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para-tyrosine in case of ortho-tyrosine cultured control cells (Panel A of Figure 2, left part). 
Cells grown in medium containing ortho- or meta-tyrosine and EPO showed less para-

tyrosine compared to the para-tyrosine supplemented cells (Panel A of Figure 2, right part).
Panel B of Figure 2 demonstrates, that incorporation of ortho-tyrosine was higher into 

the proteins of ortho-tyrosine cultured erythroblasts compared to the cells cultured with 
meta- or para-tyrosine, in case of non-EPO (control, left part of figure) and EPO (right part 
of figure) cells, as well. Moreover, ortho-tyrosine content was significantly higher in EPO-
cultured cells than that of non-EPO-treated (control) cells, when both were grown in ortho-
tyrosine supplemented medium (comparing left to right part of figure).

Meta-tyrosine incorporation was significantly higher in meta-tyrosine cultured 
erythroblasts both in non-EPO (control) and in EPO groups compared to cells cultured in 
para- or ortho-tyrosine supplemented medium (Panel C of Figure 2, left and right part). 

Analyses of STAT5 and ERK activation
In our Western blot experiments treatment with ortho- and meta-tyrosine prevented 

the increase of STAT5-phosphorylation induced by EPO in para-tyrosine cultured cells (Panel 
A and B of Figure 3). The same inhibition by ortho- and meta-tyrosine was seen in case of 
phosphorylation of ERK 1 and 2 (Panel C-E of Figure 3). 
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Fig. 2. Relative para-, ortho- and meta-tyrosi-
ne content (i.e. ratios of para-, ortho-, and me-
ta-tyrosine/total tyrosine) of cellular proteins 
of TF-1 cells (Panel A, B and C respectively). *, 
P=0.003 vs para-tyrosine cultured erythrob-
lasts; §, P<0.001 vs para-tyrosine cultured cells; 
†, P<0.001 vs. para- and meta-tyrosine cultured 
cells; ⱡ, P<0.001 vs. ortho-tyrosine cultured con-
trol cells; +, P<0.001 vs. para- and ortho-tyrosi-
ne cultured erythroblasts; n=10.

of growing with or without rh-EPO 
(concentration dependence). The ortho-
tyrosine induced impairment of EPO-
response could be competed by 40 mg/l 
of para-tyrosine, while in the case of 
meta-tyrosine at least 60 mg/l of para-
tyrosine concentration was necessary.

As shown in Panel C of Figure 1 
relative protein content (EPO/non-
EPO) of meta- or ortho-tyrosine treated 
cultures were significantly lower, than 
that grown on para-tyrosine. 

 
Tyrosine incorporation into cellular 
proteins
Treatment of the cells with meta-

tyrosine – compared to the culture 
containing para-tyrosine – decreased the 
para-tyrosine content of cellular proteins 
in non-EPO (control) experiments. No 
significant difference was detected in 
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Fig. 3. Representative immunoblots (Panel A) and densitometric analyses of phosphorylation of STAT5 (Pa-
nel B; n=3); immunoblots of ERK1 and 2 (Panel C) and densitometric analysis of ERK1 (Panel D; n=4) and 
ERK 2 (Panel E; n=4). Data are expressed as percent of untreated (control) cells. *, P<0.05; EPO vs control 
(one-sample T-test); †, P<0.05 vs para EPO (one-way ANOVA).

Discussion

In this study, we proved that ortho- and meta-tyrosine incorporate into cellular proteins 
in a detectable, but – compared to the total cellular protein-bound tyrosine – very low ratio 
(0.10-0.15%), with a consequent decrease in activation of antiapoptotic and mitogenic 
signaling pathways. Inadequate phosphorylation of ERK and STAT5 results in deficient 
proliferative response to EPO, leading to EPO-hyporesponsiveness of erythroid progenitor 
cells (Figure 4). 

Oxidative stress is proven to play a major role in the pathogenesis of several morbidities, 
such as diabetic nephropathy, atherosclerosis or ischemic heart disease [20-22]. Higher 
plasma level or urinary excretion of ortho- and meta-tyrosine, as hydroxylated phenylalanine 
derivatives, is associated with altered oxidative state, thus they serve as markers of oxidative 
stress. On the other hand, Ruggiero et al. proved, that ortho- and meta-tyrosine decreases 
tumor proliferation due to the inhibition of ERK and STAT3 activation. They used meta- and 
ortho-tyrosine concentrations up to 827 µmol/l. Similarly, we detected decreased ERK and 
STAT5 phosphorylation in the presence of ortho- and meta-tyrosine. 

In agreement with data of Kitamura et al. [12], also in our experiments culturing cells 
with EPO for 3 days resulted in an approximate 1.7 fold increase in cell counts. Addition of 
meta- or ortho-tyrosine into the culture medium caused a markedly decreased proliferative 
activity, leading to lower cell counts. Since, according to the source, duplication time of this 
cell line is about 22 hour, differences could be already observed even after 2 days of culturing 
(Panel A of Figure 1).
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their role in the protein degradation. In their experiments, concentrations of meta-tyrosine 
reached up to 2000 µmol/l [24].

As EPO-treatment is widely used among patients suffering in renal anaemia, EPO-
hyporesponsiveness is a common concern. The Baltimore Longitudinal Study on Aging 
investigated healthy, non-anemic persons and found that EPO levels rise with age [25]. Vanesse 
and Berliner suggested shorter erythrocyte life span as a possible explanation [26]. On the 
other hand, Dai et al. hypothesized, that aging results in impairment of the mitochondrial 
electron transport chain and through the leakage of electrons, leads to increased production 
of ROS [27]. Their findings indicate – similarly to our observations – that aging related ROS 
overproduction may play a role in the decrease of EPO-sensitivity.

Furthermore, we confirmed that besides its well-known role in numerous cellular signal 
transduction processes [28], hydroxyl free radical induced oxidative stress may be involved 
in hormone resistances via incorporation of ortho- and meta-tyrosine into the proteins. 

In addition, McCullogh et al. observed increased risk for cardiovascular events related 
to the use of higher ESA-dose, independent of the hemoglobin level achieved [29]. Although 
higher efficient EPO-dose results in more prominent unwanted side effects, we hypothesize, 
that this is an epiphenomenon, and higher cardiovascular risk is not triggered by higher 
plasma EPO-level itself, but rather by the incorporation of the ortho- and meta-tyrosine into 
the cellular proteins leading to abnormal cellular functions. These findings show similarities 
to the role of insulin resistance in mortality instead of role of the necessarily high insulin 
dosage [30]. 

Fig. 4. Flowchart of the scheme of the possible subcellu-
lar process, how ortho- and meta-tyrosine incorporation 
leads to the dysfunction of signal pathway mechanisms, 
resulting in the hyporesponsiveness of erythroid progeni-
tor cells. 

In the study of Ruggiero et al., 
inhibition by meta-tyrosine could be 
reversed with excessive phenylalanine, 
glutamine, aspartic acid, histidine and 
glutamate, but not with para-tyrosine 
itself. On the contrary, we could break 
through the EPO-resistance by para-
tyrosine in a dose dependent manner 
(Panel B of Figure 1). These results may 
suggest that para-tyrosine competitively 
inhibits the integration of ortho- and 
meta-tyrosine into cellular proteins. 
In case of ortho-tyrosine treatments, 
1:1.8 ortho- to para-tyrosine ratio 
was necessary to regain 50 % of EPO-
sensitivity. In case of meta-tyrosine, the 
ratio was 1:2.6. 

RPMI-1640 cell culture medium 
contains para-tyrosine at twice as high 
concentration than the normal human 
serum does. Consequently, the same 
concentration had to be used in case 
of ortho- and meta-tyrosine, in order 
to block EPO-response. We performed 
a model experiment, demonstrating a 
total block of the effect of EPO, therefore 
high doses of tyrosine isomers were 
applied. Bertin et al used similar 
concentrations of meta-tyrosine (20-
260 μmol/l) to study its effect on plant 
root growth [23]. Furthermore, Rodgers 
et al. examined the role of meta-tyrosine 
incorporation into cellular proteins and 
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Conclusion 

Our findings point out that ortho- and meta-tyrosine may be responsible for EPO-
resistance. Furthermore, inhibiting their cellular integration with the physiological  
isomer – para-tyrosine – the resistance can be broken through, preserving the adequate 
mitogenic activity. Nevertheless, further in vitro and animal experiments – and in case of 
their positivity – human examinations are necessary to determine the role of para-tyrosine 
treatment in the management of EPO-resistance. 
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