed to
its impact on invasion and metastasis.

Conclusions

It is widely acknowledged that tumors exhibit aberrant
amino acid metabolism, resulting in abnormal amino
acid metabolites in the bloodstream of cancer patients.
However, the specific amino acids in plasma that serve
as risk or protective factors for cancer have yet to be
definitively identified. The findings of this study demon-
strate an inverse relationship between alanine and the
risk of colon adenocarcinoma, as well as a correlation
between alanine levels and the prognosis of this malig-
nancy, indicating that alanine may serve as a protective
factor against colon adenocarcinoma. The discovery
holds immense potential significance as elevating ala-
nine levels may be a viable strategy for the prevention
and treatment of colon cancer in the future.
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