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Simple Summary: The expression of monocarboxylate transporters (MCTs) are reported in a variety
of cancers and suggested as a therapeutic target for cancer treatment. However, previous study
results in gastric cancer are contradictory. In this study, we evaluated the expression of MCT1, MCT4,
and Mitochondrial cytochrome c oxidase (MTCO1) and their association with clinicopathological
parameters and prognostic significance in a cohort of 568 surgically treated gastric cancer patients.
The results suggest that monocarboxylate transporters and MTCO1 are associated with gastric cancer
progression but have no independent prognostic relevance.

Abstract: Background: Monocarboxylate transporters (MCTs) appear to play an important role in
tumor development and aggressiveness. The present study aimed to evaluate associations between
cytoplasmic MCT1, MCT4, and mitochondrial cytochrome c oxidase (MTCO1) expression and
clinicopathological variables or survival in gastric cancer. Material and methods: A total of 568 gastric
adenocarcinoma patients were included in this retrospective cohort study. Protein expressions were
detected by immunohistochemical staining. The patients were divided into low expression and high
expression groups by median value. The Chi-squared test was used to compare categorical variables.
The T-test was used to compare continuous variables. Expressions were analyzed in relation to 5-year
survival and overall survival. Cox regression provided HRs and 95% CIs, adjusted for confounders.
Results: High cytoplasmic MCT1 expression was associated statistically significantly with higher
T-class (p = 0.020). High cytoplasmic MCT4 expression was associated statistically significantly with
positive lymph node status (p = 0.005) and was more common in Lauren’s intestinal type (p < 0.001).
Low cytoplasmic MTCO1 expression was associated statistically significantly with positive distant
metastases (p = 0.030), and high cytoplasmic MTCO1 expression was associated more often with
intestinal type (p = 0.044). However, MCT1, MCT4, and MTCO1 were not associated with survival.
Conclusions: Monocarboxylate receptors seem to be associated with gastric cancer progression but
have no independent prognostic relevance.

Keywords: monocarboxylate transporter; MTCO1; gastric cancer; immunohistochemistry

1. Introduction

Gastric cancer (GC) is the fifth most common cancer and the third leading cause of
cancer deaths worldwide [1,2]. In 2020, more than one million new cases were diagnosed [1].
GC is usually discovered in advanced stages with an estimated 5-year survival rate of less
than 25% [3]. Tumor staging is commonly used for prognostication, but prognosis is hard
to estimate in individual patients. Therefore, new predictive biomarkers are needed.

Normal cells produce energy through aerobic mitochondrial metabolism, while in
rapidly growing cancer cells, energy is produced by anaerobic glycolysis, resulting in high
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levels of lactate and carboxylic acids [4]. To avoid intracellular acidification, lactate is
exported to the extracellular space. This pH regulation is controlled by monocarboxylate
transporters (MCTs) [4,5]. The activation of glycolysis promotes aggressive proliferation,
invasion, and metastatic behavior [5]. MCTs also play a significant role by induction of
drug resistance [6,7]. MCTs have recently been suggested as potential therapeutic targets
for treating malignant solid tumors [8], and MCT1 inhibitor is currently in phase I clinical
trials for cancer treatment [9]. The expression of MCT1 and MCT4 have previously been
studied in GC [3,4,7,10,11] as well as many other cancers [12–16]. So far, previous studies
in GC are contradictory, and the utility of MCTs in GC is poorly understood. However,
one study suggested that MCT1 inhibitor increases the chemotherapy sensitivity in GC,
implying that targeting MCT1 in cancer may have therapeutic potential in GC [7]. However,
further studies on MCTs in GC are needed for therapeutic applications. Mitochondrial
cytochrome c oxidase 1 (MTCO1) belongs to the cytochrome c family, and it is involved
in cellular energy production and in cell apoptosis. Previous studies have shown that the
expression of MTCO1 is altered in different tumors [17,18].

The aim of this study was to evaluate the expression of MCT1, MCT4, and MTCO1
and their association with clinicopathological parameters and prognostic significance in a
cohort of gastric cancer patients.

2. Material and Methods
2.1. Study Design

This study was a retrospective cohort study in a single institution in a tertiary care
hospital in Northern Finland. There were 601 consecutive patients who underwent gastrec-
tomy for gastric cancer in Oulu University Hospital between the years 1983 and 2016. The
final series consisted of 568 adenocarcinoma patients whose tissue samples were available
for construction of the tissue microarray.

2.2. Data Collection

The patients were identified from the archives of the Department of Pathology at
the Oulu University Hospital, Finland. Clinical data for each patient were obtained from
patient records, including operation charts and pathology reports. The immutable national
personal numbers assigned to each resident in the country were used to combine data
from the patient records and the 100% complete follow-up data from the Causes of Death
Registry at Statistics Finland. Follow-up data were available until the end of 2016.

2.3. Tissue Microarray

Representative tissue samples with deepest tumor invasion were identified based on
diagnostic hematoxylin–eosin slides. The slides were scanned using Aperio AT2 (Leica
Biosystems, Wetzlar, Germany). Representative areas of tumor front and tumor center were
selected from the scanned slides. Two cores from the tumor front and two cores from the
tumor center were taken from each patient tissue block to avoid loss of participants during
the experiments and to achieve representative samplings from different parts of the tumor.
The cores were punched from paraffin-embedded tissue blocks and transferred to a receiver
block, which were used for further staining analysis and construct tissue microarray (TMA).
Computer-driven TMA-device Galileo TMA CK4500 (Integrated Systems Engineering,
Milan, Italy) was used for construction.

2.4. Immunohistochemistry

MCT1, MCT4, and MTCO1 protein expression were detected by immunohistochemical
(IHC) staining. TMAs were cut in 4 µm slices, placed on glass slides, deparaffinized in
xylene, and rehydrated through graded alcohols. Rehydrated samples were submitted into
a microwave oven for antigen retrieval with citrate buffer 800 W for 2 min and 150 W for
10 min and then cooled to room temperature for 20 min. Samples were rinsed in phosphate-
buffered saline with Tween (PBS-T), and then, endogenous peroxidase was neutralized in
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peroxidase blocking solution (Dako S2023) for 5 min. After a wash in PBS-T, sections were
incubated with antibodies (Dako S2022); MCT1 (diluted 1:100, Santa Cruz (H-70)), MCT4
(diluted 1:200, Santa Cruz (H-90)), and MTCO1 (diluted 1:500, Abcam). After another
wash in PBS-T, samples were incubated with En-vision polymer (Dako K5007) for 3–5 min.
After the final wash in PBS-T, Diaminobenzidine (Dako basic DAB-kit) was used as a
chromogen. Lastly, the samples were counterstained in hematoxylin for 1 min. All staining
was done with Dako Autostainer (Dako, Copenhagen, Denmark). Cancer tissues with high
expression of MCT1, MCT4, and MTCO1 were used as an external positive control.

2.5. Assessment of Immunostaining

Sections were scanned and digitized using Aperio AT2 (Leica Biosystems, Wetzlar,
Germany). Cores were analyzed from scanned slides using QuPath [19]. Two independent
researchers (M.E. and N.K.) who were blinded to the clinical and outcome data performed
the analyses. It was decided a priori that the cores for each staining would be analyzed
by one researcher (M.E.) if good interobserver agreement, as indicated by a kappa value
of at least 0.7 could be achieved in assessment of a sample of 100 cores from randomly
selected cases.

We assessed the intensity of staining from 0 (absent) to 3 (strong intensity) and
the percentage of positive tumor cells (0–100%) for each core. The mean value of the
independent estimates was used for statistical analyses. The mean intensity and mean
percentage of assessable cores for each patient cores were used to obtain a histoscore
for staining intensity, which was calculated by multiplying the mean intensity and the
mean percentage of the cancer cells (values 0–300). For statistical evaluation, the intensity
distribution for each stain was dichotomized by median value into two equal-sized groups
(low and high).

2.6. Statistical Analysis

All statistical analyses were performed using the IBM SPSS Statistics 26.0. (IBM Corp.,
Armonk, NY, USA). Cohen’s kappa was calculated to analyze interobserver agreement.
The Chi-squared test was used to compare categorical variables. The T-test was used to
compare continuous variables. The Kaplan–Meier method was used to obtain Kaplan–
Meier curves. A Cox regression model was used to perform univariate and multivariable
analysis, providing hazard ratios (HR) with 95% confidence intervals (CI). Cox regression
was adjusted for potential confounding variables: (1) year of surgery (<2000 or ≥2000),
(2) age at diagnosis (continuous variable), (3) sex (male or female), (4) administration
of preoperative chemotherapy (yes or no), (5) tumor stage (stage I–II or stage III–IV),
(6) Lauren classification (intestinal, diffuse, or mixed), and (7) radical resection (R0 or
R1/2). Ro resection was defined as no cancer cells seen microscopically at the tumor
border. R1/2 resection was defined as tumor growth on the border of the resected specimen,
or macroscopic residual disease. p values less than 0.05 were accepted as statistically
significant. Sensitivity analysis including only curatively intended R0 resected patients to
exclude any bias from the inclusion of patients with dismal prognosis. As the results of the
sensitivity analysis did not differ from main analysis, only results from the main analysis
are presented.

3. Results
3.1. Patients

There were 568 patients included in this study. The median age of the cancer patients
was 69 years (range 27–91). A total of 347 (61.1%) patients were men, and 221 (38.9%) were
women. The median follow-up time was 26 months (range 0–396).

Of these 568 patients, 424 (74.6.0%) underwent microscopically confirmed R0 resection,
and 144 (25.4%) had R1/2 resection. The patients with R1/2 resection included patients with
non-curative intent, as well as 33 (5.8%) patients that had distant metastases at the time of
surgery. Only 22 (3.9%) of patients underwent perioperative chemotherapy.
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3.2. Assessment of MCT1, MCT4, and MTC01 Staining

Of 568 patients, 560 were included in MCT1 staining analysis, 558 were included in
MCT4, and 562 were included in MTCO1, as they had at least one assessable core of each
staining available. If a core was incomplete or clearly defectively stained, it was excluded
from the analysis. All available cores were analyzed, up to four cores from each patient.
Each core was evaluated individually.

MCT1, MCT4, and MTCO1 were all expressed in gastric cancer. Staining was mainly
cytoplasmic and occasionally focused on membranes. Representative images of immunos-
tainings are shown in Figure 1.

Figure 1. Representative images of immunostainings in the intestinal-type gastric adenocarcinoma.
Low MCT1 expression (A), high MCT1 expression (B), low MCT4 expression (C), high MCT4
expression (D), low MTCO1 expression (E), and high MTCO1 expression (F).

A kappa value of 0.7 was achieved only for MCT1, for which all of the cores were
then analyzed by only M.E. The kappa value was 0.4 for MCT4 and 0.6 for MTCO1, and
subsequently, both M.E. and N.K. analyzed MCT4 and MTCO1.
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The assessment of MCT1 and the mean values of the assessments of the two researchers
for MCT4 and MCTO1 were calculated for each core and used for further analysis. Mean
values for staining intensity and percentage of stained cells of assessable cores for each
patient was calculated, and the histoscore ranging from 0 to 300 was obtained. Then,
the patients were divided into low expression and high expression groups by median
histoscore value. After the assessment, the median value of MCT1 was 150, 305 (55%) of the
patients displayed low expression, and 255 (45%) exhibited high expression. The median
value of MCT4 was 25; 290 (52%) of the patients displayed low expression, and 268 (48%)
exhibited high expression. The median value of MTCO1 was 188, 299 (53%) of the patients
displayed low expression, and 263 (47%) exhibited high expression.

3.3. MCT1, MCT4, and MTCO1 Expression Associations with Clinicopathological Variables and
Cancer Survival

High cytoplasmic MCT1 expression was associated statistically significantly with
higher T-class (p = 0.020), while it was not associated with the other factors (Table 1).
High cytoplasmic MCT4 expression was associated statistically significantly with positive
lymph node status (p = 0.005) and Lauren’s intestinal type histology (p < 0.001), but not
the other clinicopathological factors (Table 2). Low cytoplasmic MTCO1 expression was
associated statistically significantly with positive distant metastases (p = 0.030) and diffuse
type histology (p = 0.044) (Table 3).

Table 1. Associations between MCT1 expression and clinicopathological variables in 560 surgically resected patients with
gastric adenocarcinoma.

Variable MCT1 Total p-Value

Low High

Year of surgery

≥2000 136 (44.6%) 111 (43.5%) 247/560 0.864

<2000 169 (55.4%) 144 (56.5%) 313/560

Age

<69 163 (53.4%) 120 (47.1%) 283/560 0.149

≥69 142 (46.6%) 135 (52.1%) 277/560

Sex

Male 191 (62.6%) 150 (58.8%) 341/560 0.385

Female 114 (37.4%) 105 (41.2%) 219/560

T

T1 + 2 103 (33.8%) 63 (24.7%) 166/560 0.020

T3 + 4 202 (66.2%) 192 (75.3%) 394/560

Lymph nodes

negative 163 (53.4%) 132 (51.8%) 295/560 0.734

positive 142 (46.6%) 123 (48.2%) 265/560

Organ metastases

negative 292 (95.7%) 235 (92.2%) 527/560 0.104

positive 13 (4.3%) 20 (7.8%) 33/560

Stage

I + II 186 (61.0%) 155 (60.8%) 341/560 0.515

III + IV 119 (39.0%) 100 (39.2%) 219/560

Histological grade in
intestinal type

I 99 (62.3%) 79 (62.7%) 178/285 1.000

II + III 60 (37.7%) 47 (37.3%) 107/285
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Table 1. Cont.

Variable MCT1 Total p-Value

Lauren

Intestinal 159 (52.1%) 126 (49.4%) 285/560 0.790

Diffuse 137 (44.9%) 120 (47.1%) 257/560

Other * 9 (3.0%) 9 (3.5%) 18/560

Perioperative
chemotherapy

Yes 10 (3.3%) 12 (4.7%) 538/560 0.513

No 295 (96.7%) 243 (94.3%) 22/560

Radicality of resection

R0 234 (76.7%) 183 (71.8%) 417/560 0.206

R1 or R2 71 (23.3%) 72 (28.2%) 143/560

Other *: mixed, no classified; Statistically significant values are bolded.

Table 2. Associations between MCT4 expression and clinicopathological variables in 558 surgically resected patients with
gastric adenocarcinoma.

Variable MCT4 Total p-Value

Low High

Year of surgery

≥2000 100 (34.5%) 148 (55.2%) 248/558 0.000

<2000 190 (65.5%) 120 (44.8%) 310/558

Age

<69 152 (52.4%) 129 (48.1%) 281/558 0.351

≥69 138 (47.6%) 139 (51.9%) 277/558

Sex

Male 173 (59.7%) 168 (62.7%) 341/558 0.487

Female 117 (40.3%) 100 (37.3%) 217/558

T

T1 + 2 96 (33.1%) 68 (25.4%) 164/558 0.051

T3 + 4 194 (66.9%) 200 (74.6%) 394/558

Lymph nodes

negative 169 (58.3%) 124 (46.3%) 293/558 0.005

positive 121 (41.7%) 144 (53.7%) 265/558

Organ metastases

negative 273 (94.1%) 252 (94.0%) 525/558 1.000

positive 17 (5.9%) 16 (6.0%) 33/558

Stage

I + II 180 (62.1%) 159 (59.3%) 339/558 0.282

III + IV 110 (37.9%) 109 (40.7%) 219/558

Histological grade in
intestinal type

I 80 (66.7%) 96 (58.9%) 176/283 0.215

II + III 40 (33.3%) 67 (41.1%) 107/283



Cancers 2021, 13, 2142 7 of 12

Table 2. Cont.

Variable MCT4 Total p-Value

Lauren

Intestinal 120 (41.4%) 163 (60.8%) 283/558 0.000

Diffuse 159 (54.8%) 97 (36.2%) 256/558

Other * 11 (3.8%) 8 (3.0%) 19/558

Perioperative
chemotherapy

Yes 5 (1.7%) 17 (6.3%) 22/558 0.008

No 285 (98.3%) 251 (93.7%) 536/558

Radicality of resection

R0 212 (73.1%) 202 (75.4%) 0.562

R1 or R2 78 (26.9%) 66 (24.6%)

Other *: mixed, no classified; Statistically significant values are bolded.

Table 3. Associations between MTCO1 expression and clinicopathological variables in 562 surgically resected patients with
gastric adenocarcinoma.

Variable MTCO1 Total p-Value

Low High

Year of surgery

≥2000 149 (49.8%) 99 (37.6%) 248/562 0.004

<2000 150 (50.2%) 164 (62.4%) 314/562

Age

<69 153 (51.2%) 131 (49.8%) 284/562 0.800

≥69 146 (48.8%) 132 (50.2%) 278/562

Sex

Male 173 (57.9%) 169 (64.3%) 342/562 0.141

Female 126 (42.1%) 94 (35.7%) 220/562

T

T1 + 2 94 (31.4%) 74 (28.1%) 168/562 0.407

T3 + 4 205 (68.6%) 189 (71.9%) 394/562

Lymph nodes

negative 160 (53.5%) 136 (51.7%) 296/562 0.673

positive 139 (46.5%) 127 (48.3%) 266/562

Organ metastases

negative 275 (92.0%) 254 (96.6%) 529/562 0.030

positive 24 (8.0%) 9 (3.4%) 33/562

Stage

I + II 179 (59.9%) 164 (62.4%) 343/562 0.603

III + IV 120 (40.1%) 99 (37.6%) 219/562

Histological grade in
intestinal type

I 83 (60.1%) 95 (64.6%) 178/285 0.464

II + III 55 (39.9%) 52 (35.4%) 107/285

Lauren

Intestinal 138 (46.2%) 147 (55.9%) 285/562 0.044

Diffuse 148 (49.5%) 110 (41.8%) 258/562
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Table 3. Cont.

Variable MTCO1 Total p-Value

Other * 13 (4.3%) 6 (2.3%) 19/562

Perioperative
chemotherapy

Yes 15 (5.0%) 6 (2.3%) 541/562 0.118

No 284 (95.0%) 257 (97.7%) 21/562

Radicality of resection

R0 219 (73.2%) 199 (75.7%) 418/562 0.288

R1 or R2 80 (26.8%) 64 (24.3%) 144/562

Other *: mixed, no classified; Statistically significant values are bolded.

The expression of MCT1, MCT4, and MTCO1 was not associated with survival in uni-
or multivariate analysis (Table 4). The results of the sensitivity analysis were similar to the
main analysis.

Table 4. Univariable and multivariable analysis of MCT1, MCT4, and MTCO1 expression and prognosis in 568 patients
with gastric adenocarcinoma.

MCT1 MCT4 MTCO1

Number of
Patients

High MCT1
HR (95% CI)

Number of
Patients

High MCT4
HR (95% CI)

Number of
Patients

High MTCO1
HR (95% CI)

5-year survival

All patients
(Crude) 560 1.06 (0.86–1.30) 558 1.03 (0.84–1.26) 562 1.08 (0.88–1.32)

All patients (Adjusted) a 560 1.03 (0.84–1.26) 558 1.07 (0.86–1.33) 562 1.10 (0.90–1.35)

Subgroup analysis

Intestinal type (Crude) 285 1.13 (0.85–1.50) 283 1.14 (0.86–1.52) 285 0.91 (0.69–1.21)

Intestinal type
(Adjusted) b 285 0.97 (0.72–1.30) 283 1.17 (0.87–1.58) 285 0.94 (0.71–1.25)

Diffuse type (Crude) 257 1.04 (0.77–1.41) 256 0.92 (0.67–1.26) 258 1.28 (0.95–1.74)

Diffuse type
(Adjusted) c 257 1.09 (0.80–1.47) 256 0.93 (0.67–1.30) 258 1.30 (0.96–1.76)

Overall survival

All patients (Crude) 560 1.11 (0.92–1.33) 558 1.09 (0.91–1.31) 562 1.08 (0.90–1.29)

All patients
(Adjusted) a 560 1.07 (0.89–1.28) 558 1.08 (0.89–1.31) 562 1.12 (0.93–1.35)

Subgroup analysis

Intestinal type (Crude) 285 1.24 (0.96–1.59) 283 1.12 (0.87–1.44) 285 0.89 (0.69–1.15)

Intestinal type
(Adjusted) b 285 1.07 (0.82–1.39) 283 1.14 (0.87–1.48) 285 0.96 (0.75–1.24)

Diffuse type (Crude) 257 1.04 (0.79–1.36) 256 1.00 (0.75–1.34) 258 1.26 (0.96–1.66)

Diffuse type
(Adjusted) c 257 1.10 (0.83–1.46) 256 0.97 (0.72–1.31) 258 1.27 (0.96–1.67)

MCT1, MCT4 and MTCO1: Low expression HR (95% CI) 1.00 (Reference); a Adjusted for year of diagnosis, age, sex, tumor stage, Lauren
classification, perioperative chemotherapy, and radical resection; b Adjusted for year of diagnosis, age, sex, tumor stage, tumor grade,
perioperative chemotherapy, and radical resection; c Adjusted for year of diagnosis, age, sex, tumor stage, perioperative chemotherapy, and
radical resection.

4. Discussion

In this study, we characterized MCT1, MCT4, and MTCO1 expressions in gastric
adenocarcinoma. All three markers were expressed in gastric cancer and associated with
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some known prognostic factors in gastric cancer but had no independent prognostic
relevance.

There are some strengths and limitations that should be considered before interpreting
the results. The strengths of the study include the large size of the study and the lack of
selection bias. The retrospective single-institution design might limit its applicability for
larger populations. Nevertheless, this study is larger than any of the previous studies on
the topic [3,4,7,10,11]. Patients with unradical resections were also included to minimize
selection bias and maximize the power of this study. On the other hand, sensitivity analysis
excluding palliative and non-radically resected patients showed similar results to the
main analysis. The assessment of staining was at times challenging to replicate, as seen
in the kappa value of 0.6 in MCT4, indicating moderate agreement and 0.4 in MTCO1
indicating fair agreement, which might limit its applicability in clinical practice. The use of
only immunohistochemistry is a possible weakness. Previous studies also assessed these
markers in the tumor stroma, while we focused on the cytoplasm of the tumor cells. The
present study did not relate the protein expression to chemotherapy sensitivity or protein
function in cells, and therefore, this study cannot exclude that MCT1, MCT4, or MTCO1
could have clinical relevance.

Normal cells produce energy through mitochondrial oxidative phosphorylation. The
last product of the glycolysis is pyruvate, which enters the mitochondria where it is oxi-
dized by the citric acid cycle to generate energy [20]. However, in cancer cells, pyruvate
is fermented into lactate, even in aerobic conditions and fully functioning mitochondria
available. This aerobic glycolysis is called the Warburg effect [21]. To avoid intracellular
acidification, lactate must be expelled out of the cell, causing acidification of the extra-
cellular space. Lactate is not only a waste for tumors; cancer cells also become more
aggressive and resistant to therapy by acidifying their microenvironment. Low pH and
lactate enable cancer cells to migrate, invade, promote angiogenesis, immune escape, and
radioresistance [20–22]. The MCT family includes 14 members, among which MCT1-4
are catalyzing the proton-linked transport of pyruvate, lactate, and ketone bodies across
the cell membrane [23]. MCTs play a significant role in the upregulation of glycolysis
and adaptation to acidosis [4]. MCTs might be therapeutic targets for disrupting cancer
cell energy metabolism and for starving cancer cells and are therefore interesting targets
for drug development [7,21,24]. However, turning back to the original findings of tu-
mor metabolism, targeting both aerobic glycolysis and mitochondrial metabolism may
be needed. MTCO1 is a terminal complex of the respiratory electron transport chain of
mitochondria [5], and it is involved in apoptosis, for example through the activation of the
caspase cascade. If MTCO1 is downregulated, it cannot activate the caspase-dependent
cell-death pathway and therefore cannot induce apoptosis [25]. In addition, the generation
of reactive oxygen species (ROS) is often causative for programmed cell death. Decreased
usage of the mitochondrial respiratory chain results in reduced production of ROS, which
promotes cancer cell proliferation and apoptosis evasion [26]. In keeping with the Warburg
hypothesis, producing energy through anaerobic glycolysis and altered mitochondrial
metabolism are hallmarks of many proliferating tumors [21]. In addition, the relationship
between cytochrome c oxidase and chemo- or radioresistance has been reported in different
tumor cell lines. A Japanese study reported that the downregulation of MTCO1 induced
radioresistance in esophageal squamous cell carcinoma [25].

The role of MCT1 in GC has been evaluated in three previous studies with smaller
sample sizes. A Chinese study (n = 120) used both immunohistochemistry and PCR in
their study. They reported that MCT1 was highly expressed in GC. Higher expression of
MCT1 was positively associated with increased overall survival and with advanced TNM
stage [7]. A Portuguese study (n = 190) with immunohistochemically stained gastric cancer
samples reported that no alteration in expression in the transition from non-neoplastic
to gastric primary malignant tissues was identified for MCT1. MCT1 was not associated
with TNM stage, and prognostic significance was not assessed [11]. A Korean study
(n = 45) reported that there was no significant difference in MCT1 expression measured by
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real-time PCR between gastric cancer tissue and normal gastric tissue samples. However,
in 48 patient-derived cells collected from malignant ascites, MCT1 was overexpressed
compared with normal tissue or primary gastric cancer tissue. The downregulation of
MCTs reduced cancer cell proliferation as well as lactate uptake in a subset of gastric cancer
cell lines that overexpressed MCTs. Association with prognosis and clinical pathological
variables were not assessed [4]. In our study, high cytoplasmic MCT1 expression was
associated statistically significantly with higher T-class (p = 0.020), but it was not associated
with the other factors. The findings of the present study indicate that acidifying tumor
microenvironment tumors become more invasive. Taken together, high MCT1 expression
may associate with gastric cancer progression, but not prognosis.

The role of MCT4 in GC has been evaluated in four previous studies with smaller sam-
ple sizes. Two Chinese studies (n = 113) [3] and (n = 143) [10] with immunohistochemically
stained gastric cancer samples analyzed both stromal and tumor cell MCT4 expression.
Both studies reported that immunohistochemically stained tumor cells expressing MCT4
did not associate with patient clinical parameters and had no prognostic value. However,
high MCT4 expression in stromal cells displayed a significantly shorter overall survival,
disease-free survival, and was associated with advanced TNM stage. It is good to notice
that in the latter study, [10] MCT4 protein staining in tumor cells was reported to be weak
or clean, which may affect the interpretation of the results. On the contrary, a Portuguese
study (n = 190) with immunohistochemically stained gastric reported that a significant
decrease in MCT4 expression was observed in the transition and also positive association
with lymph node metastasis. They found a significant association with MCT4 expression
and Lauren’s intestinal type but not TNM stage. The prognostic significance of MCT4 was
not assessed [11]. A Korean study (n = 45) reported that MCT4 expression measured by
real-time PCR was significantly increased in primary CG tissue compared with normal
gastric tissue, and in 48 patient-derived cells collected from malignant ascites, MCT4 was
overexpressed compared with normal or primary GC tissue. The downregulation of MCTs
reduced cancer cell proliferation as well as lactate uptake in a subset of GC cell lines that
overexpressed MCTs. Association with prognosis and clinical pathological variables were
not assessed [4]. As Pinheiro et al. [11] highlighted in their study, gastric mucosa is perma-
nently under acidic conditions, and MCT4 is already highly expressed in normal gastric
cells. In the present study, MCT4 expression in tumor cells is associated with positive
lymph node status, but not prognosis. Taken together, high MCT4 expression might be
associated with gastric cancer progression, but not prognosis.

The role of MTCO1 in GC has been evaluated in one previous study with a smaller
sample size. A Chinese study (n = 42) reported that MTCO1 expression measured by
real-time PCR was significantly increased in primary gastric cancerous tissue compared to
normal gastric tissue. The expression level was higher in Laurén’s diffuse gastric cancers
compared to intestinal type cancers. MTCO1 expression was not associated with stage or
lymph-node metastasis [17]. This is inconsistent with our study. The sample size is much
smaller compared to our study, and the method used is different. In the present study, low
MTCO1 associated with positive distant metastases. Taken together, altered mitochondrial
metabolism might be involved in gastric tumorigenesis, but further research on gastric
cancer is recommended.

5. Conclusions

Previous studies have highlighted lactate transporters as potential therapeutic targets,
but the expression of MCTs varies between different cancers. The high expression of MCT1
and MCT4 and low expression of MTCO1 in tumor cells may be associated with poor
prognostic variables, but they seem to have no independent prognostic significance in
surgically treated gastric adenocarcinoma. Further investigations are required to elucidate
the function of lactate metabolism in gastric cancer.

Author Contributions: M.E., N.K., and J.H.K. conceived and designed the study. N.K. and J.H.K.
acquired the data. M.E. and N.K. performed the experiments. M.E., N.K., and J.H.K. analyzed



Cancers 2021, 13, 2142 11 of 12

the data. M.E. drafted the manuscript. All authors critically reviewed, edited and approved the
manuscript. J.H.K. provided funding, supervised the study and is the guarantor of the study. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by grants from The Finnish Medical Foundation (M.E), Orion
Research Foundation (J.H.K.), Thelma Mäkikyrö Foundation (J.H.K.) and Mary and Georg C. Ehrn-
root Foundation (J.H.K.), Päivikki and Sakari Sohlberg Foundation (J.H.K.), The Finnish Cancer
Foundation (J.H.K.), and Sigrid Juselius Foundation (J.H.K.). The study sponsors had no role in the
design of the study, data collection, analysis or interpretation of the results, writing of the manuscript,
or the decision to submit the manuscript for publication.

Institutional Review Board Statement: The use of patient samples and the data inquiry were ap-
proved by the Oulu University Hospital Ethics Committee (15.2.2016 §51). This study was performed
in accordance with the Declaration of Helsinki.

Informed Consent Statement: The need to obtain a written or oral consent from the patients was
waived by the Finnish National Authority for Medicolegal Affairs (VALVIRA).

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request. Case-by-case permissions from the data owners
(Statistics Finland, Northern Finland Biobank Borealis) are required for sharing the data.

Acknowledgments: The authors thank Erja Tomperi and Riitta Vuento for important technical
assistance. The study benefited from samples/data from Northern Finland Biobank Borealis, Oulu,
Finland.

Conflicts of Interest: The authors have no potential conflicts of interest to declare.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 68, 394–424. [CrossRef]
2. Fitzmaurice, C.; Abate, D.; Abd-Allah, F.; Abdulle, A.; Iseh, K.R.; Islami, F.; Javanbakht, M.; Jayaraman, S.; Al-Aly, Z.; Brewer, J.D.;

et al. Global, regional, and national cancer incidence, mortality, years of life lost, years lived with disability, and disability-adjusted
life-years for 29 cancer groups, 1990 to 2017. JAMA Oncol. 2019, 5, 1749–1768. [CrossRef] [PubMed]

3. Zhao, Z.; Han, F.; He, Y.; Yang, S.; Hua, L.; Wu, J.; Zhan, W. Stromal-epithelial metabolic coupling in gastric cancer: Stromal MCT4
and mitochondrial TOMM20 as poor prognostic factors. Eur. J. Surg. Oncol. 2014, 40, 1361–1368. [CrossRef] [PubMed]

4. Lee, J.Y.; Lee, I.; Chang, W.J.; Ahn, S.M.; Lim, S.H.; Kim, H.S.; Yoo, K.H.; Jung, K.S.; Song, H.; Cho, J.H.; et al. MCT4 as a potential
therapeutic target for metastatic gastric cancer with peritoneal carcinomatosis. Oncotarget 2016, 7, 43492–43503. [CrossRef]
[PubMed]

5. Huhta, H.; Helminen, O.; Palomäki, S.; Kauppila, J.H.; Saarnio, J.; Lehenkari, P.P.; Karttunen, T.J. Intratumoral lactate metabolism
in Barrett’s esophagus and adenocarcinoma. Oncotarget 2017, 8, 22894–22902. [CrossRef]

6. Puri, S.; Juvale, K. Monocarboxylate transporter 1 and 4 inhibitors as potential therapeutics for treating solid tumours: A review
with structure-activity relationship insights. Eur. J. Med. Chem. 2020, 199, 112393. [CrossRef]

7. Wang, C.; Wen, Z.; Xie, J.; Zhao, Y.; Zhao, L.; Zhang, S.; Liu, Y.; Xue, Y.; Shi, M. MACC1 mediates chemotherapy sensitivity of 5-FU
and cisplatin via regulating MCT1 expression in gastric cancer. Biochem. Biophys. Res. Commun. 2017, 485, 665–671. [CrossRef]

8. Zhang, Y.; Wang, J. Targeting uptake transporters for cancer imaging and treatment. Acta Pharm. Sin. B 2020, 10, 79–90. [CrossRef]
9. ClinicalTrias.gov. Available online: https://www.clinicaltrials.gov/ct2/show/NCT01791595 (accessed on 15 April 2021).
10. Yan, P.; Li, Y.; Tang, Z.; Shu, X.; Liu, X. High monocarboxylate transporter 4 protein expression in stromal cells predicts adverse

survival in gastric cancer. Asian Pac. J. Cancer Prev. 2014, 15, 8923–8929. [CrossRef]
11. Pinheiro, C.; Longatto-Filho, A.; Simões, K.; Jacob, C.E.; Bresciani, C.J.C.; Zilberstein, B.; Cecconello, I.; Alves, V.A.F.; Schmitt, F.;

Baltazar, F. The prognostic value of CD147/EMMPRIN is associated with monocarboxylate transporter 1 co-expression in gastric
cancer. Eur. J. Cancer 2009, 45, 2418–2424. [CrossRef]

12. Izumi, H.; Takahashi, M.; Uramoto, H.; Nakayama, Y.; Oyama, T.; Wang, K.; Sasaguri, Y.; Nishizawa, S.; Kohno, K. Monocar-
boxylate transporters 1 and 4 are involved in the invasion activity of human lung cancer cells. Cancer Sci. 2011, 102, 1007–1013.
[CrossRef]

13. Ruan, Y.; Zeng, F.; Cheng, Z.; Zhao, X.; Fu, P.; Chen, H. High expression of monocarboxylate transporter 4 predicts poor prognosis
in patients with lung adenocarcinoma. Oncol. Lett. 2017, 14, 5727–5734. [CrossRef]

14. Abe, Y.; Nakayama, Y.; Katsuki, T.; Inoue, Y.; Minagawa, N.; Torigoe, T.; Higure, A.; Sako, T.; Nagata, N.; Hirata, K. The prognostic
significance of the expression of monocarboxylate transporter 4 in patients with right- or left-sided colorectal cancer. Asia Pac. J.
Clin. Oncol. 2019, 15, e49–e55. [CrossRef]

15. Liu, Y.; Sun, X.; Huo, C.; Sun, C.; Zhu, J. Monocarboxylate Transporter 4 (MCT4) Overexpression Is Correlated with Poor
Prognosis of Osteosarcoma. Med. Sci. Monit. 2019, 25, 4278–4284. [CrossRef]

http://doi.org/10.3322/caac.21660
http://doi.org/10.1001/jamaoncol.2019.2996
http://www.ncbi.nlm.nih.gov/pubmed/31560378
http://doi.org/10.1016/j.ejso.2014.04.005
http://www.ncbi.nlm.nih.gov/pubmed/24821064
http://doi.org/10.18632/oncotarget.9523
http://www.ncbi.nlm.nih.gov/pubmed/27224918
http://doi.org/10.18632/oncotarget.15284
http://doi.org/10.1016/j.ejmech.2020.112393
http://doi.org/10.1016/j.bbrc.2017.02.096
http://doi.org/10.1016/j.apsb.2019.12.005
https://www.clinicaltrials.gov/ct2/show/NCT01791595
http://doi.org/10.7314/APJCP.2014.15.20.8923
http://doi.org/10.1016/j.ejca.2009.06.018
http://doi.org/10.1111/j.1349-7006.2011.01908.x
http://doi.org/10.3892/ol.2017.6964
http://doi.org/10.1111/ajco.13077
http://doi.org/10.12659/MSM.912272


Cancers 2021, 13, 2142 12 of 12

16. Cheng, B.; Chen, X.; Li, Y.; Huang, X.; Yu, J. Prognostic value of monocarboxylate transporter 4 in patients with esophageal
squamous cell carcinoma. Oncol. Rep. 2018, 40, 2906–2915. [CrossRef]

17. Ma, J.; Han, C.; Zhou, Y.; Zhao, J.; Jing, W.; Zou, H. Altered expression of mitochondrial cytochrome c oxidase I and NADH
dehydrogenase 4 transcripts associated with gastric tumorigenesis and tumor dedifferentiation. Mol. Med. Rep. 2012, 5, 1526–1530.
[CrossRef]

18. Lin, C.; Lee, H.; Lee, M.; Pan, S.; Ke, C.; Chiu, A.W.; Wei, Y. Role of Mitochondrial DNA Copy Number Alteration in Human
Renal Cell Carcinoma. Int. J. Mol. Sci. 2016, 17, 814. [CrossRef]

19. Bankhead, P.; Loughrey, M.B.; Fernández, J.A.; Dombrowski, Y.; McArt, D.G.; Dunne, P.D.; McQuaid, S.; Gray, R.T.; Murray, L.J.;
Coleman, H.G.; et al. QuPath: Open source software for digital pathology image analysis. Sci. Rep. 2017, 7, 16878. [CrossRef]

20. Ruzzo, A.; Graziano, F.; Bagaloni, I.; Di Bartolomeo, M.; Prisciandaro, M.; Aprile, G.; Ongaro, E.; Vincenzi, B.; Perrone, G.; Santini,
D.; et al. Glycolytic competence in gastric adenocarcinomas negatively impacts survival outcomes of patients treated with salvage
paclitaxel-ramucirumab. Gastric Cancer 2020, 23, 1064–1074. [CrossRef]

21. Liberti, M.V.; Locasale, J.W. The Warburg Effect: How Does it Benefit Cancer Cells? Trends Biochem. Sci. 2016, 41, 211–218.
[CrossRef]

22. Ramos, H.; Calheiros, J.; Almeida, J.; Barcherini, V.; Santos, S.; Carvalho, A.T.P.; Santos, M.M.M.; Saraiva, L. SLMP53-1 Inhibits
Tumor Cell Growth through Regulation of Glucose Metabolism and Angiogenesis in a P53-Dependent Manner. Int. J. Mol. Sci.
2020, 21, 596. [CrossRef]

23. Halestrap, A.P. The monocarboxylate transporter family—Structure and functional characterization. IUBMB Life 2012, 64, 1–9.
[CrossRef]

24. Granja, S.; Tavares-Valente, D.; Queirós, O.; Baltazar, F. Value of pH regulators in the diagnosis, prognosis and treatment of cancer.
Semin. Cancer Biol. 2017, 43, 17–34. [CrossRef]

25. Takesue, T.; Kawakubo, H.; Hayashida, T.; Tsutsui, M.; Miyao, K.; Fukuda, K.; Nakamura, R.; Takahashi, T.; Wada, N.; Takeuchi,
H.; et al. Downregulation of cytochrome c oxidase 1 induced radioresistance in esophageal squamous cell carcinoma. Oncol. Lett.
2017, 14, 4220–4224. [CrossRef]

26. Ruckenstuhl, C.; Büttner, S.; Carmona-Gutierrez, D.; Eisenberg, T.; Kroemer, G.; Sigrist, S.J.; Fröhlich, K.; Madeo, F. The Warburg
Effect Suppresses Oxidative Stress Induced Apoptosis in a Yeast Model for Cancer. PLoS ONE 2009, 4, e4592. [CrossRef]

http://doi.org/10.3892/or.2018.6706
http://doi.org/10.3892/mmr.2012.832
http://doi.org/10.3390/ijms17060814
http://doi.org/10.1038/s41598-017-17204-5
http://doi.org/10.1007/s10120-020-01078-0
http://doi.org/10.1016/j.tibs.2015.12.001
http://doi.org/10.3390/ijms21020596
http://doi.org/10.1002/iub.573
http://doi.org/10.1016/j.semcancer.2016.12.003
http://doi.org/10.3892/ol.2017.6699
http://doi.org/10.1371/journal.pone.0004592

	Introduction 
	Material and Methods 
	Study Design 
	Data Collection 
	Tissue Microarray 
	Immunohistochemistry 
	Assessment of Immunostaining 
	Statistical Analysis 

	Results 
	Patients 
	Assessment of MCT1, MCT4, and MTC01 Staining 
	MCT1, MCT4, and MTCO1 Expression Associations with Clinicopathological Variables and Cancer Survival 

	Discussion 
	Conclusions 
	References

