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ABSTRACT
Introduction: Gastric cancer (GC) remains among the top five global health problems. Therefore, comprehending the tumor 
energetic behavior is critical to understanding its progression. This study aimed to investigate mitochondrial DNA (mtDNA) 
alterations in GC cancer cell lines in an animal model.
Material and Methods: Four mitochondrial genes (COI, ATP8, ND1, and ND3) were analyzed in GC (AGP01, ACP02, ACP03, 
and PG100) and control (Walker 256 carcinosarcoma) cell lines inoculated in Sapajus apella, exposed and not exposed to 
N-methyl-N-nitrosourea.
Results: Two synonymous alterations were identified in ND1. In ND3, a non-synonymous alteration (A10398G ➔ Thr114Ala) 
may decrease the respiratory chain Complex I efficiency, enhancing cellular reactive oxygen species and contributing to mtDNA 
damage. As alterations in ND1 and ND3 were observed in highly aggressive cell lines, our results suggest these genes may play 
crucial roles in energetic efficiency and gastric carcinogenesis.

1   |   Introduction

Although the occurrence of gastric cancer (GC) has decreased, 
it still ranks as the fifth-leading cancer and the fourth-leading 
cause of cancer-related death worldwide [1, 2]. Approximately 
90% of diagnosed GCs are adenocarcinomas [3], which can be 
histologically classified into two types: intestinal and diffuse 
[4]. The intestinal subtype typically arises from a sequence of 
pre-neoplastic lesions (i.e., acute gastritis, chronic gastritis, 
atrophic gastritis, metaplasia, and dysplasia) [5, 6] and is identi-
fied by gland-like structures. In contrast, the diffuse subtype is 
characterized by poorly differentiated cells [2]. Gastric Cancer 

is a global health challenge, often diagnosed late [7], resulting 
in poor prognosis. Patients with advanced disease face a 5-year 
survival rate of 5.3% [8]. Thus, understanding the tumor dynam-
ics is essential to provide new insights into the carcinogenic pro-
cess and discover new biomarkers.

As a multifactorial complex disease, GC pathogenesis involves 
nonmodifiable factors, such as age and sex [9], as well as modi-
fiable factors, such as diet, smoking, and Helicobacter pylori in-
fection [3, 6, 10]. Notably, excessive consumption of salt, smoked 
foods, nitrates, nitrites, and poorly preserved foods, associ-
ated with the inflammatory environment caused by H. pylori 
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infection, alters the gastric microbiota, resulting in increased 
activity of nitrate and nitrite reductase, allowing the produc-
tion of carcinogens such as N-nitrous compounds [11–14]. These 
carcinogenic substances may induce mutations in both nuclear 
and mitochondrial DNAs, resulting in an abnormal formation of 
Reactive Oxygen Species (ROS) from the oxidative phosphoryla-
tion process in mitochondria [15, 16].

N-methyl-N-nitrosourea (MNU), a carcinogenic agent, induces 
the formation of O6-methylguanine adducts, leading to premu-
tagenic lesions and DNA strand breaks [17, 18]. Given that var-
ious species, including humans, are exposed to carcinogenic 
MNU generated in their alimentary tract, tumorigenesis in-
duced by MNU is an interesting model for studying gastric can-
cer [19–22]. This work aimed to assess alterations in the human 
mitochondrial genome within human gastric cancer cell lines, 
both treated and untreated with MNU, inoculated in a primate 
animal as a gastric carcinogenesis model, previously established 
by our group [23].

2   |   Material and Methods

2.1   |   Samples

Thirteen Sapajus apella specimens, around 6–7 years old and 
2.7–3.6 kg, were used in this study. These animals were tagged 
with microchips and individually accommodated at “Centro 
Nacional de Primatas” (CENP), Pará State, Brazil. The animals 
were fed a healthy balanced diet, weighed, and subjected to daily 
health inspections, during which their clinical symptoms were 
documented.

The procedures for inoculating gastric cancer cell lines were 
previously described elsewhere [19, 20]. One week before 
the cell line inoculation, the S. apella specimens were im-
munosuppressed by a single dose of 50 mg/kg of cyclophos-
phamide. Three gastric cancer cell lines established by our 
group (ACP02, ACP03, and AGP01) were used in the exper-
iment, along with two other cell lines (gastric cancer PG100 
and Walker 256 carcinosarcoma) as positive controls. All cell 
lines were percutaneously inoculated between the mucosal 
and submucosal layers of the antral stomach region of the an-
imals. Ultrasonography was utilized to guide the cell line in-
oculation procedure and to confirm the generation of a gastric 
tumoral mass after 72 h.

Each of the three tested gastric cancer cell lines was inocu-
lated on animals, and the resulting tumoral mass was surgi-
cally excised at two distinct time points: after 7 and 14 days. 
For each cell line, a corresponding specimen received daily 
doses of MNU (16 mg/kg) and had the tumoral mass removed 
after 7 days. Control cell lines were inoculated using the same 
procedure and posteriorly removed: PG100 after 7 days (with 
and without MNU treatment) and Walker-256 after 7 and 
14 days (without MNU treatment). All procedures were car-
ried out by veterinarians affiliated with CENP, and the de-
tails of animal welfare and steps taken to alleviate suffering 
were following the recommendations of the Weatherall report, 
“The use of non-human primates in research”. This study was 

approved by the Ethics Committee of Universidade Federal do 
Pará (PARECER MED002-10).

2.2   |   DNA Extraction and Polymerase Chain 
Reaction

The gastric tumoral masses obtained were submitted to DNA 
extraction using the QIAamp DNA Mini Kit (Qiagen, Mainz, 
Rheinland-Pfalz, Germany) and quantified using a NanoDrop 
1000 Spectrophotometer v3.7 (ThermoFisher Scientific).

Polymerase chain reaction (PCR) for COI, ATP8, ND1, and 
ND3 genes was performed on all samples using the primers 
and conditions previously described [24, 25] in a final volume 
of 25 mL containing: 50 ng of template DNA, 10 pM of each 
primer, 0.20 mM of each dNTP, 2.5 mM MgCl2, and 0.5 U Taq 
DNA polymerase (ThermoFisher Scientific). The amplified frag-
ments were sequenced using an ABI 3130 automated sequencer 
(ThermoFisher Scientific), using the BigDye Terminator 
v3.1 Cycle Sequencing Kit (ThermoFisher Scientific). The ob-
tained sequences were aligned and analyzed using the BioEdit 
7.2.6.1 program [26] and Geneious R11 (https://​www.​genei​ous.​
com), using a human mitochondrial DNA reference sequence 
(NC_012920.1).

3   |   Results

3.1   |   Cell Line Implantation and MNU Exposure in 
Sapajus apella

All cell lines used in the present study, whether treated with 
MNU or not, were able to develop tumoral mass growth in the 
animal model. Furthermore, except for PG-100, which died 
during the experiment, all inoculated animals developed cancer 
within 14 days.

3.2   |   mtDNA Molecular Alterations

No DNA changes were detected on the COI and ATP8 genes. 
On the other hand, two nucleotide changes resulting in syn-
onymous alterations were identified on the ND1 gene: C3594T 
transition (Val96Val) (Figure  1), and G3693A (Leu129Leu) 
(Figure  2). These alterations were observed in the homo-
plasmic state in ACP03 (14 days and 7 + MNU) and CS256 
(7 days and 14 days) and in the heteroplasmic state in PG100 
(7 days +MNU).

Regarding the ND3 gene, an A10398G (Figure 3) non-synonymous 
transition (Thr114Ala) was described in ACP03 (14 days and 
7 days + MNU), CS256 (7 days and 14 days), and PG100 (7 days 
+MNU), the latter one observed in a heteroplasmic state.

4   |   Discussion

In addition to being the primary ATP generators in most eukary-
otic cells, mitochondria also play important roles in metabolic 
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biosynthesis, as well as in the control of cellular proliferation 
and apoptosis. As such, they can undergo metabolic reprogram-
ming, especially in several diseases like cancer [27]. In humans, 
this organelle possesses its own circular, double-stranded ge-
nome, called mitochondrial DNA (mtDNA), with approximately 
16 569 base pairs, and encodes 13 protein-coding genes (respon-
sible for several subunits of respiratory complexes I, III, IV, and 
V), two ribosomal RNAs, and 22 transfer RNAs [28, 29].

While alterations in the COI gene, a Complex III protein-coding 
gene, are commonly seen in cancers such as breast [30], pros-
tate [31, 32], and brain tumors [29], our results align with those 
previously reported [33, 34] in gastric cancer. Furthermore, 
variations in ATP8 (a Complex V protein-coding gene) are rarely 
described [35, 36]. However, a paired analysis of mitochondrial 
genomes from eight individuals revealed both germline and so-
matic variants in COI across all samples and somatic variants in 

FIGURE 1    |    Electropherograms of the ND1 C3594T alteration. The sequence in the middle shows the heteroplasmic state of the referred alteration.

FIGURE 2    |    Electropherograms of the ND1 G3693A alteration. The sequence in the middle shows the heteroplasmic state of the referred alteration.

FIGURE 3    |    Electropherograms of the ND3 A10398G alteration. The sequence in the middle shows the heteroplasmic state of the referred 
alteration.
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ATP8 in 25% of the samples, suggesting a potential link between 
these genes and gastric tumor development [37]. Additionally, 
COI alterations were frequently observed in gastric cancer cell 
lines infected with H. pylori [38], indicating potential distinct 
mitochondrial DNA alteration patterns despite the production 
of MNU by H. pylori [39].

On the other hand, molecular alterations in protein-coding 
genes related to Complex I, also known as reduced nicotinamide 
adenine dinucleotide (NADH)-ubiquinone oxidoreductase (Q 
reductase) Complex, are frequent and may significantly impact 
carcinogenesis. This complex plays a crucial role in cellular re-
sponses to oxygen deficiency and the development of hypoxia 
mechanisms, in addition to resulting in resistance to chemother-
apeutic agents that rely on the activation of the redox cycle [28].

Two genes related to Complex I were analyzed in the present 
study: ND1 and ND3. Regarding the ND1 gene, the C3594T vari-
ation, known as the major SNP defining the L haplogroup (of 
African origin) [40], has been previously reported in gastric [37] 
and thyroid tumors [41], suggesting its potential role in cancer 
development. It is important to note that synonymous muta-
tions, despite not altering the amino acid sequence, can still im-
pact carcinogenesis by influencing protein biosynthesis, folding, 
and structure [42, 43], potentially acting as driver mutations in 
cancer development [44].

With respect to the non-synonymous A10398G, it impacts the 
ND3 subunit which is part of the carboxy-terminal end of respi-
ratory chain complex I [45], resulting in a reduction of the pro-
tein aliphatic index [46], decreasing the efficiency of Complex 
I. It is known that Complex I is the first step in the electron 
transport chain of the mitochondrial oxidative phosphorylation 
system, responsible for accepting electrons from NADH and 
transferring them to ubiquinone [47]. Furthermore, this genetic 
change enhances cellular ROS production and oxidative stress, 
potentially contributing to mitochondrial DNA (mtDNA) dam-
age, affecting critical pathways such as the electron transport 
chain and apoptosis [48, 49], which can initiate and promote 
tumorigenesis [50, 51]. It is suggested that Complex I dysfunc-
tion not only leads to a slightly increased ATP production com-
pared with Complex III alterations but also modestly increases 
ROS production, promoting enhanced proliferation, survival, 
invasion, and metastasis capacity of cancer cells [48]. This mu-
tation has been shown to enhance the invasion and metastasis 
of human breast cancer cells in a mouse xenograft model [52].It 
has been identified in gastric cancer [37] as well as in several 
tumor types, such as breast [46, 49, 53–56], esophageal [56], cer-
vix [57], NSCLC [58], and brain cancer [50].

Heteroplasmy is known as mtDNA variants that co-exist with 
the wild-type mtDNA molecules and can result in alterations in 
mitochondrial metabolic and energetic functions in the affected 
tissues. This can influence the severity of diseases as it masks 
the pathogenicity of heteroplasmic mutations, permitting pen-
etrance only when a certain threshold of heteroplasmy level is 
exceeded [27, 59, 60].

As for the heteroplasmic state of ND1 and ND3 alterations ob-
served only in PG100 cell line, although limited information 
exists about the original tumor, it is hypothesized that such 

molecular condition could result from a higher cumulative mu-
tation frequency observed in more aggressive cell lines [61]. On 
the other hand, it is known that the ACP03 cell line was isolated 
from a more aggressive intestinal gastric tumor (T4N1M0) com-
pared to the tumors from which AGP01 (T3N2M1) and ACP02 
(T3N2M0) cell lines were derived [62]. Interestingly, the 10398G 
variation was also identified in the control cell line, Walker 
Carcinosarcoma 256, which exhibits highly aggressive behav-
ior, fast growth, and a short latent period [63]. In ACP03, this 
variation was observed only after 14 days of implantation in a 
xenograft model, suggesting an increase in aggressiveness over 
time, likely attributed to alterations in Complex I. Similarly, the 
chemical mutagen N-methyl-N-nitrosourea (MNU) appears to 
enhance strain aggressiveness, as evidenced by the presence of 
the 10398G variation in both ACP03-MNU and PG100-MNU, 
even with shorter implantation times (7 days).

5   |   Conclusion

Our findings indicate that alterations in protein-coding genes 
of the Complex I mitochondrial respiratory chain, particularly 
ND1 and ND3, are more common in gastric carcinoma cell lines, 
particularly in highly aggressive ones such as CS256 and ACP03 
with and without MNU treatment. These observations suggest 
that these genes may play crucial roles in gastric carcinogenesis.

Acknowledgments

The authors would like to thank the Centro Nacional de Primatas 
(CENP) for providing the animals in this study, the Coordenação 
de Aperfeiçoamento de Pessoal de Nível Superior (CAPES), and the 
Conselho Nacional de Desenvolvimento Científico e Tecnológico 
(550885/2007-2) for funding. The Article Processing Charge for 
the publication of this research was funded by the Coordenação de 
Aperfeiçoamento de Pessoal de Nível Superior - Brasil (CAPES) (ROR 
identifier: 00x0ma614).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

References

1. J. Y. Xia and A. A. Aadam, “Advances in Screening and Detection 
of Gastric Cancer,” Journal of Surgical Oncology 125, no. 7 (2022): 
1104–1109.

2. D. Cummings, J. Wong, R. Palm, S. Hoffe, K. Almhanna, and S. Vi-
gnesh, “Epidemiology, Diagnosis, Staging and Multimodal Therapy of 
Esophageal and Gastric Tumors,” Cancers 13, no. 3 (2021): 582.

3. R. Sharma, “Burden of Stomach Cancer Incidence, Mortality, 
Disability-Adjusted Life Years, and Risk Factors in 204 Countries, 
1990–2019: An Examination of Global Burden of Disease 2019,” Journal 
of Gastrointestinal Cancer 55, no. 2 (2024): 0123456789.

4. P. LAURÉN, “The Two Histological Main Types of Gastric Carci-
noma: Diffuse and so-Called Intestinal-Type Carcinoma,” Acta Patho-
logica et Microbiologica Scandinavica 64, no. 1 (1965): 31–49.

 16000684, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jm

p.70017 by C
apes, W

iley O
nline L

ibrary on [08/05/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



5 of 6

5. J. G. Fox and T. C. Wang, “Inflammation, Atrophy, and Gastric Can-
cer,” Journal of Clinical Investigation 117, no. 1 (2007): 60–69.

6. J. Machlowska, J. Baj, M. Sitarz, R. Maciejewski, and R. Sitarz, 
“Gastric Cancer: Epidemiology, Risk Factors, Classification, Genomic 
Characteristics and Treatment Strategies,” International Journal of Mo-
lecular Sciences 21, no. 11 (2020): 4012.

7. L. H. Eusebi, A. Telese, G. Marasco, F. Bazzoli, and R. M. Zagari, 
“Gastric Cancer Prevention Strategies: A Global Perspective,” Journal of 
Gastroenterology and Hepatology 35, no. 9 (2020): 1495–1502.

8. A. Chandran, F. I. Mustapha, N. S. I. Tamin, and M. R. A. Hassan, 
“Overview of Colorectal Cancer Screening Programme in Malaysia,” 
Medical Journal of Malaysia 75, no. 3 (2020): 235–239.

9. K. Lyons, L. C. Le, Y. T. H. Pham, et al., “Gastric Cancer: Epidemi-
ology, Biology, and Prevention: A Mini Review,” European Journal of 
Cancer Prevention 28, no. 5 (2019): 397–412.

10. I. Gullo, F. Grillo, L. Mastracci, et al., “Precancerous Lesions of the 
Stomach, Gastric Cancer and Hereditary Gastric Cancer Syndromes,” 
Pathologica 112, no. 3 (2020): 166–185.

11. P. Jakszyn, S. Bingham, G. Pera, et al., “Endogenous Versus Exoge-
nous Exposure to N-Nitroso Compounds and Gastric Cancer Risk in the 
European Prospective Investigation Into Cancer and Nutrition (EPIC-
EURGAST) Study,” Carcinogenesis 27, no. 7 (2006): 1497–1501.

12. W. L. Chan, K. O. Lam, V. H. F. Lee, et al., “Gastric Cancer—From 
Aetiology to Management: Differences Between the East and the West,” 
Clinical Oncology 31, no. 8 (2019): 570–577.

13. P. Petryszyn, N. Chapelle, and T. Matysiak-Budnik, “Gastric Can-
cer: Where Are we Heading?,” Digestive Diseases 38, no. 4 (2020): 
280–285.

14. K. Li, H. Wu, A. Wang, et al., “mTOR Signaling Regulates Gastric Ep-
ithelial Progenitor Homeostasis and Gastric Tumorigenesis via MEK1-
ERKs and BMP-Smad1 Pathways,” Cell Reports 35, no. 5 (2021): 109069, 
https://​linki​nghub.​elsev​ier.​com/​retri​eve/​pii/​S2211​12472​1004009.

15. G. S. Shadel and T. L. Horvath, “Mitochondrial ROS Signaling in 
Organismal Homeostasis,” Cell 163, no. 3 (2015): 560–569.

16. M. S. Seyyedsalehi, E. Mohebbi, F. Tourang, B. Sasanfar, P. Bof-
fetta, and K. Zendehdel, “Association of Dietary Nitrate, Nitrite, and N-
Nitroso Compounds Intake and Gastrointestinal Cancers: A Systematic 
Review and Meta-Analysis,” Toxics 11, no. 2 (2023): 190.

17. A. I. Faustino-Rocha, R. Ferreira, P. A. Oliveira, A. Gama, and M. 
Ginja, “N-Methyl-N-Nitrosourea as a Mammary Carcinogenic Agent,” 
Tumor Biology 36, no. 12 (2015): 9095–9117.

18. M. C. S. Herzig, J. A. Zavadil, K. Street, et  al., “DNA Alkylating 
Agent Protects Against Spontaneous Hepatocellular Carcinoma Re-
gardless of O6-Methylguanine-DNA Methyltransferase Status,” Cancer 
Prevention Research 9, no. 3 (2016): 245–252.

19. J. d. F. F. da Borges Costa, M. F. Leal, T. C. R. Silva, et al., “Exper-
imental Gastric Carcinogenesis in Cebus apella Nonhuman Primates,” 
PLoS One 6, no. 7 (2011): e21988.

20. D. Do Rosário Pinheiro, M. L. Harada, R. M. Rodriguez Burbano, 
and B. Do Nascimento Borges, “COX-2 Gene Expression and Methyl-
ation Profile in Sapajus Apella as an Experimental Model for Gastric 
Adenocarcinoma,” Genetics and Molecular Biology 41, no. 2 (2018): 496–
501, https://​doi.​org/​10.​1590/​1678-​4685-​gmb-​2016-​0329.

21. Y. X. Chen, L. L. He, X. P. Xiang, J. Shen, and H. Y. Qi, “O 6 
-Methylguanine DNA Methyltransferase Is Upregulated in Malignant 
Transformation of Gastric Epithelial Cells via Its Gene Promoter DNA 
Hypomethylation,” World Journal of Gastrointestinal Oncology 14, no. 3 
(2022): 664–677.

22. S. X. Zhang, W. Tian, Y. L. Liu, et al., “Mechanism of N-Methyl-N-
Nitroso-Urea-Induced Gastric Precancerous Lesions in Mice,” Journal 
of Oncology (2022): 1–9.

23. A. B. Bona, D. Q. Calcagno, H. F. Ribeiro, et  al., “Menadione Re-
duces CDC25B Expression and Promotes Tumor Shrinkage in Gastric 
Cancer,” Therapeutic Advances in Gastroenterology 13, no. 6 (2020): 
1756284819895435, https://​doi.​org/​10.​1177/​17562​84819​895435.

24. H. Lee, P. Yin, J. Lin, et al., “Mitochondrial Genome Instability and 
mtDNA Depletion in Human Cancers,” Annals of the New York Acad-
emy of Sciences 1042, no. 1 (2005): 109–122.

25. V. Máximo, P. Soares, R. Seruca, A. S. Rocha, P. Castro, and M. 
Sobrinho-Simões, “Microsatellite Instability, Mitochondrial DNA Large 
Deletions, and Mitochondrial DNA Mutations in Gastric Carcinoma,” 
Genes, Chromosomes and Cancer 32, no. 2 (2001): 136–143.

26. T. Hall, “BioEdit: A User-Friendly Biological Sequence Alignment 
Editor and Analysis Program for Windows 95/98/NT,” Nucleic Acids 
Symposium Series 41 (1999): 95–98.

27. T. C. Chang, H. T. Lee, S. C. Pan, et al., “Metabolic Reprogramming 
in Response to Alterations of Mitochondrial DNA and Mitochondrial 
Dysfunction in Gastric Adenocarcinoma,” International Journal of 
Molecular Sciences 23, no. 3 (2022): 1857, https://​www.​mdpi.​com/​1422-​
0067/​23/3/​1857.

28. M. Kurdi, A. Bamaga, A. Alkhotani, et al., “Mitochondrial DNA Al-
terations in Glioblastoma and Current Therapeutic Targets,” Frontiers 
in Bioscience (Landmark edition) 29, no. 10 (2024): 367, https://​www.​
imrpr​ess.​com/​journ​al/​FBL/​29/​10/​10.​31083/​j.​fbl29​10367​.

29. P. Kozakiewicz, L. Grzybowska-Szatkowska, M. Ciesielka, et  al., 
“Mitochondrial DNA Changes in Genes of Respiratory Complexes III, 
IV and V Could be Related to Brain Tumours in Humans,” International 
Journal of Molecular Sciences 23, no. 20 (2022): 12131, https://​www.​
mdpi.​com/​1422-​0067/​23/​20/​12131​.

30. S. Ghatak, D. Lallawmzuali, Lalmawia, et  al., “Mitochondrial D-
Loop and Cytochrome Oxidase C Subunit I Polymorphisms Among the 
Breast Cancer Patients of Mizoram, Northeast India,” Current Genetics 
60, no. 3 (2014): 201–212.

31. A. M. Ray, K. A. Zuhlke, A. M. Levin, J. A. Douglas, K. A. Cooney, 
and J. A. Petros, “Sequence Variation in the Mitochondrial Gene Cyto-
chrome c Oxidase Subunit I and Prostate Cancer in African American 
Men,” Prostate 69, no. 9 (2009): 956–960.

32. T. A. Scott, R. S. Arnold, and J. A. Petros, “Mitochondrial Cyto-
chrome c Oxidase Subunit 1 Sequence Variation in Prostate Cancer,” 
Scientifica 2012 (2012): 1–7.

33. R. h. Luo, X. w. Huang, Z. z. Shen, L. l. Huang, X. y. An, and L. 
j. Zhao, “Mitochondrial DNA Mutations in Gastric Endothelial Cells 
Induced by Extract of Helicobacter pylori In Vitro,” Chinese Journal of 
Medical Genetics 27, no. 4 (2010): 381–386.

34. J. Jiang, J. H. Zhao, X. L. Wang, et al., “Analysis of Mitochondrial 
DNA in Tibetan Gastric Cancer Patients at High Altitude,” Molecular 
and Clinical Oncology 3, no. 4 (2015): 875–879, https://​doi.​org/​10.​3892/​
mco.​2015.​539.

35. L. Grzybowska-Szatkowska, B. Ślaska, J. Rzymowska, A. Brzo-
zowska, and B. Florianczyk, “Novel Mitochondrial Mutations in the 
ATP6 and ATP8 Genes in Patients With Breast Cancer,” Molecular Med-
icine Reports 10, no. 4 (2014): 1772–1778.

36. T. Järviaho, A. Hurme-Niiranen, H. K. Soini, et  al., “Novel Non-
neutral Mitochondrial DNA Mutations Found in Childhood Acute Lym-
phoblastic Leukemia,” Clinical Genetics 93, no. 2 (2018): 275–285.

37. G. C. Cavalcante, A. N. R. Marinho, A. K. Anaissi, et  al., “Whole 
Mitochondrial Genome Sequencing Highlights Mitochondrial Impact 
in Gastric Cancer,” Scientific Reports 9, no. 1 (2019): 15716.

38. A. M. D. Machado, C. Figueiredo, E. Touati, et al., “Helicobacter Pylori 
Infection Induces Genetic Instability of Nuclear and Mitochondrial DNA 
in Gastric Cells,” Clinical Cancer Research 15, no. 9 (2009): 2995–3002.

39. K. Li, A. Wang, H. Liu, and B. Li, “Protocol for Chemically Induced 
Murine Gastric Tumor Model,” STAR Protocols 2, no. 4 (2021): 100814.

 16000684, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jm

p.70017 by C
apes, W

iley O
nline L

ibrary on [08/05/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://linkinghub.elsevier.com/retrieve/pii/S2211124721004009
https://doi.org/10.1590/1678-4685-gmb-2016-0329
https://doi.org/10.1177/1756284819895435
https://www.mdpi.com/1422-0067/23/3/1857
https://www.mdpi.com/1422-0067/23/3/1857
https://www.imrpress.com/journal/FBL/29/10/10.31083/j.fbl2910367
https://www.imrpress.com/journal/FBL/29/10/10.31083/j.fbl2910367
https://www.mdpi.com/1422-0067/23/20/12131
https://www.mdpi.com/1422-0067/23/20/12131
https://doi.org/10.3892/mco.2015.539
https://doi.org/10.3892/mco.2015.539


6 of 6 Journal of Medical Primatology, 2025

40. S. R. Atilano, S. Abedi, N. V. Ianopol, et al., “Differential Epigenetic 
Status and Responses to Stressors Between Retinal Cybrids Cells With 
African Versus European Mitochondrial DNA: Insights Into Disease 
Susceptibilities,” Cells 11, no. 17 (2022): 2655.

41. V. Máximo, P. Soares, J. Lima, J. Cameselle-Teijeiro, and M. 
Sobrinho-Simões, “Mitochondrial DNA Somatic Mutations (Point 
Mutations and Large Deletions) and Mitochondrial DNA Variants in 
Human Thyroid Pathology,” American Journal of Pathology 160, no. 5 
(2002): 1857–1865.

42. S. Diederichs, L. Bartsch, J. C. Berkmann, et al., “The Dark Matter of 
the Cancer Genome: Aberrations in Regulatory Elements, Untranslated 
Regions, Splice Sites, Non-Coding RNA and Synonymous Mutations,” 
EMBO Molecular Medicine 8, no. 5 (2016): 442–457.

43. Z. E. Sauna, C. Kimchi-Sarfaty, S. V. Ambudkar, and M. M. Gottes-
man, “Silent Polymorphisms Speak: How They Affect Pharmacog-
enomics and the Treatment of Cancer,” Cancer Research 67, no. 20 
(2007): 9609–9612.

44. F. Supek, B. Miñana, J. Valcárcel, T. Gabaldón, and B. Lehner, “Syn-
onymous Mutations Frequently Act as Driver Mutations in Human 
Cancers,” Cell 156, no. 6 (2014): 1324–1335.

45. H. Fang, L. Shen, T. Chen, et al., “Cancer Type-Specific Modulation 
of Mitochondrial Haplogroups in Breast, Colorectal and Thyroid Can-
cer,” BMC Cancer 10, no. 1 (2010): 421.

46. L. Grzybowska-Szatkowska and B. Ślaska, “Mitochondrial NADH 
Dehydrogenase Polymorphisms Are Associated With Breast Cancer in 
Poland,” Journal of Applied Genetics 55, no. 2 (2014): 173–181.

47. E. H. Jin, J. K. Sung, S. I. Lee, and J. H. Hong, “Mitochondrial NADH 
Dehydrogenase Subunit 3 (MTND3) Polymorphisms Are Associated 
With Gastric Cancer Susceptibility,” International Journal of Medical 
Sciences 15, no. 12 (2018): 1329–1333, http://​www.​medsci.​org/​v15p1​
329.​htm.

48. N. Koshikawa, M. Akimoto, J. I. Hayashi, H. Nagase, and K. Take-
naga, “Association of Predicted Pathogenic Mutations in Mitochondrial 
ND Genes With Distant Metastasis in NSCLC and Colon Cancer,” Sci-
entific Reports 7, no. 1 (2017): 15535.

49. M. M. Jahani, A. Azimi Meibody, T. Karimi, M. M. Banoei, and M. 
Houshmand, “An A10398G Mitochondrial DNA Alteration Is Related 
to Increased Risk of Breast Cancer, and Associates With Her2 Positive 
Receptor,” Mitochondrial DNA Part A DNA Mapping, Sequencing, and 
Analysis 31, no. 1 (2020): 11–16.

50. A. A. Mohamed Yusoff, F. N. Zulfakhar, S. Z. N. Mohd Khair, W. S. 
W. Abdullah, J. M. Abdullah, and Z. Idris, “Mitochondrial 10398A>G 
NADH-Dehydrogenase Subunit 3 of Complex I Is Frequently Altered 
in Intra-Axial Brain Tumors in Malaysia,” Brain Tumor Research and 
Treatment 6, no. 1 (2018): 31.

51. S. Chen, X. Bao, H. Chen, et  al., “Thyroid Cancer-Associated Mi-
tochondrial DNA Mutation G3842A Promotes Tumorigenicity via 
ROS-Mediated ERK1/2 Activation,” Oxidative Medicine and Cellular 
Longevity (2022): 9982449, https://​www.​hinda​wi.​com/​journ​als/​omcl/​
2022/​99824​49/​.

52. M. Kulawiec, K. M. Owens, and K. K. Singh, “mtDNA G10398A 
Variant in African-American Women With Breast Cancer Provides 
Resistance to Apoptosis and Promotes Metastasis in Mice,” Journal of 
Human Genetics 54, no. 11 (2009): 647–654.

53. H. Jiang, H. Zhao, H. Xu, et  al., “Peripheral Blood Mitochondrial 
DNA Content, A10398G Polymorphism, and Risk of Breast Cancer in 
a Han Chinese Population,” Cancer Science 105, no. 6 (2014): 639–645, 
https://​doi.​org/​10.​1111/​cas.​12412​.

54. M. Martínez-Ramírez, R. M. Coral-Vázquez, A. Tenorio, et  al., 
“Complete Sequence of the ATP6 and ND3 Mitochondrial Genes in 
Breast Cancer Tissue of Postmenopausal Women With Different Body 
Mass Indexes,” Annals of Diagnostic Pathology 32 (2018): 23–27.

55. Q. Mao, L. Gao, Q. Liu, et al., “The A10389G Polymorphism of ND3 
Gene and Breast Cancer: A Meta-Analysis,” Biomedical Reports 1, no. 2 
(2013): 259–264, https://​doi.​org/​10.​3892/​br.​2013.​58.

56. K. Darvishi, S. Sharma, A. K. Bhat, E. Rai, and R. N. K. Bamezai, 
“Mitochondrial DNA G10398A Polymorphism Imparts Maternal Hap-
logroup N a Risk for Breast and Esophageal Cancer,” Cancer Letters 249, 
no. 2 (2007): 249–255.

57. J. Allalunis-Turner, I. Ma, J. Hanson, and R. Pearcey, “mtDNA Mu-
tations in Invasive Cervix Tumors: A Retrospective Analysis,” Cancer 
Letters 243, no. 2 (2006): 193–201.

58. Y. Qi, Y. Wei, Q. Wang, et al., “Heteroplasmy of Mutant Mitochon-
drial DNA A10398G and Analysis of Its Prognostic Value in Non-small 
Cell Lung Cancer,” Oncology Letters 12, no. 5 (2016): 3081–3088.

59. N. N. Y. Nguyen, S. S. Kim, and Y. H. Jo, “Deregulated Mitochondrial 
DNA in Diseases,” DNA and Cell Biology 39, no. 8 (2020): 1385–1400, 
https://​www.​liebe​rtpub.​com/​doi/​10.​1089/​dna.​2019.​5220.

60. A. Aminuddin, P. Y. Ng, C. O. Leong, S. Makpol, and E. W. Chua, 
“Potential Role of Heteroplasmic Mitochondrial DNA Mutations in 
Modulating the Subtype-Specific Adaptation of Oral Squamous Cell 
Carcinoma to Cisplatin Therapy,” Discover Oncology 15, no. 1 (2024): 
573, https://​doi.​org/​10.​1007/​s1267​2-​024-​01445​-​8.

61. W. Li, Y. Qi, X. Cui, et al., “Heteroplasmy and Copy Number Vari-
ations of Mitochondria in 88 Hepatocellular Carcinoma Individuals,” 
Journal of Cancer 8, no. 19 (2017): 4011–4017.

62. M. F. Leal, J. L. Martins do Nascimento, C. E. A. da Silva, et al., “Es-
tablishment and Conventional Cytogenetic Characterization of Three 
Gastric Cancer Cell Lines,” Cancer Genetics and Cytogenetics 195, no. 1 
(2009): 85–91, https://​doi.​org/​10.​1016/j.​cance​rgenc​yto.​2009.​04.​020.

63. S. P. de Moraes, A. Cunha, J. A. dos Reis Neto, H. Barbosa, C. A. 
P. Roncolatto, and R. F. Duarte, “Modelo experimental de tumor de 
Walker,” Acta Cirúrgica Brasileira 15, no. 4 (2000): 237–242.

 16000684, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jm

p.70017 by C
apes, W

iley O
nline L

ibrary on [08/05/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.medsci.org/v15p1329.htm
http://www.medsci.org/v15p1329.htm
https://www.hindawi.com/journals/omcl/2022/9982449/
https://www.hindawi.com/journals/omcl/2022/9982449/
https://doi.org/10.1111/cas.12412
https://doi.org/10.3892/br.2013.58
https://www.liebertpub.com/doi/10.1089/dna.2019.5220
https://doi.org/10.1007/s12672-024-01445-8
https://doi.org/10.1016/j.cancergencyto.2009.04.020

	Mitochondrial Complex I Molecular Alterations in Sapajus apella as a Human Gastric Carcinogenesis Model After MNU Exposure
	ABSTRACT
	1   |   Introduction
	2   |   Material and Methods
	2.1   |   Samples
	2.2   |   DNA Extraction and Polymerase Chain Reaction

	3   |   Results
	3.1   |   Cell Line Implantation and MNU Exposure in Sapajus apella
	3.2   |   mtDNA Molecular Alterations

	4   |   Discussion
	5   |   Conclusion
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


