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The paper presents an investigation into the effects of endurance training and testosterone enanthate (TE)

treatment on rat blood serum by fluorescence spectroscopy. Blood serum was collected from adolescent male
Wistar rats randomized between the untrained controls and trained animals, either steroid untreated or receiving
I.M. injections (8 or 80 mg/kgBW) of testosterone enanthate. Fluorescence measurements were performed for
undiluted or 20- and 500-fold diluted serum and analysed separately in the ultraviolet and visible light regions.
In both regions the impact of the TE administration was more pronounced than the effect of endurance training.
Moreover, in the visible region of spectrum, originated from a number of fluorescent metabolites, the influence
of studied factors was more noticeable. The opposite effect of endurance training and administration of TE on
serum emission was found for a lower (8 mg/kgBW) dose of testosterone, whereas a high-dose TE (80 mg/kgBW)
treatment resulted in a return of fluorescence intensity.
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1. Introduction
Regular exercise training, recommended to improve

athletic performance, is often combined with anabolic-
androgen steroid (AAS) treatment, especially in young
athletes. In the short term, the combination of regular
physical activity and administration of AAS doses can in-
crease strength and muscle mass and affect erythropoiesis
and blood hemoglobin concentrations [1]. The relation-
ship between the trainability of individuals subjected to
physical exercise and the levels of circulating testosterone
was discussed by Cadore and Kruel [2]. However, AAS
abuse may cause a number of side effects, such as an
increment in aggressive behaviour and enhancement of
cardiovascular risk factors including elevated blood pres-
sure and reduced high density lipoprotein in the blood
serum [3, 4]. Prolonged use of AAS in relatively high
doses lead to hypogonadism, with decreased serum con-
centrations of luteinizing hormone, follicle stimulation
hormone and endogenous testosterone [1]. Recently the
possibility of calorimetric monitoring of the effect of en-
durance training and administration of testosterone doses
on the process of rat serum thermal denaturation has
been pointed [5].

However, to our knowledge, no systematic study has
been undertaken on the effects of endurance training
and testosterone treatment on the fluorescence spectra of
blood serum. Alterations in the fluorescence spectra of
endogenous and exogenous biological chromophores are
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related to the environment and the current metabolic
status of the tissue, which may vary with the transi-
tion from the normal to the pathological state [6, 7].
The detection of emission signals has been employed in
medicine as an effective and non-invasive probe of bio-
chemical and biomorphological alterations in precancer-
ous tissue. Many efforts have been made to optimize
the detection and imaging of diseased tissues, explor-
ing the diagnostic potential of exogenous fluorophores
developed for photodynamic diagnosis and therapy [8].
Fluorescence spectroscopy may also give valuable infor-
mation in non-cancerous cases, for example, fluorescence
spectroscopy was applied as a tool for bone development
monitoring in new-born rats [9, 10].

Serum contains 60–80 g of protein/l and various small
molecules, including salts, lipids, amino acids and sug-
ars. All fractions of serum proteins (albumin, alpha-
globulins, beta-globulins and gamma globulins) emit the
specific fluorescence spectrum in the ultraviolet region,
mainly due to the presence of three aromatic amino
acids: phenylalanine (Phe), tyrosine (Tyr) and trypto-
phan (Trp) in their structures. It was demonstrated
that the patterns of fluorescence in diluted serum sam-
ples might provide information about the health status
of the individual [11–14]. Characteristic differences in
the Trp fluorescence spectra of sera, as a way of getting
information about neoplastic diseases, were proposed
by Leiner et al. [12] and Hubmann [13]. Fluorescence
spectroscopy in combination with advanced multivariate
data analysis of serum samples to discriminate healthy
females from breast cancer patients was presented by
Nørgaard et al. [14].
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This paper presents an investigation in an animal
model regarding the usefulness of fluorescence spec-
troscopy of serum samples for testing the effect of en-
durance training alone or combined with administra-
tion of testosterone enanthate (TE). For this purpose,
the emission spectra of serum derived from sedentary or
endurance-trained rats subjected to treatment with two
different doses of exogenous steroid were studied.

2. Experimental

Thirty-six adolescent male Wistar rats from the
Mossakowski Medical Research Centre (Warsaw, Poland)
were used for the study. The study protocol was ap-
proved by the First Warsaw Ethical Committee for Ani-
mal Experiments of the Polish Academy of Sciences, War-
saw, Poland (Certificate of approval No. 251).

The selected rats were randomized among the fol-
lowing groups: untrained controls (UTr, N = 6), un-
trained rats receiving 8 mg/kgBW (UTr+TE8, N = 6) or
80 mg/kgBW (UTr+TE80, N = 6) of testosterone enan-
thate (TE) weekly, endurance-trained steroid-untreated
rats (Tr, N = 6), and endurance-trained rats receiving
8 mg/kgBW (Tr+TE8, N = 6) or 80 mg/kgBW of TE
weekly (Tr+TE80, N = 6). A stock TE solution was
diluted with sesame oil as needed and injected intra-
muscularly once a week for six weeks, alternately into
the right and left hind limbs. TE-untreated rats were
given the same volume of the oil according to the same
schedule. It should be noted that the lower TE dosage
(8 mg/kgBW) approximated well the AAS dosage typi-
cally used by athletes while the higher TE dosage roughly
matched the maximum reported AAS dosage [15, 16].

The rats scheduled for endurance training were exer-
cised on a rodent treadmill five days a week for six weeks,
as described previously [15]. Two days after the comple-
tion of the training, the rats were killed by decapitation,
and the trunk blood was collected. The collected blood
was allowed to clot at room temperature and spun to ob-
tain serum for the assessment of total testosterone (TT)
and free fatty acids (FFAs) using commercially avail-
able diagnostic kits KIPI19000 (DIASource Immunoas-
says S.A) and Randox FA 115, respectively.

The samples of rat sera were stored at –80 ◦C until
the fluorescence was measured. The fluorescence study
was conducted at room temperature on the blood serum
collected from six rats for each of the six groups men-
tioned. Fluorescence measurements of undiluted and di-
luted serum samples were performed. For acquisition of
the data for fluorescence spectra in the visible region,
the sera were diluted 1:20 with degassed redistilled wa-
ter (DDW), whereas for the analysis of spectra in the
ultraviolet region, a 1:500 dilution was applied. The pH
of the diluted samples was within the range of 6.5 to 7
and 7–7.5 for the 1:500 and 1:20 diluted samples, respec-
tively. Complete excitation emission matrices (EMMs)
involving the fluorescence intensity were registered using
a spectrofluorometer Hitachi F-2500 with software FL-
Solutions. The following instrumental settings were used:

the slit widths for experiments were 2.5 nm (excitation)
and 5.0 nm (emission). The emission spectra of undiluted
samples were recorded with 5.0 nm step at the excitation
wavelengths from 240 to 420 nm while emission spectra of
diluted samples in the both ultraviolet and visible region,
separately, could be scanned with 1.0 nm step.

Statistical analysis of the results was performed
with Statistica 10 using ANOVA or the nonparamet-
ric U-Mann Whitney test and the post hoc NIR test.
The Shapiro–Wilk and the Levene tests were used to
check the normality of the distributions and the ho-
mogeneity of variance, respectively. Differences with a
p < 0.05 were regarded as significant.

3. Results and discussion
3.1. Mapping of rat serum fluorescence

A sample 3D presentation of total fluorescence of undi-
luted serum is shown in Fig. 1a.

Fig. 1. Sample presentations of excitation emission
matrix: (a) raw serum from the untrained control group
(UTr), (b) the same sample diluted 1:20, (c, d) the ul-
traviolet region for serum from group (Tr+TE8) at di-
lutions of 1:20 and 1:500, respectively, (e, f) the visible
region for serum from UTr groups and Tr+TE8, respec-
tively (dilution 1:20).

Two well-separated parts of the emission in the ultra-
violet and visible regions have been detected for all stud-
ied serum samples. Both peaks are broad and reveal the
complex nature of autofluorescence in serum. For an ex-
citation with ultraviolet radiation wavelengths, a strong
emission peak with a maximum at approximately 345 nm
(ex/em 305/345 nm) with the marked elongated shoulder
towards the lower wavelengths excitation was observed in
all studied samples. This emission may be identified as
fluorescence resulting from aromatic amino acids emis-
sion bands originating from numerous serum proteins.
The fundamentals of protein fluorescence have been sum-
marized by Lakowicz [17]. The second part of the fluo-
rescence occurring in the visible region is attributed to
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closely spaced overlapping emissions generated by a num-
ber of low molecular mass fluorescent compounds such as
metabolic coenzymes (NAD(P)H, flavins) or the Schiff
base of pyridoxal phosphate with amino acids according
to the literature [11, 14] assuming that there are analo-
gies in the fluorescence of human and rat serum (despite
some proteins that are unique to rats [18]).

However, the fluorescence of complex mixtures may
not be additive due to quenching phenomena and interac-
tions with the molecular environment of the fluorophores.
Therefore, an analysis has been conducted on the spectra
of appropriately diluted samples of rat serum, assuming
that the overall signal of fluorescence could be expressed
as the sum of the fluorescence contributions from each of
the fluorophores.

A dilution of serum causes an increase in fluorescence
in the ultraviolet region and a drop in fluorescence in the
visible region (Fig. 1b). Therefore, the analysis of the
results was conducted in both regions separately, as was
previously proposed by Wolfbeis and Leiner [11].

A representative ultraviolet region of the fluores-
cence topogram of the serum diluted 1:20 and 1:500
is shown in Fig. 1c and d, respectively. The dom-
inating peak originating from the fluorescence of Trp
residue (ex/em 290/335 nm) and the second smaller max-
imum, which can be attributed to the fluorescence of Tyr
(ex/em 270/335 nm), are visible in two-dimensional con-
tour plots forming an elongated ellipsoid for the 1:20 di-
lution (Fig. 1c). With an increasing dilution of serum,
the recorded patterns become more symmetrical due to
the disappearance of the Tyr emission. A loss of Tyr flu-
orescence may be interpreted in terms of efficient Förster
resonance energy transfer (FRET) from Tyr to Trp
residues [15] due to the partial overlap of the Tyr emission
with the absorption spectrum of Trp. For serum samples
diluted 1:500, the contour plots (Fig. 1d) indicate only
the maximum of the Trp emission (ex/em 282/339 nm).

Figure 1e–f presents characteristic EEMs registered
in the visible region for the studied rat serum samples.
It should be noted that the two-dimensional contour plots
of fluorescence differ from one another. The shift of max-
imum fluorescence between 435 and 455 nm in the excita-
tion range of 325–365 nm dependent of the studied sam-
ple was registered. An asymmetric shape of the contour
lines of the emission (Fig. 1f) was observed for the serum
from the endurance-trained rats and the endurance-
trained and steroid-treated (TE = 8 mg/kgBW) more of-
ten (up to 40%) than for the other groups, especially the
sedentary group, which showed less asymmetric patterns
(Fig. 1e). Such attributes of the emission spectra may
be connected with the unstable endogenous fluorophores
in the rat serum. Thus, fluorescence profiles under exci-
tation wavelengths of 325 and 365 nm have been chosen
for better insight into the spectral differences (Fig. 2a).

The shape of the curves at ex. 365 nm is more
complex than those at 325 nm, and their intensities
are lower under excitation 365 nm than 325 nm for all
trained group analogues (treated with the same dose

Fig. 2. The average emission spectra of rat sera:
(a) ex. 325 and 365 nm (dilution 1:20), (b) ex. 365 nm
after normalization (dilution 1:20).

of TE). The normalization of averaged spectra at 365 nm
(Fig. 2b) reveals contributions from pyridoxic acid lac-
tone (ex/em 365/420 nm) for all trained groups of rats
and clearly indicates a stable maximum of fluorescence
at 440 nm, which is thought to be characteristic for
NAD(P)H and also for pteridine derivatives. However,
the concentration of these species in serum and thereby
their emission are very low; therefore, the fluorescence of
advanced glycation end products (AGEs) having similar
spectra was suggested by Münch [19]. Recently, stud-
ies on AGEs of human serum albumin by means of cir-
cular dichroism, fluorescence spectroscopy and differen-
tial scanning calorimetry have been reported by Bohlooli
et al. [20]. The fluorescence spectra at 325 and 365 nm
obtained in our study seem to be similar to those from
glycated human serum. This may suggest an effect of
AGEs on emissions in visible region, but a hypothesis
that endurance training and testosterone treatment may
affect AGE levels requires further study.

3.2. Effect of endurance training and testosterone
treatment on serum fluorescence

Differences between emission curves of serum samples
of steroid-treated rats and untreated rats in the ultra-
violet region are shown in Fig. 3. Some increase of
Trp emission of serum from trained and sedentary rats
treated with lower dose of testosterone (TE8), but the
high dose testosterone treatment (TE80) reverses this ef-
fect. The effect of TE dose is more marked in trained
than in sedentary rats, but unfortunately, the observed
changes in fluorescence are not statistically significant,
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probably due to large inter-individual variability. The ef-
fect of testosterone dosage may be connected with modifi-
cation of fluorescence of albumin, the protein involved in
transport of serum endogenous steroids, as well as trans-
port of fatty acids in the circulation [21].

Fig. 3. Differences between average emission curves of
serum samples of steroid-treated rats and untreated rats
in the ultraviolet region (dilution 1:500).

Fig. 4. Average values of emission maximum of di-
luted 1:20 serum as a function of testosterone dose at
ex. 325 nm (a, b) and at ex. 365 nm (c, d) for the un-
trained and endurance-trained groups of rats, respec-
tively. At ex. 325 nm significant changes were obtained
between UTr+TE0 and Tr+TE80 as well as Tr+TE8
and Tr+T80 groups (Test NIR) and at ex. 365 nm be-
tween UTr+TE8 and Tr+TE8 groups (Test U Mann-
Whitney).

Serum fluorescence spectra in the visible region are
changing substantially (Figs. 1e,f and 2), although the
excitation and emission ranges of serum fluorescent
species overlap to a large extent, so there are no sep-
arate emission peaks in this region. Therefore, a spe-
cial focus was put on changes in the maximum fluores-
cence intensities under specific excitation wavelengths
(325 nm and 365 nm) as a function of the experi-
mental conditions, i.e., sedentary/trained and steroid
treated/untreated groups (Fig. 4).

Serum emission spectra at 325 nm show the marked
tendency to a systematic decrease with increasing dose
of TE in samples collected from untrained (Fig. 4a) but
not endurance-trained animals.

The administration of a lower dose of TE (8 mg/kgBW)
in trained animals caused some increase in serum fluores-
cence (Fig. 4b), but the opposite effect was observed in
animals given a large steroid dose (80 mg/kgBW). Sta-
tistically significant differences were found between the
Tr+TE8 and Tr+TE80 (p = 0.02), as well as between
the UTr and Tr+TE80 (p = 0.04) groups. Moreover, it
seems that training alone may somehow contribute to a
decrease in fluorescence at 325 nm in serum from steroid-
untreated rats, but the differences between UTr and Tr
groups have not reached statistical significance.

Among observed differences in maximum emission
at 365 nm, only those observed in serum spectra from
UTr+TE8 and Tr+TE8 groups of animals were statisti-
cally significant (Fig. 4c and d). This may imply that
endurance training potentiates the effect of steroid treat-
ment on maximum emission at 365 nm; however, treat-
ment with a higher dose of TE (80 mg/kgBW) reverses
the effect of endurance training. The possibility of the
antagonistic effects of testosterone and physical activity
on muscle fiber diameter in rats was reported by Hodosy
et al. [22]. Similar negative effect of a high-dose testos-
terone treatment on myocardial antioxidant defences was
found in adolescent male rats [15].

Moreover, an attempt was made to find a relationship
between the intensity of autofluorescence and biochemi-
cal parameters in sedentary and endurance-trained rats
treated with different doses of testosterone. Statistically
significant differences were observed for serum fluores-
cence in the visible region only. The negative moder-
ate correlation between the fluorescence intensity at an
excitation of 325 nm and total testosterone concentra-
tion (TT) in serum was found for all serum samples
(r = −0.36, p = 0.03). When only endurance-trained
groups of rats are taken into account, this correlation be-
comes stronger (r = −0.48, p = 0.045). It means that
a decrease in fluorescence at ex. 325 nm could indicate
testosterone abuse. The fluorescence intensity at excita-
tion of 365 nm shows the negative correlation (r = −0.35)
with FFA level in sedentary rats, which becomes weaker
(r = −0.23) when the endurance-trained rats are in-
cluded into analysis. It follows that the strength of cor-
relation depends on use it or not endurance training.
Such behavior seems to be justified because, as reported
by Newsholme and Blömstrand [23], physical activity
may elevate plasma level of FFAs. Moreover Langfort
et al. [24] reported that testosterone affects hormone-
sensitive lipase (HSL) and enhances lipolysis.

4. Final remarks

Our studies prove that the effects of endurance train-
ing and administration of testosterone are reflected in
the fluorescence spectra of rat sera. Changes in fluores-
cence originating from metabolites in the visible region
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are more substantial than in the ultraviolet region domi-
nated by Trp emission. The opposite effects of endurance
training and administration of a lower dose of TE has
been observed in fluorescence measurements. The high
dose of TE blunts the differences in fluorescence of sera
collected from trained and sedentary rats, probably due
to steroid over-dose. The actual interpretation of these
interesting results needs to be validated in human stud-
ies. Fluorescence spectroscopy seems to be a promising
method for estimating the effects of endurance training
and the usage of AAS in health care and sport settings.
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