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 Abstract 

Background: High glucose levels in breast cancer (BC) cells boost their spread and 

resistance to treatment by converting them into cancer stem cells. This study investigated 

the effects of anti-diabetic drugs metformin and dapagliflozin on tumor glucose level and 

the role of miRNA-34a in DMBA-induced breast cancer in rats. Methods: Breast cancer 

was induced in 24 female Wistar rats using a single oral dose of DMBA. After a breast 

mass of 0.5 cm³ developed, the rats were divided into three groups: 8 received 

Metformin, 8 received Dapagliflozin, and 8 remained untreated. In contrast, 8 rats served 

as normal controls. Over five weeks, body weight and tumor size were monitored. At the 

end of the treatment, rats were euthanized, and blood and breast masses were collected to 

assess glucose, oxidative stress, ALDH-1, caspase 3, AMPK, and miRNA34a. Breast 

tissue was also evaluated histopathologically. Results: Rats treated with metformin 

showed only a partial pathological response, whereas those treated with dapagliflozin 

demonstrated a more improved response, with a greater reduction in tumor volume and 

weight loss. Moreover, dapagliflozin significantly lowered glucose levels, oxidative 

stress indicators, and ALDH-1 compared to metformin. It also enhanced caspase 3, 

AMPK, and miRNA-34a expression. Conclusion: Dapagliflozin and metformin combat 

DMBA-induced breast cancer by regulating glucose metabolism through the 

AMPK/miRNA 34a pathway. 
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 Introduction  

Breast cancer (BC) is the third most 

prevalent malignancy worldwide and the second 

major cause of cancer-related death in women[1, 

2]. Despite conventional approaches such as 

surgery, chemotherapy, hormonal treatments, and 

radiation, treatment failure and mortality remain 

on the rise globally[3]. This might be explained by 

the existence of breast cancer stem cells (BCSCs), 

which comprise a small proportion (0.1-1%) of BC 

tissues and are highly resistant to current 

therapeutic options.  Aldehyde dehydrogenase-1 

(ALDH-1) is a marker highly expressed by cancer 

stem cells, including BCSCs, along with CD44, 

while minimal or no expression of CD24 is 

observed. These features of BCSCs are thought to 

be responsible for the adhesion, migration, and 

metastasis of malignant stem cells, and 

consequently, they play a significant part in BC 

recurrence risk[4]. 

Dysregulation of glucose transporters 

(GLUTs) in cancer cells contributes to high 

intracellular glucose levels, promoting the 

transformation of malignant cells into cancer stem 

cells (CSCs)[5].This transformation is explained 

by the "Warburg phenomenon," a biochemical 

process where glucose metabolism switches from 

oxidative phosphorylation to aerobic glycolysis 

with increased generation of pyruvate and lactate, 

even with adequate oxygen tension. Consequently, 

pyruvate and lactate stimulate hypoxia-inducible 

factor 1-alpha (HIF-1α) expression with further 

up-regulation of stemness and self-renewal 

factors[6]. Moreover, the aberrant activity of 

various signaling pathways, including Wnt/-

catenin, Notch, Hedgehog, JAK-STAT, and 

PI3K/Akt/mTOR, contributes to the acceleration 

of CSCs metastasis[7].Hence, finding a drug 

targeting intracellular glucose metabolism, 

specifically in CSCs, may benefit patients with 

BC. 

Sodium-glucose transporter 2 (SGLT2) is a 

transmembrane protein that is targeted by SGLT2 

inhibitors, such as empagliflozin, canagliflozin, 

and dapagliflozin. These drugs are well-known 

oral anti-diabetic medications that reduce glucose 

reabsorption in the proximal renal 

tubule[8].Following their approval as antidiabetic 

medications, there has been extensive research on 

their other possible therapeutic implications. 

SGLT2 was found to be expressed in various 

cancer cells, and it has been revealed that SGLT2 

inhibitors may directly reduce the development of 

several malignancies. Different explanations have 

been suggested to understand the mechanisms 

behind this effect, such as preventing cancer cells 

from up-taking glucose, reducing inflammatory 

mediators, and enhancing AMP-activated protein 

kinase (AMPK) signaling[9].On the other hand, 

little is known about the direct anti-tumor actions 

of SGLT2 inhibitors on BC cells, particularly 

concerning cancer metabolic reprogramming. 

Metformin is the most used oral anti-

diabetic agent worldwide. The metabolic effects of 

metformin include stimulation of the cellular 

uptake of glucose, an increase in hepatic glycogen 

synthesis, and a change in the metabolism of fatty 

acids through improved peripheral insulin 

sensitivity. These effects contribute to weight loss 

and stabilization of blood glucose levels without 

the risk of hypoglycemia[10].Recent studies have 

shown a decrease in the incidence of breast, lung, 

pancreatic, and prostate cancer in individuals using 

metformin. The molecular mechanisms behind 
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metformin's anti-cancer effects are still unclear, 

even though several studies have related these 

effects to the activation of AMPK and the 

repression of the mammalian target of rapamycin 

(mTOR)[11, 12].
 

Oncogenic and tumor suppressor 

microRNAs (miRNAs) are different kinds of 

miRNAs. They are short, non-coding RNAs of 

around 22 nucleotides that target their 

complementary messenger RNA (mRNA) for post-

transcriptional up-regulation or repression. One of 

the main miRNA families inhibiting tumor 

development is the miRNA-34 family, which 

includes three members: miRNA-34a, miRNA-

34b, and miRNA-34c[13]. 

MiRNA-34a is highly expressed in normal 

tissues and is suppressed during inflammation, 

hypoxia, and the epithelial-mesenchymal transition 

(EMT)[14].MiRNA-34a limits the ability of CSCs 

to self-renew, metastasize, and resist 

chemotherapy. Additionally, prior research 

indicated that miRNA34a positively correlates 

with AMPK and modulates tumor 

proliferation and apoptosis[15-17]. Notably, 

miRNA34a regulates the expression of GLUTs 

and glucose metabolism through dependent and 

independent interactions with the tumor suppressor 

p53[14]. 

Therefore, this study aimed to evaluate the 

impact of metformin and dapagliflozin on 

intracellular glucose in tumor cells in a rat model 

of DMBA-induced breast cancer by targeting 

AMPK and miRNA-34a. 

2. Materials and methods 

2.1 Ethics Statement 

The Animal Ethical Committee of the 

Alexandria Faculty of Medicine in Egypt reviewed 

and agreed on the study protocol (Ethical 

registration no: 0306126/2023), and the principles 

of the USA National Institutes of Health for the 

care and use of animals were followed throughout 

all experimental procedures[18]. 

2.2 Drugs and Chemicals 

7,12-dimethylbenz[a]anthracene (DMBA) 

was obtained from Sigma Aldrich Chemical Co. 

(St. Louis, MO, USA). Metformin was procured 

from Minapharma Pharmaceuticals (Heliopolis, 

Cairo, Egypt). Dapagliflozin was purchased from 

AstraZeneca (Cambridge, UK). Metformin and 

dapagliflozin were dissolved in saline, whereas 

DMBA was dissolved in sesame oil. 

2.3 Animals 

The study included 32 virgin female Wistar 

rats, aged 55–60 days, weighing 140±8.67 g. They 

were bought from the Animal Facility of the 

Physiology Department at the Alexandria Faculty 

of Medicine, Egypt, and kept in well-ventilated 

plastic cages under standard environmental 

conditions of lighting, temperature, and humidity. 

Rats had free access to the regular chow diet and 

tap water throughout the experiment and were left 

for 1 week to get used to the new laboratory 

conditions prior to the start of the study. 

2.4 Tumor Induction  

Twenty-four rats were given a single oral 

dose of 80mg/kg[19]of DMBA dissolved in 1mL 

of sesame oil on the first day of the experiment to 

induce breast cancer. While 8 rats were given the 

same amount of sesame oil without DMBA. Six 

weeks later, rats were subjected to weekly 

palpations along both sides of the milk line until at 

least one mass measuring 0.5 cm
3
 had developed. 

The volume of breast mass (V) was determined 

using the formula V (cm3) = (A×B
2
)/2, where the 

large diameter (A) and small diameter (B) are 

perpendicular and are expressed in centimeters 

(cm)[20].
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2.5 Experimental Design and Treatment 

Breast masses first appeared in rats exposed 

to DMBA between weeks 52 and 54. Then, the rats 

were divided up into four groups of eight each, and 

treatment was started as follows;  

 Normal control group (NC): Rats received 

oral 0.5mL/200g body weight (BW) saline 

once daily for 5 weeks. 

 DMBA-induced breast cancer group 

(DMBA): Rats received oral 0.5mL/200g 

BW saline once daily for 5 weeks after the 

development of a breast mass equals 0.5 

cm
3
. 

 Metformin-treated DMBA induced breast 

cancer group (DMBA+Met): Rats received 

oral metformin (200mg/kg)[21]once daily 

for 5 weeks after the development of a 

breast mass equals 0.5 cm
3
. 

 Dapagliflozin-treated DMBA-induced breast 

cancer group (DMBA+Dapa): Rats received 

oral dapagliflozin (5mg/kg)[22]once daily 

for 5 weeks after the development of a 

breast mass equals 0.5 cm
3
. 

Throughout the treatment period, the 

number of breast masses, their volume, and the 

weight of rats were all measured weekly. At the 

end of the 5
th

 week of treatment (14 months post-

administration of DMBA), rats were anesthetized 

using intramuscular xylazine (5 mg/kg) and 

ketamine (30 mg/kg). Blood was then drawn from 

the abdominal aorta into plain tubes. Afterward, 

breast masses were excised and divided into 2 

pieces; one was kept at -80°C for later 

homogenization, and the other was preserved in 

10% neutral buffered formalin for histological 

examination. 

2.6 Samples Preparation 

2.6.1 Blood Samples  

The serum was separated after allowing 

blood samples to clot at room temperature for 30 

min, then centrifuged for 20 min at 1500× g, and 

reserved at -20 
◦
C to further assess glucose levels. 

2.6.2 Tumor Samples 

2.6.2.1 Preparation of Tumor Sections  

Sections were harvested from the skin and 

underlying mammary tissue along the mammary 

line. Sections were fixed in formalin. Paraffin-

embedded blocks were prepared as per standard 

protocol. Five-micron-thick sections were 

prepared, stained by Hematoxylin & Eosin (H&E), 

and examined under light microscopy. 

2.6.2.2 Homogenization of Breast Tissue  

The breast tissues were homogenized (100 

mg tissue/ml buffer saline with protease inhibitor), 

and the supernatant was taken from each sample 

following centrifugation at 12,000x g for 15 

minutes for measuring glucose levels, caspase-3, 

ALDH-1, AMPK, and oxidative stress markers. 

2.6.2.3 Determination of Glucose Level in 

Serum and Breast Tissue  

Following directions provided by the 

manufacturer, the enzymatic colorimetric approach 

(Biomed Diagnostic, Hannover, Germany) was 

used to determine the level of glucose present in 

the serum and supernatant of the breast tissue 

homogenate[23]. The serum glucose level was 

reported as mg/dL. In contrast, the glucose level in 

breast tissue was normalized to the tissue protein, 

which was quantified using Lowry's approach and 

expressed as mg/mg tissue protein[24]. 

2.6.2.4 Enzyme-linked immunoassay (ELISA) 

of caspase-3, ALDH-1, and AMPK 

Using commercially available rat ELISA 

kits, the levels of AMPK (catalog No ER0730), 

ALDH-1 (catalog No BYEK3767), and caspase-3 

(catalog No ER0143) were measured in breast 

tissue lysate. The samples were tested twice on a 
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microplate at 450 nm. Following the normalization 

of the ELISA findings to the total proteins of 

breast tissue, which were determined using 

Lowry's technique, the protein levels of caspase-3, 

ALDH-1, and AMPK in the breast tissue 

homogenate supernatant were expressed in 

ng/mg[24-27]. 

2.6.2.5 Evaluation of Oxidative Stress Markers  

The colorimetric methodology 

(Biodiagnistic, Cairo) was used to assess the 

antioxidant Superoxide dismutase (SOD) and 

oxidative marker Malondialdehyde (MDA) in 

breast tissue supernatants following the 

manufacturer's instructions. Thiobarbituric acid 

was used to determine MDA. This acid forms a 

reactive product when it combines with MDA in 

an acidic media at 95°C for 30 minutes. 

Meanwhile, the SOD assay relied on its capacity to 

prevent nitroblue tetrazolium dye from being 

reduced by phenazine methosulphate utilizing 

phosphate buffer PH 8.5, nitroblue tetrazolium, 

NADH, phenazine methosulphate, and an 

extraction reagent. Both MDA and SOD results 

were presented as nmol/gm tissue and U/gm tissue, 

respectively, after being adjusted to tissue 

weight[28, 29]. 

2.6.2.6 Relative expression of miR-34a by 

Quantitative Real-time Polymerase Chain 

Reaction (RT-qPCR). 

Parts of the obtained breast tissues were 

preserved in later (RNAlater™ Stabilization 

Solution, cat no AM7023), to avoid RNA 

breakdown, in -80 
o
C.  

Total RNA was extracted from the breast 

tissue of the studied rats using the Qiagen® 

miRNeasy Mini Kit (catalog No. 217004, Qiagen, 

Germany), which combines phenol/guanidine-

based lysis of samples and silica membrane-based 

purification of total RNA. Then, the concentration 

and purity of RNA were determined by NanoDrop 

2000/2000c Spectrophotometer (Thermo 

Scientific, USA) at 260, 280, and 230 nm; ratios of 

A260/A280 = 1.8–2 and A260/A230 = 2–2.2 

indicated highly pure RNA. The extraction was 

then stored at -80 °C until use.  

Complementary DNA (cDNA) synthesis 

was performed using the miRCURY locked 

nucleic acid (miRCURY LNA) miRNA PCR 

Starter Kit. (Cat. No. 339320, Qiagen, Germany). 

This step was carried out in a 10 μl-reaction 

volume (2 μl 5x miRCURY SYBR Green RT 

Reaction Buffer, 1 μl10x miRCURY RT Enzyme 

Mix, 5μl RNase-free water and 2 μL of each RNA 

(10ng/ μl) sample). Then, thermocycling was 

carried out as follows: reverse transcription step, 

60 min at 42℃, inactivation step 5 min at 95℃, 

then cooling 5 min at 4℃. 

Real-time PCR was performed using 

miRCURY LNA miRNA PCR Starter Kit. (Cat. 

No. 339320, Qiagen, Germany), including 2 LNA 

PCR assays of primers for miR-34a (YP00204486) 

as well as miR-16 (YP00205702) as an 

endogenous control (reference gene). Two separate 

PCR reactions were carried out for each sample of 

cDNA using miR-34a gene primers in the first 

reaction and miR-16 gene primers in the second 

reaction, each reaction contained 5μl 2x 

miRCURY SYBR® Green master mix, 0.5μl ROX 

reference dye, 1μl gene primer, 2.5μl nuclease-free 

water and 1μl C-DNA (20ng/reaction). Then, the 

Real-time cycler conditions for Applied 

Biosystems were carried out as follows: initial heat 

activation 2 min at 95°C, then 40 cycles of 

denaturation 10 seconds at 95°C, and combined 

annealing/extension 60 seconds at 56°C. In the 

end, a melting curve analysis was done at 60–

95°C. To avoid misinterpretation, negative 

controls were included in all runs. Relative 

expression of miR-34a was calculated using 2
−∆∆CT

 

[30]. 
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2.7 Statistical analysis of the data
 

Version 25.0 of IBM's Statistical Package 

for the Social Sciences (SPSS) software was used 

to analyze the data. Data normality was assessed 

using the Shapiro-Wilk test. The ANOVA test, 

followed by the post hoc Tukey's test or Kruskal-

Wallis test, followed by the post hoc Dunn’s 

multiple comparisons, was used to determine the 

intergroup and intragroup differences of 

parametric or non-parametric quantitative data, 

respectively. The mean ± standard deviation (SD) 

was used to describe parametric quantitative data, 

and the median for non-parametric quantitative 

data. P-values less than 0.05 were regarded as 

statistically significant. 

3. Results 

3.1. The influence of dapagliflozin and 

metformin on the body weight and tumor 

volume of rats with DMBA-induced BC  

There were notable differences in body 

weight amongst the groups over the five-week 

study duration. The DMBA-induced BC group had 

a significant decrease in body weight, whereas the 

normal control group showed a consistent gain in 

weight. Concurrently, weight loss was reversed by 

dapagliflozin and metformin treatment, with 

dapagliflozin having a more substantial impact 

than metformin (p<0.05; Figure 1A). 

Meanwhile, the tumor sizes in the DMBA 

group gradually rose throughout the study 

duration, with a median volume of 71.25 cm³ by 

the fifth week. On the other hand, treating rats with 

metformin and dapagliflozin reduced tumor 

growth. Dapagliflozin exhibited a more significant 

decrease in tumor volume than metformin, 

resulting in a final median tumor volume of 4.75 

and 14.15 cm³, respectively (p<0.05; Figure 

1B&C). 

 

Figure 1: Influence of 

metformin and dapagliflozin 

on (A) the body weight and 
(B&C) tumor volume of 

rats with breast cancer 

induced by DMBA over 5 

weeks. The body weight 

data is displayed as mean ± 

SD, while the tumor volume 

data is displayed as 

the median for each group 

of eight rats. ■p<0.05 vs. the 

NC group, ▲p<0.05 vs the 

DMB group, and ♦p<0.05 vs 
the DMBA+Met group. NC; 

normal control, DMBA; 

Dimethylbenz[a]anthracene, 

Met; metformin, Dapa; 

dapagliflozin. 
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3.2. The influence of dapagliflozin and 

metformin on the breast histopathological 

changes induced by DMBA  

The normal control shows normal mammary 

tissue composed of normal ducts lined by bland 

luminal cells resting on myoepithelial cells. The 

ducts are disposed against mature adipose tissue 

(Figure 3 a&b). On the other hand, the DMBA 

breast cancer group revealed invasive cancer 

composed of invasive ductal structures, some of 

which are fused into cribriform masses lined by 

malignant cells having pleomorphic 

hyperchromatic nuclei. Invasive single cells are 

noted. The stroma is also desmoplastic (Figure 2 

c&d). 

In contrast, the metformin-treated group 

shows a partial pathological response with viable 

tumor cells adjacent to normal ducts without 

invasion. Some tumor cells show vacuolated 

cytoplasm and hyperchromatic pleomorphic 

nuclei.  Additionally, areas of necrosis rimmed by 

lymphocytes are noticed adjacent to the tumor 

(Figure 2 e-h). Meanwhile, the dapagliflozin-

treated group reveals a complete pathological 

response with no viable tumor cells and dense 

fibrotic stroma. The tumor bed shows fibroblasts, 

histiocytes, and lymphocytes disposed against 

dense collagenous stroma (Figure 2 i-l). 

 

 

Figure 2: Photomicrographs of breast tissue of 
rats with breast cancer induced by DMBA. 
(a&b): normal control group. a: The normal 
control group shows intact skin and normal 
underlying mammary tissue. b: Mammary tissue 

in the normal control group comprises normal 
ducts disposed against mature adipose tissue. 
(c&d): DMBA group. c: shows invasive cancer 
composed of invasive ductal structures, some 
fused into cribriform masses. d: invasive cancer 
comprises individual invasive cells and fused 
ductal structures lined by hyperchromatic 
pleomorphic cells. The stroma is dense 

desmoplastic. (e-h): Metformin-treated BC 
group. e: shows viable tumor (upper) adjacent to 
normal ducts (lower). f: tumor comprises fused 
malignant ductal structures lined by 
hyperchromatic pleomorphic nuclei. g: some 
tumor cells show vacuolated cytoplasm. h: 
necrotic areas (asterisk) rimmed by lymphocytes 
are seen adjacent to the viable tumor(left). (i-l): 

Metformin-treated BC group. i: low power 
showing no viable tumor tissue. j: higher power 
showing normal ductal structures disposed 
against fibrotic stroma. k: complete pathological 
response in the tumor bed with fibrotic areas 
only and no viable tumor cells. l: higher power 
showing dense collagenous stroma with 
artifactual clefts, bland fibroblasts, histiocytes, 
and lymphocytes. [H&E]. 
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3.3. The influence of dapagliflozin and 

metformin on serum and breast tissue glucose 

levels of rats with DMBA-induced BC  

Serum glucose levels showed no notable 

differences between the groups. However, breast 

tissue glucose levels were considerably higher in 

the BC group than in the NC group (p<0.05). 

Additionally, metformin and dapagliflozin reduced 

glucose levels in breast tissue, with dapagliflozin 

demonstrating a much more significant reduction 

than metformin (p<0.05; Figure 3). 

 

Figure 3: Influence of metformin and dapagliflozin on (A) serum and (B) breast tissue glucose levels of rats with breast 

cancer induced by DMBA. The data is displayed as mean ± SD for each group of eight rats. ■p<0.05 vs. the NC group, 
▲p<0.05 vs the DMB group, and ♦p<0.05 vs the DMBA+Met group. NC; normal control, DMBA; 

Dimethylbenz[a]anthracene, Met; metformin, Dapa; dapagliflozin. 

 

3.4. The influence of dapagliflozin and 

metformin on oxidative stress markers of rats 

with DMBA-induced BC  

The BC group showed significantly higher 

MDA levels and lower SOD activity, which are 

indicative of increased oxidative stress and 

compromised breast tissue antioxidant capability. 

These alterations were reversed by metformin and 

dapagliflozin treatments, with dapagliflozin 

exhibiting a stronger antioxidant capacity than 

metformin (p<0.05; Figure 4). 

 

Figure 4: Influence of metformin and dapagliflozin on (A) breast tissue MDA levels (B) breast tissue SOD activity of 

rats with breast cancer induced by DMBA. The data is displayed as mean ± SD for each group of eight rats. ■p<0.05 vs. 

the NC group, ▲p<0.05 vs the DMB group, and ♦p<0.05 vs the DMBA+Met group. NC; normal control, DMBA; 

Dimethylbenz[a]anthracene, Met; metformin, Dapa; dapagliflozin, MDA; malonaldehyde, SOD; superoxide dismutase. 

 

3.5. The influence of dapagliflozin and 

metformin on apoptotic and stem cell markers 

of rats with DMBA-induced BC  

An indicator of apoptosis, caspase-3, was 

markedly lower in the BC group. Meanwhile, 

dapagliflozin caused its level to rise significantly, 

surpassing metformin (p<0.05). Aldehyde 
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dehydrogenase-1 (ALDH-1), a marker linked to 

CSCs, was, on the other hand, considerably 

increased in the untreated DMBA group and 

decreased by both treatments (p<0.05; Figure 5), 

with dapagliflozin having a greater impact than 

metformin. These changes may thus explain the 

decreased tumor size after treatment.  

 

 

Figure 5: Influence of metformin and dapagliflozin on (A) caspase 3 and (B) aldehyde dehydrogenase (ALDH-1) levels 

in breast tissues of rats with breast cancer induced by DMBA. The data is displayed as mean ± SD for each group of eight 

rats. ■p<0.05 vs. the NC group, ▲p<0.05 vs the DMB group, and ♦p<0.05 vs the DMBA+Met group. NC; normal control, 

DMBA; Dimethylbenz[a]anthracene, Met; metformin, Dapa; dapagliflozin. 
 

3.6. The influence of dapagliflozin and 

metformin on the expression of AMPK and 

miRNA-34a of rats with DMBA-induced BC  

AMPK levels were significantly reduced in 

the BC group but were restored by both treatments. 

Dapagliflozin treatment resulted in higher AMPK 

levels than metformin (p<0.05). Relative 

expression of miRNA-34a was also significantly 

downregulated in the BC group, with both 

treatments restoring its expression. Dapagliflozin 

treatment showed the highest expression levels, 

approaching those of the NC group (p < 0.05; 

Figure 6). 

 

Figure 6: Influence of metformin and dapagliflozin on (A) AMPK levels and (B) the relative expression of miRNA 34a 

in breast tissues of rats with breast cancer induced by DMBA. The data is displayed as mean ± SD for each group of eight 
rats. ■p<0.05 vs. the NC group, ▲p<0.05 vs the DMB group, and ♦p<0.05 vs the DMBA+Met group. NC; normal control, 

DMBA; Dimethylbenz[a]anthracene, Met; metformin, Dapa; dapagliflozin. 

 

4. Discussion  

Despite the availability of different 

therapeutic options for BC management, many 

patients face treatment failure and/or recurrence, 

leading to significant morbidity and mortality. 

Also, the high risk of adverse drug reactions and 

elevated costs can force BC victims to discontinue 

their treatment. Furthermore, the ability of breast 

cancer stem cells (BCSCs) to self-renew and 

differentiate into diverse cell types raises the risk 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2959222/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2959222/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2959222/
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of resistance to chemotherapy, accelerating the 

growth and dissemination of BC.  Hence, finding 

safe, effective, and affordable alternatives is 

crucial[31, 32]. 

Through glycolysis, glucose provides the 

required energy for tumor metabolism, growth, 

proliferation, angiogenesis, and dissemination. The 

elevated intracellular glucose has been reported to 

be related to the increased expression of GLUTs in 

stem and non-stem tumor cells[31, 33]. 

Accordingly, in this study, we used anti-diabetic 

drugs that modulate AMPK, namely metformin 

and dapagliflozin, to target intracellular glucose in 

tumor cells and identify the possible implication of 

miRNA-34a in DMBA-induced BC in rats. 

DMBA is the most utilized, highly potent 

polycyclic aromatic hydrocarbon for inducing BC 

in rats that mimics human BC by causing DNA 

damage[34]. The breast alveolar buds of the 

female Wistar rats are highly differentiated by 55 

to 60 days, increasing their susceptibility to 

carcinogenic chemicals. After receiving a single 

dose of DMBA (80 mg/kg) between the ages of 55 

and 60 days, 100% of rats in the current study 

developed masses along the milk line. These 

masses proliferated throughout the 5-week study 

period and were associated with progressive 

weight loss[35, 36].The latter may be caused by an 

imbalance between food intake and abnormal 

protein metabolism, leading to a loss of strength 

and muscle mass[37]. 

Meanwhile, histopathological examination 

revealed that the untreated rats exhibited invasive 

carcinoma characterized by malignant cells with 

pleomorphic hyperchromatic nuclei and 

desmoplastic stroma, consistent with other studies' 

morphological and histological alterations[1, 38, 

39]. Increased oxidative stress in this study, as 

evidenced by elevated MDA levels and decreased 

SOD activity, may account for these changes. This 

imbalance in tissue redox status is triggered by the 

active carcinogenic metabolite of DMBA, which 

raises oxidative stress by generating reactive 

oxygen species (ROS). These ROS peroxidize 

polyunsaturated fatty acids in cell membranes, 

leading to the production of MDA. Further, 

elevated MDA promotes breast cancer 

development by upregulating oncogenic genes and 

downregulating tumor suppressor genes through 

the formation of DNA adducts[40, 41].
 

Additionally, the notable reduction in 

AMPK, a cellular energy sensor, and caspase 3, an 

apoptosis marker, alongside the elevation of 

aldehyde dehydrogenase-1 (ALDH-1), a marker 

linked to CSCs in the DMBA-exposed group, 

explains the tumors' progressive growth during the 

study duration and increased tissue glucose levels. 

These changes are supported by previous 

studies[42-44], which indicated that increased 

oxidative stress leads to the upregulation of the 

PI3K/Akt/mTOR pathway, resulting in the 

inhibition of AMPK in tumor cells. This inhibition 

is associated with the suppression of the p53-p21 

pathway, which contributes to the ongoing process 

of growth and proliferation of tumors. This process 

is characterized by enhanced activity of anabolic 

pathways, a reduction in the activity of intrinsic 

and extrinsic apoptotic pathways, as well as the 

maintenance and self-renewal of BCSCs[45-52].  

Koppenol et al.[53]explained the increased 

activity of anabolic pathways by the increased 

cancer cells' glucose uptake and alterations in 

glucose metabolism, contributing to their 

resistance against commonly used 
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chemotherapeutic drugs. These alterations direct 

glucose preferentially towards lactate production 

rather than oxidative mitochondrial metabolism 

despite an increased glucose influx in tumor cells. 

The elevated synthesis of lactate and other 

intermediate metabolites from glucose promotes 

cell proliferation and tumor growth by activating 

various anabolic pathways that supply the essential 

elements necessary for new cell formation, 

proliferation, and metastasis, in contrast to glucose 

metabolism in normal cells, which is primarily 

crucial for energy production[54].
 

Hence, the treatment of rats with a breast 

mass of 0.5 cm³ with oral antidiabetic drugs, 

metformin or dapagliflozin, led to a substantial 

reduction in tumor growth throughout the 5-week 

treatment period compared to the untreated rats 

with breast cancer. The antitumor effect of these 

medications is consistent with epidemiological, in 

vitro, and in vivo studies that demonstrated a 

correlation between their administration and a 

lower incidence of BC in diabetic patients, as well 

as a reduction in tumor growth when any of these 

medications were used to treat cell lines or animals 

with BC[10, 55-58]. However, the 

chemotherapeutic effect of metformin and 

dapagliflozin in an in vivo rat model of DMBA-

induced BC needs further investigation and 

comparison between the effects of both drugs.  

The notable in vivo reduction in glucose 

levels in tumor cells by administering oral 

metformin and dapagliflozin may elucidate the 

diminished tumor growth by hindering the 

synthesis of lactate and other intermediates 

essential for tumor proliferation and growth. Other 

in vitro studies have confirmed this finding, 

indicating that inhibiting glycolysis or 

withdrawing glucose inhibits anabolic processes, 

which in turn reduces tumor development and 

carcinogenesis[59]. The withdrawal of glucose 

might be explained by the downregulation of the 

GLUTs and SGLTs transporters, which are 

essential for glucose uptake into tumor cells[60]. 

Metformin and dapagliflozin are oral 

antidiabetic drugs that control blood glucose levels 

by different mechanisms. Inhibition of hepatic 

gluconeogenesis, increased hepatic glycogen 

synthesis, and alteration of fatty acid metabolism 

through enhanced peripheral insulin sensitivity and 

antagonism of glucagon actions are among the 

metabolic effects of metformin[10].In contrast, 

dapagliflozin inhibits SGLT2 to enhance urine 

glucose excretion while decreasing glucose 

reabsorption in the proximal renal 

tubule[8].Nonetheless, the molecular mechanisms 

underlying their anti-cancer actions remain 

uncertain despite several studies linking these 

actions to the downregulation of glucose 

transporters. SGLT2 inhibitors have been shown to 

reduce the expression of GLUTs and SGLTs 

transporters, whereas metformin primarily inhibits 

the GLUT1 transporter[61, 62]. These 

observations substantiate the significant drop in 

glucose levels in tumor cells of rats given 

dapagliflozin compared to metformin. 

In the current study, glucose deprivation led 

to decreased proliferation of both tumor cells and 

BCSCs and restored the normal histological 

features of breast tissue. This is demonstrated by a 

significant reduction in ALDH-1 enzyme levels, 

increased caspase 3 levels, and histopathological 

examination of breast masses of rats treated with 

either metformin or dapagliflozin. The 

considerable rise in AMPK and miRNA34a 
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expression in this study may help to explain these 

findings. 

Prior research demonstrated that 

dapagliflozin and metformin can raise AMPK, but 

the effects of the two medications have not been 

compared[63]. Metformin raises AMPK by 

inhibiting the mitochondrial transport chain, which 

lowers mitochondrial ATP synthesis, raises the 

AMP/ATP ratio, and further activates AMPK. 

Additionally, it inhibits the lysosomal proton 

pump vATPase, which promotes AMPK to be 

phosphorylated and activated by 

calcium/calmodulin-dependent protein kinase 

kinase 2 (CaMKK2)[64, 65]. Meanwhile, 

dapagliflozin, by its noteworthy inhibition of 

glucose transporters[62], reduces glucose uptake 

by cells, resulting in caloric restriction and the 

activation of AMPK. It further interferes with the 

mitochondrial transport chain, resulting in a further 

reduction of ATP and the activation of AMPK[66, 

67]. Through downstream suppression of mTOR 

and p53 and Nrf2 activation, increased AMPK 

shifts the cell into an energy-conserving state, 

mediating apoptotic and antioxidant effects and 

inhibiting anabolic pathways[15, 63, 68]. 

The anticancer effects of AMPK in our 

study were mediated by upregulating miRNA34a 

expression. Previous studies have shown that 

miRNA34a has a positive relationship with AMPK 

and regulates tumor growth and apoptosis[15-17]. 

In ovarian cancer cells, miRNA34a upregulation 

triggered the apoptotic pathway and reduced tumor 

cell proliferation, invasion, and migration[69]. 

MiRNA34a has also been shown to inhibit cancer 

stemness in prostatic cancer by specifically 

targeting the WNT and Notch signaling 

pathways[70]. In contrast, an in vitro study of 

human breast cancer tissues revealed that miR-34a 

expression was downregulated in comparison to 

normal breast tissues and that this expression had a 

negative correlation with the clinicopathological 

characteristics of breast cancer[71]. MiRNA34a 

activation may be p53-dependent, but it can also 

be p53-independent and linked to the activation of 

antioxidant genes[15, 72].  

Although both drugs activate AMPK, the 

notable anticancer effects of dapagliflozin in 

contrast to metformin, may be attributed to the 

modulatory effects of SGLT2 inhibitors on 

inflammatory pathways, ferroptosis, calmodulin 

receptors, and lipid metabolism, which have been 

linked to the development and progression of 

breast cancer in studies utilizing canagliflozin and 

empagliflozin[73-76].  

Overall, metformin and dapagliflozin 

demonstrated in this study anticancer properties 

against DMBA-induced BC, with dapagliflozin 

showing more pronounced effects. They promoted 

apoptosis, attenuated the growth of stem and non-

stem tumor cells, and regulated glucose 

metabolism through their stimulatory effect on the 

AMPK/miRNA 34a pathway. These results point 

to a possible new molecular mechanism 

underlying the anticancer effects of metformin and 

dapagliflozin. However, further in vivo animal 

studies are recommended to evaluate the 

anticancer effects of various doses of these drugs 

on different molecular and metabolic pathways, 

both individually and in combination with each 

other, as well as alongside other chemotherapeutic 

drugs. 
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