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Abstract
Breast cancer is the leading cause of death among women worldwide. Chemoprevention and chemotherapy 

play beneficial roles in reducing the incidence and mortality of cancer. Epidemiological and experimental studies 
showed that naturally-occurring antioxidants present in the diet may act as anticancer agents. Identifying the 
abnormalities of cellular energy metabolism facilitates early detection and management of breast cancer. The 
present study evaluated the effect of tangeretin on cellular metabolic energy fluxes in 7,12-dimethylbenz(a) 
anthracene (DMBA)-induced proliferative breast cancer.  The results showed that the activities of glycolytic 
enzymes significantly increased in mammary tissues of DMBA-induced breast cancer bearing rats. The 
gluconeogenic tricarboxylic acid (TCA) cycle and respiratory chain enzyme activities significantly decreased 
in breast cancer-bearing rats. In addition, proliferating cell nuclear antigen (PCNA) was highly expressed 
in breast cancer tissues. However, the activities of glycolytic enzymes were significantly normalized in the 
tangeretin pre- and post-treated rats and the TCA cycle and respiratory chain enzyme activities were significantly 
increased in tangeretin treated rats. Furthermore, tangeretin down-regulated PCNA expression on breast cancer-
bearing rats. Our study demonstrates that tangeretin specifically regulates cellular metabolic energy fluxes in   
DMBA-induced breast cancer-bearing rats.
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Introduction

Breast cancer is the most common malignancy and 
the leading cause of death among women worldwide. 
Cancer cells have distinct metabolism and highly 
depend on glycolysis instead of mitochondrial oxi-
dative phosphorylation. Hexokinase, phosphoglu-
coisomerase, aldolase and pyruvate kinase catalyze 

glucose through the glycolytic pathway, and have 
emerged as a potential regulator of the metabolic phe-
notype[2]. Warburg first pointed out that the metabolic 
disorder of cellular respiration is a common character-
istic feature of cancer cells[3]. Under aerobic conditions, 
one glucose molecule is fully oxidized to produce CO2, 
H2O and 38 adenosine triphosphate (ATP). Cancer cells 
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can generate 2 molecules of lactic acid and 2 molecules 
of ATP through anaerobic respiration under hypoxic 
conditions. However, Warburg found that unlike normal 
cells, cancer cells generate energy through rapid glyco-
lytic activity even in ample oxygen with the concomitant 
production of a large amount of lactic acid molecules. 
Oxidative phosphorylation is inhibited by the produc-
tion of large amounts of lactic acid. This metabolic 
phenomenon is often called Warburg effect or aerobic 
glycolysis. Initially, Warburg thought that aerobic glyc-
olysis was caused by the mitochondrial oxidative dam-
ages in cancer cells[4]. Other studies showed that under 
certain chemotherapeutical circumstances, cancer cells 
might have switched back to normal mitochondrial res-
piratory function. Chemotherapeutically-treated cancer 
cells grow slower than those with cancer-bearing con-
ditions[5]. In these ways, aerobic glycolysis of cancer 
cells is likely to be controlled by the energy modulating 
effect of chemotherapeutic agents.

Cellular metabolic enzyme is regulated by many onco-
genes and it serves a dual function as the speed regulator 
of cancer cell metabolism[6]. The activities of glycolytic 
enzymes are regulated by its own regulatory genes under 
the active proliferative signal. Pyruvate kinase splits 
the product of glycolysis into two parts, one for energy 
requirements and another for transformation into differ-
ent precursor substances. Pyruvate kinase also forms a 
complex with other enzymes involved glycolysis and 
causes glucose to be degraded into pyruvate. It is further 
transformed into lactic acid, and also produces an ample 
amount of energy molecules. These energy molecules 
are used for the growth of tumor cells under hypoxic 
and anoxic conditions. The expression and translation 
of hexokinase, phosphoglucoisomerase, aldolase and 
pyruvate kinase are controlled by many oncogenes and 
metabolic intermediates[7]. Cancer cells acquire the rapid 
growth phenotype and ultimately develop mammary 
carcinoma through energy-producing molecules. 

Tangeretin is a ubiquitous bioactive flavonoid in the 
peel of citrus fruits of the flavone family and also known 
to have anti-cancer,  antioxidant, anti-inflammatory and 
hypolipidemic effects as well as antimicrobial activity. 
It is used in traditional Chinese medicine for treatment 
of various diseases including cancer[8]. In the present 
study, we evaluated the effect of tangeretin on cellu-
lar metabolic energy fluxes in 7,12- dimethylbenz(a) 
anthracene (DMBA)-induced proliferative breast 
cancer.

Materials and methods

Chemicals and reagents
Tangeretin (4',5,6,7,8-pentamethoxyflavone) was  

purchased from the Indofine Chemical Co. 

(Hillisborough, NJ, USA) and 7,12-dimethylbenz(a) 
anthracene (DMBA) and other fine chemicals were 
purchased from Sigma-Aldrich (St Louis, MO, USA). 
Primary monoclonal antibody PCNA was purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA). Secondary antibodies, horseradish peroxidase 
(HRP) conjugated goat-antimouse IgG was obtained 
from Bio-Rad Laboratories (Hercules, CA, USA). 
The DAB kit was purchased from Genie, Bengaluru, 
Bangalore. Other chemicals and reagents in the study 
were of the highest purity and standard, which are com-
mercially available.

Animals
Ninety day old healthy female Sprague-Dawley rats 

(Rattus norvegicus) weighing around 150 g were used 
in this study. The rats were housed in clean polypro-
pylene cages, maintained in the air-conditioned animal 
house with a constant photoperiod of 12 hours light/
dark cycle with the light cycle from 6:00 to 18:00 and 
the dark cycle from 18:00 to 6:00. The rats were fed 
with the pellet diet and drinking water ad libitum. The 
study protocol was approved by the Institutional Animal 
Ethical Committee, University of Madras, Taramani 
Campus, Chennai, India (IAEC/No. 01/13/2012) and 
animal studies were carried out in accordance with the 
established institutional guidelines regarding animal 
care and use. Animal welfare and the experimental 
procedures were carried out strictly in accordance with 
the Guide for Care and Use of Laboratory Animals 
(National Research Council of USA, 1996).  

Experimental design 
The rats were divided into 5 groups, each consist-

ing of 6 rats. Group I served as healthy control rats; 
Group II received a single dose of 80 mg/kg body 
weight of DMBA dissolved in 1 mL olive oil by gastric 
lavage. Breast cancer was allowed 90 days to develop 
and grow. Group III were pre-treated with tangeretin 
(50 mg/kg body weight orally) dissolved in olive oil 
for 30 days prior to administration of DMBA as in 
Group II. Group IV received DMBA as in Group II and 
after 90 days, were treated with tangeretin (50 mg/kg 
body weight) for 30 days orally. Group V rats were 
 treated with tangeretin alone (50 mg/kg body weight) 
for 30 days and served as a drug control.

At the end of the experiment, blood was collected 
and rats were perfused with normal saline under 
sodium thiopentone (40 mg/kg body weight) anes-
thesia. Mammary and liver tissues were dissected 
out immediately. Histological evaluation of the sam-
ples was prepared in 10% buffered formalin and later 
embedded in paraffin. The sections were used for 
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immunohistochemistry. Fresh tissues were used for 
each experiment. Homogenate of breast tissues (10%) 
was prepared in 0.1 mol/L, pH 7.4 Tris-Hcl buffer 
using a Potter-Elvejhem glass homogenizer. Dilutions 
were performed according to protein concentration. 
The protein contents were measured by the method of 
Lowry et al.[9].

Isolation of mitochondria 
Mitochondria were isolated from the breast tis-

sues by the method of Johnson and Lardy[10]. Breast 
tissues were homogenized (10%) in ice-cold 0.25 
mol/L sucrose with 50 mmol/L phosphate buffer, pH 
7.4 with a Potter-Elvehjem glass homogenizer (Belco 
Glass, Inc., Vineland, NJ, USA) for 30 seconds. The 
homogenate was then centrifuged at 500×g for 10 
minutes, and the supernatant was again centrifuged at 
12,000×g for 15 minutes to obtain the mitochondrial 
fraction. The pellet, thus obtained, was resuspended 
in the buffer and used for assaying mitochondrial  
enzymes.

Hexokinase activity was assayed by the method 
of Brandstrup et al.[11]. Phosphoglucoisomerase was 
assayed according to Horrocks et al.[12]. Aldolase was 
estimated by the method of King[13]. The activities 
of glucose-6-phosphatase and fructose-1,6-disphos-
phatase were assayed by the method of Gancedo and 
Gancedo[14]. Pyruvate dehydrogenase activity was 
measured according to the method of Chretien et al.[15]. 
Mitochondrial isocitrate dehydrogenase (ICDH) and 
α-ketoglutarate dehydrogenase activities were meas-
ured according to the method of Duncan et al.[16]. 
Mitochondrial succinate dehydrogenase activity was 
measured according to the method of Veeger et al.[17]. 
NADH-cytochrome c oxidoreductase and cytochrome 
c oxidase activities were determined by the method of 
Goyal and Srivastava[18]. 

Immunohistochemistry

Immunohistochemical analysis of PCNA expression 
was performed on 5 µm thick paraffin embedded breast 
tissue section on poly-L-lysine coated glass slides. The 
tissue slides were deparaffinized by placing the slides in 
an oven at 60˚C for 10 minutes and then rinsed twice 
in xylene for 5 minutes each. The slides were hydrated 
in a graded ethanol series for 10 minutes each. Then, 
the slides were washed in double distilled water for 5 
minutes. The sections were incubated with 1% H2O2 in 
double distilled water for 15 minutes at 22˚C, to quench 
endogenous peroxidase activity. The sections were 
rinsed with Tris-HCl containing 150 mmol/L NaCl (pH 
7.4) and blocked with blocking buffer (1×TBS, 0.05% 
Tween 20, 5% NFDM) for 1 hour at 22˚C. After washing 

with 1×TBS containing 0.05% Tween 20, the sections 
were incubated with primary antibodies PCNA (1:200 
dilution) overnight at 4˚C, followed by incubation with 
the respective secondary antibodies IgG-HRP conju-
gates for 1 hour at 4˚C. After washing with 1×TBS 
containing 0.05% Tween 20, immune-reactivity was 
developed with 0.01% DAB and H2O2 for 1–3 min-
utes and the sections were observed (20×) for brown 
color formation under bright field in a microscope. The 
sections were photographed using Nikon 80i Eclipse  
microscope.

Statistical analysis
The values are expressed as mean ± SEM. The 

results were computed statistically (SPSS software 
package, Version 17) using one-way analysis of vari-
ance (ANOVA). The post-hoc testing was performed 
for inter-group comparison using the Tukey multiple 
comparison test. P < 0.05 was considered statistically 
significant.

Results

Glycolytic enzyme activities 
Glycolytic activities in mammary tumors were 

determined. The glycolytic enzyme activities of 
DMBA-induced breast cancer cells exhibited substan-
tial increases in cancer-bearing rats. Table 1 shows 
the activities of glycolytic enzymes in mammary 
tissues of rats. The activities of hexokinase, phos-
phoglucoisomerase and aldolase levels significantly 
increased (P < 0.05 vs. control) in DMBA-induced 
breast cancer-bearing rats. However, tangeretin treat-
ment for 30 days before the administration of DMBA 
in Group III rats and post-treatment with tangeretin 
in breast cancer-bearing Group IV rats significantly 
reduced the activities of hexokinase, phosphoglucoi-
somerase, and aldolase compared with tumor-bear-
ing  rats (Group II). Group V showed no effective 
changes (P > 0.05) compared with the control rats  
(Group I).

Gluconeogenic enzymes 
The estimated gluconeogenic activities in the 

liver tissue of DMBA-induced breast cancer 
along with tangeretin pre-and post-treated rats are 
shown in Table 2. The activities of gluconeogenic 
enzymes such as fructose-1,6-bisphosphatase and 
glucose-6-phosphatase significantly decreased 
(P < 0.05) in DMBA-induced breast cancer-bearing 
rats when compared with the control rats (Group I). 
However, tangeretin pre-treated rats showed a sig-
nificant increase of fructose-1,6-bisphosphatase 
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and glucose-6-phosphatase activities (P < 0.05 vs. 
induced). Furthermore, post-treatment with tangere-
tin (50 mg/kg body weight) for 30 days significantly 
restored the activities of fructose-1,6-bisphosphatase 
and glucose-6-phosphatase in Group IV compared 
with cancer-bearing rats (P < 0.05). No significant 
enzyme activities were found in rats treated with tan-
geretin alone (P < 0.05 vs. control).

Mitochondrial TCA cycle enzymes 
Fig. 1 shows a significant decrease in the activ-

ity of pyruvate dehydrogenase (PDH), which couples 
glycolysis to the TCA cycle, in DMBA-induced breast 
cancer-bearing rats (P < 0.05 vs. control). The activi-
ties of PDH were significantly ameliorated (P < 0.05) 
in tangeretin pre-and post-treated against breast 
cancer-bearing rats when compared with Group II 
rats. The mitochondrial TCA cycle enzymes such as 
isocitrate dehydrogenase, α-ketoglutarate dehydro-
genase and succinate dehydrogenase activities were 
assayed according to the standard protocols. Fig. 1 
shows the activities of ICDH, α-KGDH and SDH 
in the mammary tissue of rats. TCA cycle enzymes 
were significantly reduced (P < 0.05) in Group II 
compared with the control rats. However, tangeretin 
pre-treatment and post-treatment on DMBA-induced 
breast cancer-bearing rats showed a significant 
increase of  ICDH, α-KGDH and SDH activities 
with Group II. None of the changes were observed in 

rats treated with tangeretin alone compared with the  
control rats.

Mitochondrial respiratory chain enzymes 
The activities of mitochondrial respiratory chain 

enzymes like NADH-cytochrome c oxidoreductase 
and cytochrome c oxidase in mitochondria are shown 
in Fig. 2A and 2B, respectively. The mitochondrial 
activities of NADH cytochrome c oxidoreductase and 
cytochrome c oxidase were significantly decreased 
(P < 0.05) in the mammary tissues of rats with DMBA-
induced breast cancer. However, Fig. 2C shows the 
activity of cytochrome c oxidase in the cytosol of 
DMBA-induced breast cancer cells, and there was a 
significant increase (P < 0.05)  of cytochrome c oxidase 
in cytosol due to leakage from the mitochondria into 
the cytosol compared with the control rats. Following 
treatment with tangeretin in Group III and IV rats, 
the activities of NADH-cytochrome c oxidoreduc-
tase and cytochrome c oxidase significantly increased 
(P < 0.05) in the mitochondria. Conversely, the activ-
ity of cytochrome c oxidase in tangeretin treatment 
was significantly decreased in the cytosol. These data 
are presented in Fig. 2. 

PCNA 
Fig. 3 shows the immunohistochemical expression 

of PCNA in breast cancer tissues. PCNA was highly 
expressed in DMBA-induced breast cancer-bearing 

Table 1 Effects of tangeretin on the glycolytic activities in the mammary tissues of rats with DMBA-induced breast cancer 
Parameters Control DMBA TAN + DMBA DMBA + TAN TAN

Hexokinase 13.02 ± 0.28 23.88 ± 0.69a* 14.17 ± 0.47b* 17.96 ± 0.34b* 13.94 ± 0.27aNS

Phosphoglucoisomerase 14.59 ± 0.29 25.50 ± 0.40a* 15.11 ± 0.70b* 18.73 ± 0.55b* 15.07 ± 0.26aNS

Aldolase 14.62 ± 0.36 22.00 ± 0.42a* 15.99 ± 0.48b* 17.36 ± 0.82b* 13.86 ± 0.28aNS

The activities of hexokinase (Units: nmoles of glucose-6-phosphate liberated/min/mg protein), and aldolase (Units: nmoles of fructose liberated/
minute/mg protein), phophoglucoisomerase (Units: nmoles of glyceraldehyde liberated/minute/mg protein) were determined and values are means 
± SEM of 6 rats in each group. a: compared with Group I (control); b: compared with Group II (DMBA); the significant level is *P < 0.05.

Table 2 Effects of tangeretin on the glyconeogenic activities in the liver tissues 
Parameters Control DMBA TAN + DMBA DMBA + TAN TAN

Fructose-1,6-bisphosphatase 12.18 ± 0.22 7.07 ± 0.21a* 10.57 ± 0.37b*  9.75 ± 0.57b* 12.75 ± 0.33aNS

Glucose-6-phosphatase 15.73 ± 0.28 9.53 ± 0.37a* 13.77 ± 0.59b* 12.85 ± 0.27b* 15.77 ± 0.24aNS

The activities of fructose-1,6-bisphosphatase (Units: nmoles of inorganic phosphorus liberated/minute/mg protein) and glucose-6-phosphatase 
(Units: nmoles of inorganic phosphorus liberated/minute/mg protein) are shown. Values are mean±SEM of 6 rats in each group. a: compared with 
Group I (control); b: compared with Group II (DMBA); the significant level  is * P < 0.05.
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Fig. 1 Protective role of tangeretin on the TCA cycle activities in mammary tissues. The activities of pyruvate dehydrogenase, isocitrate 
dehydrogenase, α-ketoglutarate dehydrogenase and succinate dehydrogenase are depicted in the Fig. 1. Values are mean ± SEM of 6 rats in each group. 
The significant level is *P < 0.05.

Fig. 2 Effect of tangeretin on mitochondrial respiratory enzyme activities in mammary tissues. The activities of 2(a) NADH-cytochrome-c 
oxidoreductase, 2(b) cytochrome-c oxidase (mitochondria) and 2(c) cytochrome-c oxidase (cytosol) were determined and values are mean ± SEM 
of 6 rats in each group. The significant level is *P < 0.05, **P < 0.01.

mammary tissues. However, PCNA expression was 
significantly decreased in tangeretin pre- and post-
treated mammary tissues when compared with breast 
cancer-bearing mammary tissue. These results indi-
cated that tangeretin may have an antiproliferative 
effect on DMBA-induced breast cancer.

Discussion
Our previous study showed that tangeretin plays 

a significant role against oxidative stress-induced 
proliferative breast cancer[8]. In the present study, 
we analyzed the effect of tangeretin on cellular 
energy metabolic variation in rats. We found that 
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the cytoplasmic glycolytic enzymes accelerated 
high-energy production. Furthermore, there was a 
low-energy production through the TCA cycle as well 
as the mitochondrial respiratory chain system in mam-
mary cells due to mitochondrial oxidative stress.

The elevated cellular metabolic energy levels account 
for abnormal metabolic properties of tumors. Increased 
rate of glycolysis in tumor cells leads to an increase 
in intracellular concentration of glucose-6-phosphate. 
It is a key precursor in de novo synthesis of nucleic 
acids, phospholipids and other macromolecules[20]. 
Increased synthesis of glycolytic components may be 
essential to keep rapid cell division and membrane bio-
synthesis during tumor growth. Thus, rapid proliferat-
ing tumor cells have an excessive energy demand for 
nuclear cell division[21]. Phosphoglucoisomerase acts as 
a catalyst in the conversion of glucose-6-phosphate to 

fructose-6-phosphate and it is an indicator of metastasis. 
Alterations in the activities of phosphoglucoisomerase 
might be expected by the influence of a proportion of 
glucose 6-phosphate, which is metabolized via the gly-
colytic pathway[22]. Hennipnan et al. reported increased 
activity of aldolase in metastatic tumor. Upon tangere-
tin treatment, breast cancer cells could decrease glyco-
lytic regulatory enzyme activities, which might be due 
to production of high amounts of glucose-6-phosphate 
by repairing defective mitochondria. Previous studies 
reported that natural flavonoids could inhibit glycoly-
sis in tumor cells. Tangeretin inhibits accelerated glyc-
olytic activities in cancer and also induces the apoptotic 
cell death in malignant tumor cells[23].

In the present study, we have observed that the activ-
ities of gluconeogenic enzymes were significantly 
lowered in the liver tissue of DMBA-induced breast 

Fig. 3 Immunohistochemical protein expression of proliferating cell nuclear antigen (PCNA) in mammary tissues. The immunohistochemical 
microphotography (A & E) shows no PCNA expression in normal and tangeretin alone treated breast tissues, respectively. PCNA is highly expressed in 
breast cancer tissue (B). There is mild proliferative PCNA expressions in tangeretin treated breast tissues (C & D).
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cancer-bearing rats. Reduction rate of fructase-1,6- 
bisphosphatase might lead to a higher concentration 
of its substrate fructose-1,6-bisphosphate, which is an 
allosteric activator of pyruvate kinase. Alternatively, 
down regulation of glucose-6-phosphatase activity 
is likely to increase the concentration of its substrate 
glucose-6-phosphate, which might be used by pentose 
phosphate shunt pathway to produce ribose-5-phos-
phate for rapid nucleotide synthesis in cancer[24]. The 
diminished activities of fructose-1,6- bisphosphatase 
and glucose-6-phosphatase were due to higher concen-
tration of lactic acid production in neoplastic tissues. 
Higher rate of glucose utilization and an increased 
production of lactic acid are characteristic features of 
neoplastic cells[25]. Gluconeogenesis from lactate on the 
other hand is an essential energy- requiring process as 
pointed out by Fenninger and Mider. Gluconeogenesis 
may play an important role in excessive energy expend-
iture of the host; thus, it is contributing to promote 
weight loss[26]. Tangeretin effectively acts on prolif-
erative cancer cells by ameliorating the gluconeogenic 
activities.

Mitochondria are considered as the major source of 
cellular ROS, which may inhibit mitochondrial Krebs 
cycle enzyme activities[27]. The mitochondrial TCA 
cycle enzyme activities were significantly lowered in 
cancer, which is due to membrane damages by the oxi-
dative stress-induced free radicals. Formation of ROS 
disturbs the nitric oxide pathway, resulting in protein 
nitration, oxidative damage of DNA and lipid peroxi-
dation. However, it is more and more evident that alter-
ations of energy metabolism in cancer are especially 
due to mitochondrial dysfunction. Decreased activities 
of ICDH, α-KGDH and SDH could be due to the alter-
ation in mitochondrial membranes, morphology and 
organelles from peroxidation of macromolecules[28]. 
Tangeretin plays a major role in restoring the mitochon-
drial function on DMBA-induced breast cancer-bearing 
rats.

Inhibition of the mitochondrial TCA cycle and res-
piratory chain enzyme activities could lead to a leakage 
of electrons, which produces a reducing environment 
within the mitochondria, thereby generating free rad-
icals[29]. Reduction activities of NADH cytochrome c 
oxidoreductase and cytochrome c oxidase were noted 
in DMBA-induced breast cancer. It clearly indicates 
that an elevated state of oxidative stress could lead to 
impaired regulatory functions of mitochondria. These 
free radicals, particularly free •OH radical, can damage 
the mitochondrial membrane, which causes leakage of 
cytochrome c from the mitochondria into the cytosol[30]. 
Our current study showed that tangeretin could inhibit 
the highly significant release of cytochrome c in the 
cytosol from mitochondria. The reason for this may lie 

in the fact that tangeretin may be able to repair mito-
chondrial membrane damage. Tangeretin could increase 
mitochondrial enzymes, which are related to energy 
metabolism. Tangeretin could completely restore 
NADH cytochrome c oxidoreductase and cytochrome 
c oxidase. It indicates that tangeretin is capable of miti-
gating mitochondrial oxidative stress-induced prolifer-
ation of breast cancer cells.

Cellular proliferation of the mammary tissues was 
observed by immunohistochemical examination of 
PCNA expression. PCNA was overexpressed in 80% 
of breast cancer according to a previous study[31]. In 
our study, the protein expression of PCNA signifi-
cantly increased due to potential mutagenic activity 
of DMBA. However, tangeretin drastically decreased 
PCNA expression, due to the inhibition of rapid DNA 
synthesis. PCNA primarily expressed during the cell 
cycle progression and its rate of synthesis is directly 
correlated with proliferative cancer cells. PCNA is a 
cell nuclear protein, and it functions as an auxiliary 
protein for DNA polymerase delta. Tangeretin inhib-
its the cellular G1, G1/S phases in the cell cycle sys-
temin cancer progression[32]. Juhee et al. also reported 
that tangeretin significantly inhibited proliferation, 
DNA synthesis and migration of aortic smooth mus-
cle cells by blocking AKT activation[33]. In that way, 
anti-proliferative activity of tangeretin control prolifer-
ative breast cancer. 

In conclusion, pre- and post-treatment with tangeretin 
in breast cancer could prevent abnormal carbohydrate 
metabolic energy fluxes and brought back to normal the 
functions of mitochondria in energy metabolism. 
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