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Abstract
Amino acid levels are tightly regulated through a continuous cycle of protein formation/degradation to maintain neutral protein balance. Tumor cells require a greater 
amount of amino acids for the synthesis of new proteins and nucleic acids; therefore, changes in the circulating amino acid profile may be detected and could be used 
to establish a specific profile for each type of cancer. However, the influence of dietary compounds, which could alter these patterns, has been described in cancer. 
Here we analyzed the effects of several dietary fats [extra virgin olive oil, sunflower oil and sunflower oil enriched with oleic acid] together with standard commercial 
diet, on serum free amino acids in rats with N-methyl-nitrosourea-induced breast cancer. We examined the changes in circulating free amino acid levels, as well as 
if a specific amino acid profile existed and whether the type of dietary fat modified this profile. We found changes in several amino acids, including aspartic acid, 
glutamine, glycine, 1-methyl-histidine, 3-methyl-histidine, ornithine, taurine and  alanine, depending on the type of dietary fat used. Our results indicate that the 
establishment of a specific amino acid profile for breast cancer could be influenced by external factors such as dietary fat.
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Introduction
It is well known that circulating free amino acid levels reflect all 

factors that affect the body’s amino acid flow, and are tightly regulated 
through a continuous cycle of protein formation-degradation in 
order to maintain neutral protein balance in physiological conditions 
[1]. However, amino acids also play an important role as metabolic 
regulators [2,3] of a myriad of processes such as gene expression, 
immune function and cell growth and differentiation [3-5]. All these 
processes are involved in some way in tumor development. In fact, it 
has been extensively described that carcinogenesis is associated with 
genetic mutations and therefore with an upset gene expression that 
might produce changes in the glycolitic and lipid metabolism as well 
as to alterations in amino acids and nucleotides. Thus, the presence of 
a tumor has frequently been associated with an alteration in protein 
metabolism and is characterized by an increase in protein exchange [6]. 
In fact, the tumor cells require a greater amount of amino acids for the 
synthesis of proteins and nucleic acids [7-9]. Therefore, the circulating 
free amino acids profile may be altered and reflect the onset and 
development of the tumor [10]. In the last years, many researchers have 
demonstrated an increased interest in blood free amino acid profile and 
their potential use as biomarkers of cancer and other pathologies [11-
15]. Earlier studies showed that plasma amino acid levels alteration in 
cancer patients were closely related to cachexia and weight loss [16,17]. 
However, it has been observed that amino acids profile in cancer 
patients who also present cachexia is different from those malnourished 
patients with other pathologies [14]. In addition, changes in amino 
acid levels have also been observed in patients with normal weight 
and serum albumin values. It has also been described that alterations 
in amino acid levels occur in the first stages of the disease and there 
are no significant changes between the initial and subsequent stages 
[16]. In addition, different researchers have suggested the possibility 
of establishing a specific amino acid profile for each type of cancer. 
In fact, Miyagi et al. [2] distinguish two types of alterations in plasma 

amino acid levels in cancer patients: First, changes in a limited number 
of amino acids that reflect common metabolic changes in many types 
of cancer and second, changes in a high number of amino acids which 
represent specific metabolic characteristics to each tumor type. By 
other hand, the relationship between cancer and specific nutrients is 
also known and many epidemiological evidences have suggested that 
diet affects cancer risk and mortality. Thus, fat and fatty acid intake has 
been shown to have some associations with different types of cancer as 
lung, colon and breast cancer risk [18].

Breast cancer continues to be one of the most frequent and deadly 
pathologies in women despite the new strategies and therapies that have 
emerged in recent years, but they are not effective against all the breast 
cancer subtypes due to their genetic diversity [19,20]. Therefore, the 
knowledge of new biomarkers for early detection and new therapeutic 
targets is necessary. In this way, several researchers have analyzed the 
plasma amino acid profile in patients with breast cancer in order to find 
those amino acids which could be considered as earlier biomarkers. In 
the etiology of breast cancer, dietary factors have also been analyzed 
and especially the influence of dietary fat has been studied, but the 
underlying mechanisms remain unclear [21].

In the present work, we analyze the influence of normolipidic 
dietary fats [olive oil, sunflower oil and sunflower oil enriched with 
oleic acid] on serum amino acids in rats with experimentally-induced 
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mammary tumors. It will allow us to know the changes in circulating 
free amino acid levels in this animal model, if a specific profile of amino 
acids exits in this type of tumor, and if an external factor such as the 
type of dietary fat modifies this profile.

Material and methods
Animals and treatment

Seventy three female virgin Wistar rats (149.4 ± 2.7 g body weight) 
were used in this work. The animals were provided from the animal 
house care of the University of Jaén, and maintained in an environment 
controlled under constant temperature (25 °C) with a 12-hr-light/12-
hr dark cycle. All animals were allowed access to water and food ad 
libitum. The experimental procedures for animal use and care were in 
accordance with the European Community Council directive (2010/63/
EU) and approved by the ethical committee of the University of Jaén. 
The rats were randomly divided into five groups. Four groups of 16 
animals were injected intraperitoneally with three doses of 50 mg/Kg 
body weight of NMU at 50, 80 and 110 days after birth. All rats were on 
estrus cycle during the first injection, verified by daily vaginal smears. 
Animals were fed with AIN-93M diets containing 4% of fat, constituted 
by extra virgin olive oil (EVOO dietary group), refined sunflower oil 
(SO dietary group) or refined sunflower oil enriched with 50% oleic 
acid (OAESO dietary group). The fourth dietary group received a 
commercial standard diet with 4% soybean oil (Musal and Chemical, 
Spain). Finally, a fifth group of 9 animals was considered as control and 
animals were injected intraperitoneally with the vehicle only and fed 
with the commercial diet. After 17 weeks of the first NMU injection, 
animals were sacrificed under equithesin anaesthesia (2 ml/kg body 
weight), and a complete post-mortem examination was carried out. 
Blood samples were obtained in tubes without anticoagulants through 
the left cardiac ventricle and centrifuged ten minutes at 3000g at 4 °C 
to obtain the serum. These samples were frozen and stored at  -80 °C, 
until use. The parameters of carcinogenesis and the histopathological 
characteristics of the different dietary groups have been previously 
described [21].

Amino acids determination

Amino acids content was assayed by HPLC coupled to a 
fluorescence detection system. Serum samples (40 µL) were 
deproteinated by ultrafiltration through a 10,000 molecular weight 
cutoff filter. The deproteinated serum was precolumn derivatized with 
OPA reagent (o-phthaldialdehyde in borate buffer pH 9.5 containing 
3-mercaptopropionic acid) and injected through a refrigerated 
Perkin-Elmer Series 200 automatic sample injector into a 150 x 3.9 
mm Waters Resolve 5µ C-18 column. The mobile phase consisted of: 
(A) 53 mM sodium phosphate plus 1.2 mM EDTA (pH 6.3), and (B) 
50/50 acetonitrile/water. A flow rate of 1 ml/min was maintained with 
a Perkin-Elmer Series 200 pump, using gradient of solvent A from 90 to 
0% in 30 min. The fluorescence detector (Perkin-Elmer Series 200a) was 
set at an excitation wavelength of 340 nm and an emission wavelength 
of 420 nm. Data was processed with the TotalChrom WorkStation ver. 
6.3.1 software from Perkin-Elmer. Concentrations were expressed as 
nmoles of amino acid per milliliter.

Calculations

Val, Leu, and Ile were summed as branched-chain amino acids 
(BCAAs). BCAAs plus the aromatic amino acids Tyr and Phe were 
summed as large neutral amino acids (LNAAs). BCAAs along with 
Phe, Met, Thr, Lys, and His were summed as essential amino acids 

(EAAs). Ala, Gly, Ser, Gln, Arg, Tau, Gln, Glu, Asn, Asp, Orn and Cit 
were summed as nonessential amino acids (NEAAs). Arg, Orn, Lys and 
His were summed as basic amino acids (BAAs). The Phe:Tyr ratio was 
also calculated because it is typically lower when there is a deficit in 
dietary protein [22].

Statistical analysis

All values represent the mean of the individual determination ± 
standard error of the mean (SEM). Data was analyzed by multiple 
analysis of variance (MANOVA) plus Newman-Keul’s post-hoc test, 
using IBM Pass V.19 software. Values of P<0.05 were considered 
significant. 

Results
Free serum amino acid levels in healthy control animals and in 

animals with NMU-induced breast cancer fed with different dietary 
fats (commercial, EVOO, SO and OAESO) are showed in Table 1. We 
did not find significant differences between groups for Tyr, Phe, Val, 
Met, Ile, Leu, His, Cit, GABA, BCAAs and LNAAs levels or the Phe:Tyr 
ratio. On the contrary, significant increases in serum Asp (p<0.01), Gln 
(p<0.05), Gly (p<0.01), Ala (p<0.05), Thr (p<0.01), 1-met-His (p<0.01), 
3-met-His (p<0.01), Orn (P<0.01), Tau (p<0.01), NEAAs (p<0.05) 
and BAAs (p<0.05) levels were observed in animals with NMU-
induced breast cancer fed with a commercial diet when compared with 
healthy control animals. Animals with NMU-induced breast cancer 
fed with EVOO showed also higher serum levels of Aad (p<0.05), 
Gln (p<0.05), Trp (p<0.01), Gly (p<0.01), Thr (p<0.01), Ala (p<0.01), 
1-met-His (p<0.01), 3-met-His (p<0.01), Lys (p<0.01), Arg (p<0.01), 
Orn (p<0.01), Tau (p<0.01), EAAs (p<0.01), NEAAs (p<0.01) and 
BAA (p<0.01) than animals of healthy control group. In the same way, 
animals with NMU-induced breast cancer fed with SO showed also 
higher serum levels of Aad (p<0.05), Asn (p<0.01), Ser (p<0.05), Trp 
(p<0.01), Gly (p<0.01), Thr (p<0.01), Ala (p<0.01), 1-met-His (p<0.01), 
3-met-His (p<0.01), Lys (p<0.05), Arg (p<0.01), Orn (p<0.01), NEAAs 
(p<0.01)  and BAAs (p<0.01) than animals of healthy control group. 
On the contrary, animals with NMU-induced breast cancer fed with 
OAESO showed only higher serum levels of Gln (p<0.05), Ala (p<0.05) 
and Orn (p<0.01), whereas Glu and Ser were significantly decreased 
(p<0.01 and p<0.05 respectively) when compared with the animals of 
healthy control group. 

Regarding the dietary groups, a group of amino acids exist that 
increase with breast cancer and remain high when commercial, AOVE 
or SO fats are used, but dietary OAESO return their values to control 
levels. They are Gly (p<0.01), Thr (p<0.01), 1-met-His (p<0.01), 
3-met-His (p<0.01), NEAAs (p<0.05) and BAAs (p<0.05). Similarly, 
Gln increases (p<0.05) with breast cancer and remain high when 
commercial, AOVE or OAESO fats are used, but dietary SO return 
their values to control levels. Only serum Ala and Orn levels were 
significantly increased (p<0.05; p<0.01 respectively) in animals with 
NMU-induced breast cancer independently of the dietary fat used.

By other hand, a second group of amino acids did not were 
significantly modified in animals with breast cancer when a commercial 
diet was administrated, but significant changes were found when other 
dietary fats. Thus, serum Aad (p<0.05 or p<0.01), Trp (p<0.01), Lys 
(p<0.01) and Arg (p<0.01) levels were significantly modified when 
EVOO and SO but not OAESO were used as dietary fats. In the same 
way, Glu, Asn and Ser as well as EAAs did not significantly change in 
animals with NMU-induced breast cancer fed with commercial diet, 
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It has been also accepted that the availability of free amino acids 
is often reduced in cancer patients due to malnutrition but also by the 
increase in the amino acid demand as a consequence of the presence 
of the tumor; in fact, proteins are a reservoir of metabolic energy that 
may be seriously reduced during tumor growth [10]. For their growth, 
tumors require EAAs, in particular, Gln, Gly and Asp (necessary for the 
purine and pyrimidine synthesis) and Ser (necessary for the synthesis of 
membrane lipid compounds). This demand for amino acids generally 
leads to a gradual loss of muscle mass [23,24], which in turn causes a 
decrease in the availability of amino acids, especially EAAs. However, 
all types of tumors have not the same demand for amino acids. In fact, 
the analysis of plasma amino acid profile in patient with cancer showed 
heterogeneous results and three key variables have been described: The 
tumor type, the tumor grade and the nutritional status of the patient. 
Also, several authors had considered that the most important changes 
in plasma amino acid profile happened in patients with metastases, that 
is, in the more advanced stages of the tumor and in those patients whose 
also present anorexia, malnutrition and progressive weight loss [25-
27]. However, it has been recently observed that the changes in plasma 
amino acid profile in patients with cancer and caquexia are different to 
those detected in malnourished patients with other pathologies. In fact, 
changes in amino acid levels have also been detected in patients with 
normal weight and serum levels of albumin [16]. In addition to these 

but change in a different degree and without a consistent profile when 
compared with the other dietary groups analyzed. 

Finally, serum Asp level was significantly higher (p<0.01) in animals 
with NMU-induced breast cancer fed with a commercial diet when 
compared with healthy animals, although animals with breast cancer 
fed with EVOO, SO or OAESO did not change their serum Asp levels 
when compared with animals of healthy group. Similarly, serum Tau 
level was significantly higher (p<0.01) in animals with breast cancer 
fed with commercial and EVOO diet, but no changes were detected in 
serum Tau level in animals with breast cancer fed with SO and OAESO 
when compared with the animals of the control healthy group.

Discussion
Circulating free amino acid levels are the reflection of all the 

factors influencing the total flux of amino acids in the organism [6]. In 
healthy populations, amino acids are regulated by a continual cycling 
of protein synthesis and degradation to maintain a neutral protein 
balance [1]. But amino acids also act as metabolic regulators [2,3] of 
gene expression and cell growth and proliferation [3-5], which may be 
involved in tumoral processes. In fact, the presence of a tumour has 
also been associated with an alteration of protein metabolism which 
is mediated by the tumour itself and characterized by an increased 
protein turnover [6].

Amino acid Abbreviation
Experimental groupa

Healthy control Commercial EVOO SO OAESO
Aminoadipic acid Aad 185.1 ± 6.8 148.1 ± 12.9 181.3 ± 8.3 203.4 ± 17.4 215.6 ± 19.9

Aspartic acid Asp 4.5 ± 0.4 8.1 ± 0.7 6.4 ± 0.3 5.4 ± 0.6 3.2 ± 0.5
Glutamic acid Glu 50.4 ± 8.7 46.7 ± 12.7 49.9 ± 6.1 58.5 ± 10.6 27.8 ± 7.9

Asparagine Asn 164.7 ± 18.0 163.9 ± 22.3 169.1 ± 12.6 212.3 ± 16.6 153.6 ± 13.4
Glutamine Gln 4459.6 ± 116.0 5299.0 ± 177.6 5617.9 ± 131.0 4708.4 ± 123.2 5169.0 ± 174.0

Serine Ser 244.2 ± 21.6 225.5 ± 26.5 289.6 ± 19.7 323.0 ± 22.8 172.0 ± 17.5
Threonine Thr 306.03 ± 24.56 495.06 ± 11.12 589.46 ± 29.0 509.75 ± 56.99 355.91 ± 37.04
Tyrosine Tyr 52.7 ± 7.4 46.7 ± 8.2 48.1 ± 4.3 53.6 ± 9.7 50.0 ± 5.8

Tryptophan Trp 62.0 ± 7.3 63.1 ± 6.2 86.1 ± 6.6 84.0 ± 7.0 57.4 ± 5.6
Phenylalanine Phe 30.1 ± 4.6 30.9 ± 4.3 30.4 ± 3.0 30.1 ± 6.6 30.7 ± 3.0

Glycine Gly 410.6 ± 23.5 583.5 ± 20.3 676.5 ± 28.1 593.9 ± 28.9 439.3 ± 26.6
Alanine Ala 692.1 ± 32.7 814.1 ± 28.7 914.9 ± 43.9 812.9 ± 42.2 919.4 ± 32.3
Valine Val 136.1 ± 9.4 135.5 ± 10.4 134.8 ± 9.3 136.0 ± 10.0 135.3 ± 10.3

Methionine Met 45.5 ± 5.8 44.4 ± 3.0 47.8 ± 9.9 48.6 ± 4.1 46.2 ± 6.0
Isoleucine Ile 47.9 ± 4.2 48.1 ± 4.9 51.9 ± 3.5 50.8 ± 6.0 50.0 ± 3.6
Leucine Lau 441.8 ± 38.7 443.6 ± 33.3 431.5 ± 34.3 440.5 ± 39.0 447.5 ± 29.0
Histidine His 113.5 ± 8.1 116.6 ± 9.7 122.3 ± 9.9 121.1 ± 9.3 113.2 ± 4.6

1-Methyl-histidine 1-Met-His 5.4 ± 0.6 24.9 ± 3.9 17.5 ± 3.2 25.0 ± 5.0 9.4 ± 1.0
3-Methyl-histidine 3-Met-His 20.1 ± 1.8 44.6 ± 1.4 42.2 ± 4.0 44.9 ± 6.9 32.7 ± 3.9

Lysine Lys 798.0 ± 45.7 785.6 ± 53.5 1030.4 ± 43.2 1328.8 ± 47.5 787.7 ± 48.0
Arginine Arg 17.3 ± 7.4 16.2 ± 5.6 48.0 ± 11.8 69.1 ±  16.8 16.1 ± 7.2
Citrulline Cit 57.1 ± 4.5 57.5 ± 7.9 53.6 ± 3.0 51.2 ± 8.0 51.6 ± 8.5
Ornithine Orn 179.9 ± 21.3 289.5 ± 16.0 373.3 ± 9.3 371.8 ± 32.7 248.6 ± 31.1

γ-aminobutyric acid GABA 4.7 ± 0.6 4.3 ± 0.5 4.2 ± 0.5 4.5 ± 0.6 4.7 ± 0.6
Taurine Tau 656.3 ± 20.9 838.3 ± 16.4 886.1 ± 32.3 734.8 ± 38.1 607.2 ± 39.1
EAAs Essential amino acids 2330.3 ± 131.2 2252.5 ± 197.3 3112.8 ± 144.2 2375.1 ± 200.8 2533.6 ± 208.9

NEAAs Non-essential amino 
acids 6636.7 ± 152.0 7818.0 ± 223.4 8432.4 ± 204.7 7425.8 ± 538.2 7236.6 ± 304.3

BCAAs Branched chain amino 
acids 625.9 ± 54.9 627.4 ± 51.3 639.3 ± 46.7 629.4 ± 50.9 622.9 ± 41.5

LNAAs Large neutral amino 
acids 775.9 ± 70.0 778.2 ± 69.3 774.0 ± 54.7 760.8 ± 49.0 748.2 ± 52.9

BAAs Basic amino acids 1038.0 ± 86.2 1114.9 ± 57.9 1469.5 ± 165.2 1931.0 ± 281.7 1155.8 ± 115.7
aEVOO, extra virgin olive oil group; SO, sunflower oil group; OAESO, oleic acid-enriched sunflower oil group. Values are expressed as nmoles/mL (Mean ± SEM; n=9-13).

Table 1. Serum free amino acids in rats with breast cancer fed with the different dietary fats.
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in metabolism between species. Some of these amino acids are Gln, 
Asp, Ala and Gly, which levels were significantly increased in animals 
with breast cancer in relation to healthy controls. Some authors have 
considered, as previously mentioned, that these amino acids are 
essential for tumor growth. 

On the other hand, this paper also analyzes the influence of an 
external factor such as the type of dietary fat on circulating free amino 
acid levels. In most of human studies, patients and controls groups 
are usually homogenized in terms of cancer related factors such as 
smoking, weight, age and gender; but it is difficult to control the effects 
of other factors also involved in cancer as diet. Our results showed 
significant changes in amino acid levels in relation with the dietary fat. 
Ala and Orn levels were significant increased in animal with induced 
breast cancer and were the only amino acids not influenced by the 
diet. Therefore, these amino acids could be considered as potential 
biomarkers because they are not affected by external factors. These data 
are also in accordance with the roles of Orn in the inmune response 
and Ala as inductor of cellular proliferation previously described [2].

It must be also take into account that many authors have considered 
that the effect of breast cancer in the availability of amino acids is lesser 
than other types of tumors such as lung cancer [6]. These data may 
reflect, by one hand, a greater resistance to the effects of the tumor and, 
on the other hand, a lower rate of breast cancer to induce metabolic 
stress. In any case, these results may justify the relationship between 
circulating free amino acid levels and cancer. However, to establish 
a specific amino acid profile for each type of cancer and use it as 
biomarker, it could be necessary to consider that many of the changes 
observed in amino acids may be masked by external factors such as the 
type of dietary fat.
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