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Glutamine deficiency promotes 
recurrence and metastasis in colorectal cancer 
through enhancing epithelial–mesenchymal 
transition
Hongyan Sun1, Chuan Zhang2, Yang Zheng3, Chenlu Liu1, Xue Wang4* and Xianling Cong5*   

Abstract 

Background: Glutamine is the most abundant amino acid in the body and plays a vital role in colorectal cancer 
(CRC) cell metabolism. However, limited studies have investigated the clinical and prognostic significance of pre-
operative serum glutamine levels in patients with colorectal cancer, and the underlying mechanism has not been 
explored.

Methods: A total of 121 newly diagnosed CRC patients between 2012 and 2016 were enrolled in this study. Serum 
glutamine levels were detected, and their associations with clinicopathological characteristics, systemic inflammation 
markers, carcinoembryonic antigen (CEA) and prognosis were analysed. In addition, the effect of glutamine depletion 
on recurrence and metastasis was examined in SW480 and DLD1 human CRC cell lines, and epithelial–mesenchymal 
transition (EMT)-related markers were detected to reveal the possible mechanism.

Results: A decreased preoperative serum level of glutamine was associated with a higher T-class and lymph node 
metastasis (P < 0.05). A higher serum level of glutamine correlated with a lower CEA level (r = − 0.25, P = 0.02). Low 
glutamine levels were correlated with shorter overall survival (OS) and disease-free survival (DFS). Multivariate Cox 
regression analysis showed that serum glutamine was an independent prognostic factor for DFS (P = 0.018), and a 
nomogram predicting the probability of 1-, 3- and 5-year DFS after radical surgery was built. In addition, glutamine 
deficiency promoted the migration and invasion of CRC cells. E-cadherin, a vital marker of EMT, was decreased, and 
EMT transcription factors, including zeb1and zeb2, were upregulated in this process.

Conclusions: This study elucidated that preoperative serum glutamine is an independent prognostic biomarker to 
predict CRC progression and suggested that glutamine deprivation might promote migration and invasion in CRC 
cells by inducing the EMT process.
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Introduction
Colorectal cancer (CRC) is the fourth most common 
malignant tumour worldwide and the second leading 
cause of cancer death [1]. Despite recent advancements 
in surgical resection and adjuvant therapies in the treat-
ment of CRC, a number of CRC patients, especially 
advanced CRC patients, still develop local recurrence or 
distant metastasis, which ultimately leads to death. The 
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5-year survival rate was only slightly greater than 10% in 
patients with stage IV disease [2].

Reprogramming energy metabolism is an emerging 
hallmark of cancer, and many cancer cells rely on glu-
tamine for growth and division [3]. Glutamine serves as 
an important source of carbon for the synthesis of nucle-
otides and fatty acids and a source of nitrogen directly for 
the biosynthesis of purines and pyrimidines in these can-
cer cells [4].

In colorectal cancer, only two recent studies inves-
tigated the clinical significance of glutamine levels in 
patients with colorectal cancer and reported that low 
serum glutamine was associated with elevated systemic 
inflammation and poorer prognosis [5, 6]. The results 
of these studies need further verification in in  vivo and 
in vitro experiments, and the underlying mechanism has 
not been elucidated.

Epithelial–mesenchymal transition (EMT) refers to the 
transformation of epithelial cells into mesenchymal cells, 
which allows cancer cells to exhibit increased cell motility 
and acquire invasive potential. EMT is a critical process 
for the initiation of the metastatic cascade in colorectal 
cancer [7]. E-cadherin is a type I transmembrane gly-
coprotein that mainly regulates cell–cell adhesions and 
plays a vital role in maintaining the normal structure of 
epithelial tissues. Decreased expression of E-cadherin is 
an important hallmark of EMT. Upregulation of EMT 
transcription factors, such as Snail, Twist, and Zeb, pro-
motes EMT by inhibiting the expression of E-cadherin 
and inducing the expression of mesenchymal markers, 
such as fibronectin, vimentin and N-cadherin [8–11]. 
In addition, the EMT process can also be modulated by 
some signalling pathways, such as the WNT/β-catenin 
and TGF-β signalling pathways [12, 13]. At present, how 
glutamine deficiency affects EMT and metastasis and the 
regulation of EMT-TFs and signalling pathways in colo-
rectal cancer have not been explored.

In this study, we evaluated the clinical significance of 
glutamine in colorectal cancer and found that low preop-
erative glutamine levels were associated with poor prog-
nosis. The underlying mechanism was further explored, 
and glutamine deficiency might promote metastasis by 
enhancing EMT.

Materials and methods
Patients
A total of 121 newly diagnosed CRC patients in the 
China-Japan Union Hospital of Jilin University between 
January 2012 and June 2016 were enrolled in this study. 
All patients signed informed consent forms to participate 
in the study before radical resection of colorectal cancer. 
Blood samples were collected and stored in the biobank 
of China-Japan Union Hospital of Jilin University. The 

clinicopathological and systemic inflammation informa-
tion for 121 CRC cases was collected from each patient’s 
medical records.

Follow-up assessments of CRC patients were scheduled 
every 3  months for the first 2  years after surgery, every 
6  months for the next 3  years, and once a year thereaf-
ter. During routine follow-up, chest and abdominal com-
puted tomography, tumour marker measurements, and 
endoscopy were performed every 6  months. Complete 
follow-up data were collected until June 2019 or death for 
all CRC patients. Disease-free survival (DFS) was calcu-
lated from the date of tumour resection until the detec-
tion of tumour recurrence or last observation, and overall 
survival (OS) was calculated from the date of resection 
to the date of death or last follow-up. This study was 
approved by the Ethical Committee of the China-Japan 
Union Hospital of Jilin University and performed accord-
ing to the principles of the Declaration of Helsinki.

Measurement of glutamine and CEA
A Glutamine Colorimetric Assay Kit (K556-100, BioVi-
sion) was used to measure serum glutamine levels. Blood 
was collected preoperatively, and none of the patients 
had received radiotherapy, chemotherapy or supple-
mentation with glutamine before surgery. Serum was 
obtained by centrifugation and stored at − 80  °C until 
detection. A parallel sample well was set to eliminate the 
influence of the background signal, and each sample was 
tested twice. Glutamine levels were calculated from the 
standard curve.

Carcinoembryonic antigen (CEA) is a classic tumour 
biomarker for CRC, and the serum CEA test has been 
widely used to monitor the presence of primary CRC 
and recurrent CRC following radical resection in clinical 
practice. Radioimmunoassays were used to determine the 
CEA in serum at the Department of Nuclear Medicine in 
the China-Japan Union Hospital of Jilin University. The 
normal reference value was between 0.5 and 9.6 µg/L.

Cell culture
The human colorectal cancer cell lines SW480 and DLD1 
were obtained from American Type Culture Collection 
and cultured in our laboratory. Both cell lines were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM; 
Gibco, Thermo Fisher Scientific, Massachusetts, MA) 
supplemented with 10% fetal bovine serum (Thermo 
Fisher Scientific) and 100  U/mL penicillin–streptomy-
cin at 37  °C in a humidified atmosphere containing 5% 
 CO2. Glutamine deficiency experiments were performed 
in glutamine-free DMEM (Gibco11960044), and differ-
ent volumes of 200 mM glutamine storage solution were 
added to achieve the required concentration.
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Migration and invasion assays
For the wound healing assay, five straight lines were 
drawn on the back of the 6-well plates, and SW480 and 
DLD1 cells were seeded in 6-well plates in complete cul-
ture medium and cultured to almost 100% confluence 
the next day. The cell layer was carefully wounded using 
a 200 μL sterile tip perpendicular to the straight lines and 
washed twice with PBS. Then, the cells were cultured in 
serum-free medium and treated with different concentra-
tions of glutamine. Wound margins were photographed 
at 0 and 24 h in 5 randomly selected microscopic regions. 
The migration rate was calculated to determine the 
migration ability of cells treated with normal or low con-
centrations of glutamine.

Cell migration and invasion assays were performed 
by using transwell chambers (pore size 8.0  µm; Costar, 
Corning, Switzerland) without or with Matrigel (Cat. 
No. 354235, BD). SW480 and DLD1 cells were cultured 
for 24 h in 4 mM, 1 mM or 0.5 mM glutamine DMEM 
without serum before seeding in transwell chambers. 
Then, 100 μL serum-free medium containing 5 ×  104 cells 
and different concentrations of glutamine were added 
to each upper chamber, and 600 µL medium containing 
15% FBS was added to each lower chamber. After incuba-
tion for 24–48 h, cells that migrated/invaded through the 
insert membrane were fixed with cold 100% methanol for 
20 min and then stained with 0.1% crystal violet solution 
for 20 min, rinsed with PBS, and the noninvasive/nonmi-
gratory cells in the upper surface of the membrane were 
removed with cotton swabs. Finally, images were taken at 
20× magnification with an Olympus IX-53 microscope. 
Four fields within each transwell chamber were chosen to 
count the number of migrating or invading cells.

RNA extraction and qPCR
Total RNA was extracted from cells with TRIzol™ rea-
gent (Thermo Fisher Scientific). RNA (500 ng) was con-
verted into cDNA using the PrimeScript™ RT reagent 
Kit with gDNA Eraser (Perfect Real Time) (TaKaRa, 
RR047A). mRNA expression levels were quantified by 
qPCR using TB GreenPremix Ex TaqTM II (Tli RNaseH 
Plus) (TaKaRa, RR820A) in triplicate, and the primers are 
listed in Additional file 1: Table S1. The reaction was per-
formed with the ABI StepOnePlus Real-Time PCR Sys-
tem using a two-step amplification procedure. Relative 
target gene expression was determined by comparing the 
average threshold cycles with that of the housekeeping 
gene GAPDH by the  2−ΔΔCt method.

Immunostaining
SW480 cells were seeded on slides in a 24-well plate at an 
appropriate density overnight and then cultured with low 

serum culture medium with 4  mM or 1  mM glutamine. 
After 48 h, the cells were fixed in cold 4% paraformalde-
hyde for 20 min and then blocked by incubation with 10% 
normal goat serum for 30  min at room temperature to 
eliminate nonspecific staining. The cells were then incu-
bated overnight at 4  °C with anti-E-cadherin diluted at 
1:200 (#3195S; CST) and incubated with Cy3-conjugated 
secondary antibodies (abs20024; Absin, China) for 1 h at 
37 °C and DAPI for 5 min at room temperature. After the 
cells were washed with PBST, Olympus IX-53 fluorescence 
microscopy was used to observe the expression of target 
proteins in different groups of cells.

Western blot
Cells were lysed in RIPA Lysis Buffer (P0013B; Beyo-
time, China) supplemented with protease inhibitors, 
and protein concentrations were measured using the 
BCA Protein Assay Kit (P0010; Beyotime, China). Pro-
tein samples (50–100  μg) were separated by SDS-PAGE 
and transferred to polyvinylidene difluoride membranes 
(Millipore). After blocking with 5% fat-free dry milk in 
TBST, the blots were incubated overnight at 4  °C with 
primary antibodies, including anti-E-cadherin (24E10, 
1:1000; CST), anti-Snail (C15D3, 1:1000; CST), anti-
Slug (C19G7, 1:1000; CST), anti-Zeb1 (E2G6Y, 1:1000; 
CST), anti-Zeb2 (14026-1-AP, 1:1000; proteintech). Anti-
GAPDH (D16H11, 1:1000; CST) was used as an internal 
control for the total proteins. Then, the membranes were 
incubated with IRDye800CW secondary antibodies (LI-
COR) and detected using an Odyssey infrared imaging 
system (LI-COR).

Statistical analysis
Statistical analyses were performed using IBM SPSS 
Statistics for Windows, version 25.0 (IBM Corporation, 
Armonk, NY, USA). Normally distributed continuous 
variables were presented as the mean ± SD (standard 
deviation). Correlations between serum glutamine lev-
els and clinicopathological characteristics or systemic 
inflammation in CRC patients were analysed by inde-
pendent samples t test or one-way ANOVA. Receiver 
operating characteristic (ROC) analysis was used to 
determine the optimal serum glutamine cut-off value in 
detecting patients who survived during follow-up. Sur-
vival curves were calculated using the Kaplan–Meier 
method, and intergroup differences were compared using 
the log-rank test. A Cox proportional hazards regression 
model was used to assess the independent prognostic 
significance of glutamine. A nomogram was drawn with 
R version 3.6.1 (R Foundation for Statistical Computing, 
Vienna, Austria). All of the tests were two-tailed, and 
P < 0.05 was considered as statistically significant.
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Results
Associations of serum glutamine levels 
with the clinicopathological characteristics of CRC patients
The correlations between serum glutamine levels and 
clinicopathological features in 121 CRC patients are 
shown in Table  1. A higher T-class was associated with 
a decreased serum level of glutamine (P = 0.007), and 
lymph node metastasis was also associated with a 
decreased serum level of glutamine (P = 0.037). More-
over, the serum level of glutamine was decreased in 
patients with postoperative recurrence or metastasis 
(P = 0.008).

Relationship of serum glutamine levels and systemic 
inflammatory markers in CRC patients
Some haematologic parameters have been identified to 
evaluate the systemic inflammatory response, such as 
the neutrophil/lymphocyte ratio (NLR), derived neutro-
phil–lymphocyte ratio (dNLR), platelet/lymphocyte ratio 
(PLR), the combination of platelet count and neutrophil 
lymphocyte (COP–NLR), lymphocyte/monocyte ratio 
(LMR), and prognostic nutritional index (PNI). These 
indicators have been demonstrated to be associated with 
tumour progression and metastasis, so we analysed the 
relationship between serum glutamine levels and sys-
temic inflammatory markers in CRC patients, and no 
association was found between serum glutamine levels 
and these indicators (Additional file 1: Table S2).

Associations of serum glutamine levels with CEA levels 
in CRC patients
We further evaluated the correlation between serum glu-
tamine levels and CEA levels in 81 CRC patients. The 
glutamine level was 636.65 ± 329.39  μM in the normal 
CEA group and 435.13 ± 309.45  μM in the high CEA 
group. The serum level of glutamine was decreased in 
patients with high CEA CRC (P = 0.017, Table  1). A 
higher serum level of glutamine correlated with a lower 
CEA level (r = − 0.25, P = 0.02, Additional file 1: Fig. S1).

Prognostic value of serum glutamine levels in CRC patients
According to the ROC analysis in the present study, the 
optimal glutamine cut-off value based on the survival sta-
tus was 392.83 μM, with an area under the curve of 0.646 
(95% confidence interval (CI) 0.554–0.731; P < 0.05, Addi-
tional file 1: Fig. S2).

A Kaplan–Meier analysis of OS showed increased sur-
vival in patients with high glutamine levels compared to 
patients with low glutamine levels (log-rank, P = 0.022) 
(Fig.  1A). The mean OS was 63.58  months in the high 

Table 1 Associations of serum glutamine level with 
clinicopathological characteristics of CRC patients

BMI body mass index, CEA carcinoembryonic antigen

*Statistically significant

Variable No. of cases Glutamine (μM) P values

Mean SD

Age (year) 0.147

 ≥ 65 56 593.52 418.88

 < 65 65 493.14 337.12

Sex 0.860

 Male 73 534.65 344.40

 Female 48 547.11 429.81

BMI 0.278

 < 18.5 12 383.02 343.87

 18.5–23.9 64 577.94 394.39

 24–26.9 28 480.44 378.68

 ≥ 27 17 603.22 326.02

Tumor size (cm) 0.503

 ≥ 5 68 519.12 373.75

 < 5 53 565.87 387.38

Tumor location 0.161

 Colon 61 491.58 349.99

 Rectum 60 588.41 403.25

Tumor differentiation 0.563

 Well and moderate 93 550.60 376.72

 Poor 28 503.05 390.74

Depth of invasion 0.007*

 Tis–T2 23 601.45 360.58

 T3 82 575.39 387.13

 T4 16 267.23 237.72

Lymph node metastasis 0.037*

 Yes 59 466.17 409.97

 No 62 609.47 335.31

Venous permeation 0.161

 Yes 55 486.62 416.73

 No 66 583.75 341.18

Perineural invasion 0.94

 Yes 27 534.73 362.30

 No 94 540.99 385.40

CEA

 High 21 435.13 309.45 0.017*

 Normal 60 636.65 329.39

Survival status 0.259

 Death 42 486.07 427.31

 Survival 79 568.05 350.03

Metastasis/recurrence 0.008*

 Yes 49 430.11 372.35

 No 72 614.11 367.43



Page 5 of 11Sun et al. Journal of Translational Medicine          (2022) 20:330  

glutamine level group, whereas it was only 42.68 months 
in the low glutamine level group. Moreover, a low glu-
tamine level was correlated with shorter DFS (log-rank, 
P = 0.001). The mean DFS was 60.60 months for patients 
with high glutamine levels compared to 33.96 months for 
patients with low glutamine levels (Fig. 1B).

Univariate analysis showed that 8 factors, includ-
ing BMI (P = 0.030), tumour differentiation (P = 0.013), 
depth of invasion (P = 0.002), lymph node metastasis 
(P = 0.029), venous permeation (P = 0.004), perineural 
invasion (P = 0.003), adjuvant therapy (P = 0.000) and 
serum glutamine (P = 0.025), were associated with OS. 
Seven  factors showed a significant correlation with DFS 
(Table  2). These included tumour location (P =  0.049), 
tumour differentiation (P = 0.000), depth of invasion 
(P = 0.003), lymph node metastasis (P = 0.000), venous 
permeation (P = 0.000), perineural invasion (P = 0.002), 
and serum glutamine (P = 0.002). Multivariate analysis 
further confirmed that serum glutamine was an inde-
pendent prognostic factor for DFS (P = 0.018) but not for 
OS (Table  3). The nomogram predicting the probability 
of 1-, 3- and 5-year DFS after radical surgery are shown 
in Fig. 1C.

Glutamine deprivation promotes migration and invasion 
in CRC cells by reducing E‑cadherin
Glutamine deficiency significantly increased the wound 
healing rate compared with the normal glutamine con-
centration in SW480 cells (1.0  mM group vs. normal 
group, 21.44 ± 4.3% vs. 13.07 ± 2.79%, P < 0.05; 0.5  mM 
group vs. normal group, 18.68 ± 1.97% vs. 13.07 ± 2.79%, 
P < 0.05) and DLD1 cells (1.0  mM group vs. normal 
group, 45.44 ± 3.85% vs. 39.07 ± 2.91%, P < 0.05; 0.5 mM 
group vs. normal group, 44.50 ± 3.41% vs. 39.07 ± 2.91%, 
P < 0.05) at 24 h (Fig. 2A, B). In addition, we found that 
limitation of glutamine enhanced both the migration 
(1.0  mM group vs. normal group, 375 ± 27 vs.265 ± 52, 
P < 0.05; 0.5  mM group vs. normal group, 382 ± 30 vs. 
265 ± 52, P < 0.05) and invasion (1.0  mM group vs. nor-
mal group, 106 ± 5 vs. 57 ± 12, P < 0.05; 0.5 mM group vs. 
normal group, 110 ± 8 vs. 57 ± 12, P < 0.05) capacities of 
SW480 cells (Fig. 2C).

E-cadherin is an important protein closely related to 
tumour invasion and metastasis. Downregulation of 
E-cadherin is a key feature of EMT. Glutamine deficiency 
inhibited E-cadherin expression in CRC cells. The pro-
tein levels of E-cadherin were evaluated by western blot-
ting, and the results showed that the protein levels in the 

Fig. 1 The prognostic significance of serum glutamine evaluated by Kaplan–Meier analysis. The OS (A) and DFS (B) of patients with low serum 
glutamine level were significantly shorter than that of patients with high level. C DFS nomogram based on the multivariate model. Depth of 
invasion: 0 (Tis–T2) vs. 1 (T3) vs. 2 (T4), Lymph node metastasis: 0 (no) vs. 1 (yes), serum glutamine: 0 (> 392.83 μM) vs. 1 (≤ 392.83 μM)
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1.0 mM and 0.5 mM glutamine groups decreased sequen-
tially compared with those in the normal glutamine 
groups in SW480 and DLD1 cells (Fig.  3A). E-cadherin 
expression was also detected by immunostaining in 
SW480 cells in the normal glutamine group and 1.0 mM 
glutamine group, and the results showed the same ten-
dency as the western blot results (Fig. 3B).

Glutamine depletion affects the expression of transcription 
factors associated with EMT in colorectal cancer
At present, how glutamine depletion affects migra-
tion and invasion has not been explored, despite the 
fact that EMT is an important step in tumour metas-
tasis. We detected the expression of TFs in differ-
ent glutamine concentration groups, including snail1, 
snail2, zeb1 and zeb2. The results of qPCR showed that 
the expression of zeb1 and snail2 was increased in the 

0.5 mM glutamine deficiency group in SW480 cells 
(Fig. 4A). Zeb1 expression in the 0.5 mM and 1.0 mM 
glutamine deficiency groups was significantly increased 
compared with that in the normal glutamine group in 
DLD1 cells. Another transcription factor, zeb2, was 
also upregulated in the 0.5  mM glutamine deficiency 
group in DLD1 cells (Fig.  4B). The results of west-
ern blot showed that zeb1 and zeb2 in glutamine defi-
ciency groups were significantly increased compared 
with the normal glutamine group in SW480 cells. Zeb2 
in glutamine deficiency groups were also significantly 
increased compared with the normal glutamine group 
in DLD1 cells (Fig. 4C, D).

Discussion
Metabolic reprogramming is a hallmark of cancer cells, 
in addition to the Warburg effect, many types of cancer 
cells are characterized by glutamine dependency [14, 15]. 

Table 2 Univariate analysis of prognostic factors associated with survival and recurrence

OS overall survival, DFS disease-free survival, 95% CI 95% confidence interval

*Statistically significant

Variables OS DFS

Hazard ratio (95% CI) P value Hazard ratio (95% CI) P value

Age (year)

 ≥ 65 versus < 65 1.513 (0.823, 2.782) 0.183 0.910 (0.516, 1.602) 0.743

Gender

 Male versus female 0.870 (0.462, 1.637) 0.666 1.000 (0.563, 1.776) 0.999

BMI 0.030* 0.833

 18.5–23.9 vs. < 18.5 0.374 (0.160, 0.876) 0.024* 0.710 (0.272, 1.856) 0.485

 24–26.9 vs. < 18.5 0.260 (0.093, 0.724) 0.010* 0.757 (0.269, 2.132) 0.598

 ≥ 27 vs. < 18.5 0.191 (0.049, 0.742) 0.017* 0.563 (0.162, 1.948) 0.364

Tumor size(cm)

 ≥ 5 versus < 5 0.624 (0.328, 1.187) 0.151 1.260 (0.708, 2.242) 0.433

Tumor location

 Colon versus rectum 1.840 (0.987, 3.432) 0.055 1.785 (1.003, 3.179) 0.049*

Tumor differentiation

 Well and moderate versus poor 0.244 (0.131, 0.454) 0.013* 0.337 (0.186, 0.611) 0.000*

Depth of invasion 0.002* 0.003*

 T3 versus Tis–T2 1.984 (0.693, 5.681) 0.202 5.902 (1.419, 24.556) 0.015*

 T4 versus Tis–T2 5.706 (1.815, 17.946) 0.003* 12.019 (2.656, 54.385) 0.001*

Lymph node metastasis

 Yes versus no 2.021 (1.074, 3.805) 0.029* 3.381 (1.816, 6.293) 0.000*

Venous permeation

 Yes versus no 2.544 (1.352, 4.786) 0.004* 3.038 (1.680, 5.497) 0.000*

Perineural invasion

 Yes versus no 2.572 (1.377, 4.805) 0.003* 2.565 (1431, 4.598) 0.002*

Adjuvant therapy

 Yes versus no 0.285 (0.147, 0.552) 0.000* 0.569 (0.323, 1.004) 0.052

Serum glutamine

 ≤ 392.83versus > 392.83 1.998 (1.090, 3.663) 0.025* 2.464 (1.402, 4.330) 0.002
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In most cancer cells, glutamine is deaminated by glu-
taminases to glutamate, and then glutamate is converted 
to α-ketoglutarate and enters the TCA cycle to produce 
ATP. In addition, the metabolic products from glutamine 
are utilized to synthesize macromolecules that pro-
mote tumour growth, including amino acids, fatty acids, 
purines and pyridines [16].

In colorectal cancer, increased glutamine metabolism 
is involved in cancer cell migration, invasion, and meta-
static colonization [17]. In this study, we systematically 
evaluated the clinical significance of glutamine in colo-
rectal cancer and found that decreased preoperative 
serum levels of glutamine were associated with higher 
T-class and lymph node metastasis. In addition, complete 
follow-up data were collected, and survival analysis was 
performed. The results showed that a low glutamine level 
was correlated with shorter overall survival (OS) and 
disease-free survival (DFS). Several studies have reported 
that serum glutamine levels in colorectal patients are 
lower than those in healthy controls [18–21]. Päivi Sirniö 
reported that low serum glutamine was associated with 
advanced disease stage and systemic inflammation, and 
low levels of serum glutamine were also associated with 
poor cancer-specific survival in univariate analysis [6]. 
Ling et  al. further analysed the clinical significance of 
serum glutamine levels in patients with colorectal can-
cer and found that patients with low glutamine levels 
had elevated levels of proinflammatory cytokines, and 
pretreatment glutamine levels independently predicted 

OS and PFS in multivariate analysis in CRC patients [5], 
which was different from previous Päivi Sirniö’s study [6]. 
The prognostic factors influencing prognosis included 
in these two studies were quite different, and the cut-off 
value was 410 μΜ in Päivi Sirniö’s study [6], while it was 
52 ng/μL (356 μΜ) with an area under the curve of 0.279 
in Ling’s study. The cut-off value was determined by ROC 
curve, the area under the curve was less than 0.5, and the 
predictive value of the model was not very effective [5]. 
The optimal glutamine cut-off value was 392.83 μM with 
an area under the curve of 0.646 in this study, and the 
larger area under the curve than that in a previous study 
increased the predictive value. The results of multivariate 
Cox regression analysis using this cut-off value further 
showed that serum glutamine was an independent prog-
nostic factor for DFS.

Our results also showed that a higher serum level of 
glutamine correlated with a lower CEA level (r = − 0.25, 
P = 0.02). Studies have shown that elevated serum lev-
els of CEA correlate with the presence of primary CRC 
and recurrent CRC following radical resection. In terms 
of CRC diagnosis, CEA has been proven to be a sensitive 
marker for the early diagnosis of colorectal cancer, and 
many studies have combined CEA with other markers to 
improve the specificity of tumour diagnosis, which indi-
cates that glutamine might be used in combination with 
CEA in the diagnosis of tumours in the future, not only in 
prognostic prediction [22, 23].

Prognostic indicators of colorectal cancer were con-
sidered as comprehensively as possible in this study. In 
addition to common clinicopathological features and 
inflammatory indicators, postoperative adjuvant therapy 
information was also collected during the follow-up and 
analysed in the survival analysis. Previous studies on the 
relationship between glutamine and prognosis did not 
consider the effect of this indicator. Multivariate analy-
sis confirmed that adjuvant therapy was an independent 
prognostic factor for OS in this study. As a wider range 
of prognostic indicators were analysed in Cox regression 
analysis, the result of the Cox multivariate regression 
model was more credible in this study and shown intui-
tively by a nomogram.

In addition to glucose, glutamine is another major 
fuel for immune cells, including lymphocytes, neutro-
phils, and macrophages [24]. Studies have shown that 
the glutamine utilization rate is similar to or higher than 
the glucose utilization rate in immune cells under cata-
bolic conditions, such as infection, postinjury or surgery, 
malnutrition, and high-intensity physical exercise [25, 
26]. Our results and previous studies have shown that 
serum glutamine levels are decreased in colorectal can-
cer; however, limited research has investigated whether 
this decrease is associated with immune status. Sirniö 

Table 3 Multivariate cox regression analysis of prognostic 
factors associated with OS and DFS

OS overall survival, DFS disease-free survival

*Statistically significant

Variables Multivariate analysis

Hazard ratio (95% CI) P value

OS

 Tumor differentiation

  Well and moderate versus poor 0.278 (0.147, 0.529) 0.000*

 Perineural invasion

  Yes versus no 2.323 (1.228, 4.395) 0.010*

 Adjuvant therapy

  Yes versus no 0.262 (0.133, 0.516) 0.000*

DFS

 Depth of invasion

  T3 versus Tis–T2 4.882 (1.166, 20.442) 0.03*

 T4 versus Tis–T2 7.623 (1.665, 34.892) 0.009*

 Lymph node metastasis

  Yes versus no 2.780 (1.484, 5.209) 0.001*

 Serum glutamine

  ≤ 392.83 versus > 392.83 2.021 (1.128, 3.622) 0.018*
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et al. found that low serum glutamine levels were associ-
ated with indicators of systemic inflammation, including 
a high modified Glasgow Prognostic Score, high blood 
neutrophil/lymphocyte ratio and high serum levels of 
CRP, IL-6 and IL-8 [6]. Ling et  al. found that low glu-
tamine levels were associated with higher C-reactive pro-
tein levels, higher modified Glasgow prognostic scores, 
and higher IL-6 and IL-1β levels [5]. The association 
between serum glutamine levels and indicators of sys-
temic inflammation was also evaluated in our study, and 
no association was found between serum glutamine lev-
els and NLR, which was different from Sirniö’s study [6]. 

Other indicators, including the dNLR, PLR, COP–NLR, 
LMR and PNI, were first analysed for their relationship 
with glutamine levels in this study. These indicators did 
not show statistically significant correlations with glu-
tamine, which might be due to the instability of the rou-
tine blood index of hospitalized CRC patients and the 
relatively small sample size.

Recently, glutamine supplementation has been 
reported to reduce inflammatory responses in cancer 
patients. Kozjek et al. found that enteral glutamine sup-
plementation exhibited anti-inflammatory activity and 
reduced the hormonal stress response compared with 

Fig. 2 Glutamine deprivation promotes migration and invasion in CRC cells. A Glutamine depletion significantly increased the wound healing rate 
compared with normal glutamine concentration in DLD1 cells. B Glutamine depletion significantly increased the wound healing rate compared 
with normal glutamine concentration in SW480 cells at 24 h. C Glutamine depletion enhanced both the migration and invasion capacities of SW480 
cells
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placebo treatment in patients with rectal cancer under-
going preoperative radiochemotherapy [27]. Another 
double-blind, randomized, controlled pilot trial provided 
evidence that oral glutamine decreased the inflammatory 
response and abolished the changes in the autophagy 
machinery in patients receiving abdominal radiotherapy 
[28]. Glutamine supplementation has good application 
potential in reducing the inflammatory response and 
improving the immunity of tumour patients.

The results based on clinical data have shown that low 
serum preoperative glutamine levels are associated with 
a higher risk of postoperative recurrence and metasta-
sis. An increasing number of studies have demonstrated 
that EMT is a key step in CRC progression and metasta-
sis. We further analysed how glutamine depletion affects 
EMT and metastasis and the regulation of EMT-TFs and 
signalling pathways in colorectal cancer cells in this study. 
We found that glutamine deprivation promoted migra-
tion and invasion by reducing E-cadherin expression. 
In addition, glutamine deprivation induced the mRNA 
expression of EMT transcription factors, including zeb1, 

zeb2 and snail2, the protein expression of zeb1 and zeb2 
were also significantly increased in glutamine deficiency 
groups compared with the normal glutamine group. Glu-
tamine deficiency might reduce E-cadherin in colorectal 
cancer through increasing zeb1 and zeb2, further studies 
are needed to confirm this finding.

In human CRC tumour tissues, the glutamine concen-
tration was significantly lower in tumours than in healthy 
tissues [29], and this phenomenon was also found in intes-
tinal tumours from heterozygous APC mutant mice [30]. 
Glutamine depletion activates the Wnt signalling pathway 
and enhances cancer stemness by decreasing intracellular 
alpha-ketoglutarate levels; in contrast, alpha-ketoglutarate 
supplementation suppresses Wnt signalling and promotes 
cellular differentiation, thereby significantly restricting 
CRC growth and extending survival. However, the effect 
of glutamine depletion on EMT and metastasis and the 
underlying mechanism in CRC have not been explored. 
Our results were similar to those reported in pancreatic 
ductal adenocarcinoma (PDAC). In PDAC, glutamine 
was the most depleted amino acid in tumours relative to 

Fig. 3 Glutamine depletion inhibited E-cadherin expression in CRC cells. A Western blot analysis showed that the protein levels in 1.0 mM and 
0.5 mM glutamine groups decreased compared with normal glutamine groups in SW480 and DLD1 cells. The relative integrated density was 
0.71 ± 0.04 in SW480 1.0 mM, 0.83 ± 0.05 in SW480 0.5 mM glutamine group; 0.79 ± 0.03 in DLD1 1.0 mM glutamine group, 0.52 ± 0.12 in DLD1 
0.5 mM glutamine group, *P < 0.05; B immunostaining results showed that E-cadherin expression was decreased in 1.0 mM glutamine group 
compared with normal glutamine group in SW480 cells (×200)
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adjacent nonneoplastic tissue [31]. The same result was 
found in a murine PDAC model, and glutamine depriva-
tion led to the induction of EMT in PDAC cells through 
the upregulation of the EMT core regulator slug [32]. A 
recent study demonstrated that glutamine deprivation 
promoted cancer-associated fibroblast migration and inva-
sion, which in turn facilitated the invasion of tumour epi-
thelial cells towards nutrient-rich adjacent tissues [33].

Conclusions
In conclusion, our study demonstrated that preoperative 
serum glutamine is an independent prognostic biomarker to 
predict CRC progression. Glutamine deprivation promotes 
migration and invasion in CRC cells by inducing the EMT 
process. These results reveal that serum metabolites might 
play an important role in improving the current ability to 
predict CRC outcomes and provide mechanistic insight into 
how metabolic stress influences CRC progression.
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