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Abstract
Background/Aims: Seminal plasma composition is affected by the physiological state of 
the prostate, the major male reproductive gland. Semen components, like vitamin C, can 
modulate sperm function. Vitamin C is an effective scavenger of free radicals and is an essential 
component of enzymes such as TET proteins involved in the DNA demethylation process. In 
the present study, a broad range of parameters which may influence the metabolic state of the 
prostate gland were analysed including blood and prostate tissue vitamin C, epigenetic DNA 
modifications and 8-oxo-7,8-dihydro-2’-deoxyguanosine in DNA of leukocytes and prostate 
tissues. Methods: The experimental material were tissue samples from patients with benign 
prostatic hyperplasia (BPH), normal/marginal prostate tissues from prostate cancer patients, 
leukocytes from healthy donors, and blood plasma from BPH patients and healthy donors. 
We applied ultra-performance liquid chromatography methods with mass spectrometry and/
or UV detection. Results: We found an unprecedentedly high level of intracellular vitamin C 
in all analysed prostatic tissues (benign prostatic hyperplasia and normal, marginal ones), a 
value much higher than in leukocytes and most human tissues. DNA epigenetic patterns in 
prostate cells are similar to other soft tissues like the colon, however, its uniqueness is the 
unprecedentedly high level of 5-(hydroxymethyl)-2’-deoxyuridine and a significant increase 
in 5-formyl-2’-deoxycytidine value compared to aforementioned tissues. Moreover, the 
level of 8-oxo-7,8-dihydro-2’-deoxyguanosine, an established marker of oxidative stress, is 
significantly higher in prostate tissues than in leukocytes and many previously studied soft 
tissues. Conclusion: Our results pointed out that prostatic vitamin C (regarded as the main 
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supplier of the vitamin C to seminal plasma) and the DNA modifications (which may be linked 
to the regeneration of prostate epithelium) may play important role to maintain the prostate 
health.

Introduction

Vitamin C (VC) is an essential component of numerous enzymes, among them TET 
(ten-eleven translocation) proteins involved in the DNA demethylation process. Moreover, 
VC is effective free radicals/reactive oxygen species (ROS) scavenger; therefore, it can 
protect cellular biomolecules such as DNA from degradation/modifications [1]. Thus, these 
properties make VC essential for the proper functioning of our bodies. Furthermore, it has 
been widely recognised that VC has a beneficial effect on the process of spermatogenesis to 
attain fertility [2], (reviewed in [3]). Seminal plasma (SP) components, like VC, modulates 
sperm function, sperm cell count, motility, morphology, and oxidation-reduction metabolism 
(reviewed in [3]).

The methylation of cytosine, a key epigenetic DNA modification, is closely linked to 
gene repression, a process that exerts a profound effect on cellular identity [4]. Active DNA 
demethylation, in turn, is a process which results in the activation of previously silenced 
genes. The molecular background of active DNA demethylation involves TET proteins that 
catalyse the oxidation of 5-methylcytosine (5-mCyt) to 5-hydroxymethylcytosine (5-hmCyt), 
and then to 5-formylcytosine (5-fCyt) which is eventually converted to 5-carboxycytosine 
(5-caCyt) [5, 6]. The results from experimental studies demonstrated that TETs are also 
involved in the synthesis of 5-hydroxymethyluracil (5-hmUra), a compound with epigenetic 
function [7].

Our study with cell cultures demonstrated that supplementation with ascorbate in 
physiological concentrations in medium (about 100 µM) and inside the cell (about 1 mM), 
resulted in a remarkable increase in the level of epigenetic DNA modifications [8].

Seminal plasma composition is affected by the physiological state of the different 
organs/glands associated with fertility, and the prostate is the major male reproductive 
gland. Therefore, in the present study, for the first time, a broad range of parameters which 
may influence the metabolic state of the prostate gland were analysed in benign prostatic 
hyperplasia (BPH) patients and normal, marginal tissue of prostate cancer (PC) patients. 
These parameters include epigenetic DNA modifications: 5-methyl-2’-deoxycytidine (5-
mdC), 5-(hydroxymethyl)-2’-deoxycytidine (5-hmdC), 5-formyl-2’-deoxycytidine (5-fdC) 
and 5-(hydroxymethyl)-2’-deoxyuridine (5-hmdU) in DNA isolated from leukocytes and 
prostate tissues. Aside from the epigenetic DNA modifications, we also analysed in DNA 
the level of 8-oxo-7, 8-dihydro-2’-deoxyguanosine (8-oxodG), as an established marker of 
oxidative stress [9]. Moreover, we quantified vitamin C in the blood plasma and within cells 
(leukocytes and prostate tissues).

Materials and Methods

Subjects
The material for the study consisted of: (1) tissue samples from patients with benign prostatic 

hyperplasia (n = 28, median age 67 years), (2) normal/marginal prostate tissues, free of neoplastic features 
from prostate cancer patients (the only source of normal prostatic tissue, n = 43, median age 68 years), (3) 
peripheral blood leukocytes from healthy donors (n = 31, median age 51 years), (4) blood plasma from 
patients with benign prostatic hyperplasia and healthy donors. The biological specimens were collected 
between May 2020 and July 2022. The control group, consisting of healthy individuals, was recruited from 
the participants in national cancer screening programs. All participants of the study, including the healthy 
donors, were recruited in a hospital setting (Jan Biziel University Hospital No. 2 in Bydgoszcz, Poland). 
None of the study subjects were related with one another. None of the patients had received any anticancer 
therapy before the sample collection. Prostate tissues samples were obtained from prostate biopsy 
specimens or after surgical resection from patients. All the clinical investigations were conducted according 
to the principles of the Declaration of Helsinki.

© 2023 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG
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Determination of vitamin C in blood plasma by UPLC-UV
Determination of vitamin C in blood plasma by UPLC-UV was established in [10] with some 

modifications. To stabilise vitamin C and to precipitate proteins, 200 µL aliquots of freshly prepared or 
partially thawed plasma were mixed with 200 µL of precooled 10 % (w/v) meta-phosphoric acid (MPA, 
Merck KGaA, Germany) containing allopurinol (75 µM, Merck KGaA, Germany) as an internal standard. The 
samples were kept on ice for 40 min and then diluted with 200 µL of MilliQ-grade deionised water (Merck 
Millipore, Germany), vortexed and centrifuged at 25155 × g for 20 min at 4 °C. The supernatants (200 µL) 
were purified by ultrafiltration using AcroPrep Advance 96-Well Filter Plates 10 K (Pall Corporation, USA) 
at 1355 × g for a minimum of 30 min at 4 °C and injected into the Waters Acquity ultra-performance liquid 
chromatographic (UPLC) system. The method was validated with the reference material from Chromsystems.

The UPLC system consisted of a binary solvent manager, sample manager, column manager and 
photodiode array detector, all from Waters. The samples were separated on Waters CORTECS® UPLC T3 1.6 
µm (3 x 150 mm) with CORTECS® UPLC T3 1.6 µm Van GuardTM Pre-column, 2.1 mm x 5 mm at a flow rate 
0.3 mL/min and 2 µL injection volume. Methanol and 0.01 % (v/v) acetic acid were used as solvents A and B, 
respectively. The following program was used for VC elution: 0 - 0.3 min 0.1 % A, 99.9 % B, 0.3 - 1.2 min 15 
% A, 85 % B, 1.2 - 2.5 min 20% A, 80% B, 2.5 - 3.0 min 40 % A, 60 % B, 3.0 - 3.1 min 40 % A, 60 % B, 3.1 - 3.2 
min 0.1% A, 99, 9 % B, 3.2 - 6.0 min - linear gradient, 6.0 - 7.8 min - 0.1 % A flow 0.4 mL/min. At 7.8 min, the 
0.3 mL/min flow was established. The column thermostat was set at 15 °C. The chromatographic peak of VC 
was monitored with a photodiode array detector at 245 nm and analysed with Empower software.

Leukocytes and tissue preparation
Leukocytes were isolated from heparinised blood samples with Histopaque 1119 (Merck KGaA, 

Germany), according to the manufacturer’s instructions, and stored at -80 °C until analysis.
Frozen tissues obtained from patients with BPH and prostate cancer (normal, marginal tissue) were 

transferred to tubes containing ceramic beads (1.4 mm), and 200 µL of PBS (Biomed Lublin S.A., Poland) 
were added to each tube. Samples were homogenised using a Bead Ruptor Elite Homogenizer (OMNI 
International, USA). After homogenisation, samples were placed on ice, and 25 µL were aspirated for 
intracellular VC determination and thymine concentration and diluted of 75 µL Milli-Q grade deionised 
water for this purpose. The rest of the homogenate (125 µL) was transferred to the new tubes and used for 
isolation and determination of DNA modifications.

Determination of intracellular vitamin C in tissues and leukocytes by UPLC-MS
Determination of intracellular vitamin C was described in [11]. The samples were homogenised using 

an ultrasonic homogeniser (SONOPULS UW 2070, BANDELIN electronic GmbH & Co. KG), twice for 10 s on 
ice. Forty-five microliters of the sample were mixed with 50 µL of 10 % (m/v) trichloroacetic acid (Merck 
KGaA, Germany) and 5 µL of 10 µM stable isotope-labeled internal standard solution ([13C6] L-ascorbic 
acid, Toronto Research Chemicals) and incubated for 20 min on ice. Then, the samples were vortexed and 
centrifuged at 24400 × g for 20 min at 4 °C. The supernatants were filtrated using AcroPrep Advance 96-Well 
Filter Plates 10 K MWCO (Pall Corporation, USA). One microliter of the aliquots was chromatographically 
separated on a CORTECS® UPLC T3 1.6 µm (3 mm × 150 mm) column with a Waters Xevo TQ-XS tandem 
mass spectrometer. The column (20 °C) was eluted at a flow rate of 0.3 mL/min with 5 µM ammonium 
formate in 0.05 % acetic acid (solvent A) and methanol (solvent B). The electrospray ionisation was set 
to negative ion mode. The desolvation gas (nitrogen) flow rate was 1200 L/h, the nitrogen cone gas flow 
was 200 L/h, the desolvation temperature was 500 °C, and the nebuliser gas pressure was 7 bar. Collision-
induced dissociation was obtained with argon (3 × 10-6 bar pressure) as the collision gas. Transition 
patterns that were selected as quantitative (175>115 and 181>119 for L-ascorbic acid and [13C6]-L-ascorbic 
acid, respectively) were acquired using MassLynx 4.2 software from Waters. Quantitative analyses were 
performed using the Target Lynx application. All the samples were analysed in three to five technical 
replicates. The content of intracellular vitamin C (fmol/cell) was also recalculated to mmol/L, assuming 
prostate and leukocyte cell volumes of 221 fL and 679 fL, respectively.

Determination of cell numbers in prostate tissue extracts and leukocytes
The exact number of cell content in tissue extract and leukocytes was estimated based on thymine 

content using the method described by Modrzejewska et al [12]., with some modifications. It was assumed 
that the average diploid cell contains 6.27 fmol of thymine. Briefly, 20 μL of homogenate was incubated at 
130 °C for 1 h with 200 μL 2 M HCl (Merck KGaA, Germany) containing of 515 μM caffeine as an internal 
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standard (Merck KGaA, Germany) in a sealed 2 mL glass vial. The cooled sample was completely dried under 
nitrogen (XcelVap, Biotage AB), dissolved in 100 μL of the Milli-Q grade deionised water, and ultrafiltered 
prior to the injection. A 2 μL aliquot of the sample was chromatographed at a flow rate of 0.45 mL/min and 
40 °C on CORTECS® UPLC T3 1.6 µm (3 x 150 mm) column coupled to Waters Acquity UPLC system with a 
photodiode array detector, using two solvents: A - 10 mM ammonium formate (pH 3.14) and B – acetonitrile. 
The chromatographic peak of thymine was monitored with a photodiode array detector at 260 nm and 
analysed with the MassLynx software.

DNA isolation and enzymatic hydrolysis to deoxyribonucleosides
DNA isolation procedure was described earlier by Skalska-Bugala et al [13]. with following 

modifications. Leukocytes and tissue homogenates were diluted in ice-cold buffer B (10 mM Tris-HCl 
(Merck KGaA, Germany), 5 mM Na2EDTA (Merck KGaA, Germany) and 0.15 mM deferoxamine mesylate 
(Merck KGaA, Germany), pH 8.0) in a 1:1 ratio. SDS (Merck KGaA, Germany) solution was added (to a final 
concentration of 0.5 %), and the mixture was gently mixed using a polypropylene Pasteur pipette. The 
samples were incubated at 37 °C for 30 min. Proteinase K (Merck KGaA, Germany) was added to a final 
concentration of 4 mg/mL and incubated at 37 °C for 1.5 h. The mixture was cooled to 4 °C and transferred 
to Phase Lock Gel Light tubes (QuantaBio, USA). Phenol: chloroform: isoamyl alcohol (25:24:1) was added 
in a 1:1 ratio and vortexed vigorously. After extraction, the aqueous phase was treated with a chloroform: 
isoamyl alcohol mixture (24:1). The supernatant was treated with three volumes of cold 96 % (v/v) ethanol 
to precipitate high molecular weight nucleic acids. The precipitate was removed with a plastic spatula, 
washed with ethanol and dissolved in Milli-Q grade deionised water. The samples were mixed with 200 
mM ammonium acetate containing 0.2 mM ZnCl2, pH 4.6 (1:1). Nuclease P1 (100 U, New England Biolabs) 
and tetrahydrouridine (Merck KGaA, Germany), 10 μg/sample was added to the mixture and incubated at 
37 °C for 3 h. Subsequently, 10 % (v/v) NH4OH and 6 U of shrimp alkaline phosphatase (rSAP, New England 
Biolabs) was added to each sample and incubated for 1.5 h at 37 °C. Finally, all the hydrolysates were 
ultrafiltered prior to injection to eliminate macromolecular compounds, using AcroPrep Advance 96-Well 
Filter Plates 10 K MWCO (Pall Corporation, USA) and centrifugation at 2000 × g for 60 min at 4 °C.

Determination of epigenetic modifications and 8-oxodG in DNA isolated from leukocytes and prostate 
tissues
The analyses were performed using a method described earlier by Gackowski et al. and Starczak et al. 

[14, 15]. The DNA hydrolysates were spiked with a mixture of internal standards at a volumetric ratio of 
4:1 to a final concentration of 50 fmol/µL: [D3]-5-(hydroxymethyl-2’-deoxycytidine, [13C10, 15N2]-5-formyl-
2’-deoxycytidine, [13C10, 15N2]-5-carboxy-2’-deoxycytidnie, [13C10, 15N2]-5-(hydroxymethyl)-2’-deoxyuridine, 
and [15N5]-8-oxo7, 8-dihydro-2’-deoxyguanosine. Chromatographic separation was performed with 
a Waters ACQUITY 2D-UPLC system with a photodiode array detector for the first dimension of the 
2D-chromatography (used for quantification of the unmodified deoxyribonucleosides and 5-methyl-2’-
deoxycytidine) and a Xevo TQ-XS tandem quadrupole mass spectrometer (used for the second dimension 
of the 2D-chromatography, and to analyse 5-hmdC from the first dimension in the positive mode, to assure 
better ionisation at higher acetic acid concentrations). At-column-dilution technique was used between the 
first and second dimensions to improve the retention of the trap/transfer column. The following columns 
were used: a Waters CORTECS® T3 column (150 mm × 3 mm, 1.6 µm) with a precolumn for the first 
dimension, a Waters XSelect C18 CSH (100 mm × 2.1 mm, 1.7 µm) for the second dimension and a Waters 
XSelect C18 CSH (20 mm × 3 mm, 3.5 µm) column as a trap/transfer column. The chromatographic system 
was operated in heart-cutting mode, indicating that selected fractions of the effluent from the first dimension 
were loaded onto the trap/transfer column by 6-port valve switching, which served as the “injector” for the 
second dimension of the 2D-chromatography process. The flow rate for the first dimension was 0.5 mL/
min, and the injection volume was 2 µL. Separation was performed with a gradient elution for 10 min using 
a mobile phase of 0.05 % acetate (A) and acetonitrile (B) (0.7 – 5 % B for 5 min, column washing with 30 
% acetonitrile and re-equilibration with 99 % A for 3.6 min). The flow rate for the second dimension was 
0.3 mL/min. The separation was performed with a gradient elution for 10 min using a mobile phase of 
0.01 % acetate (A) and methanol (B) (1 – 50 % B for 4 min, an isocratic flow of 50 % B for 1.5 min, and re-
equilibration with 99 % A until the next injection). Collision-induced dissociation was obtained using argon 
6.0 at 3 × 10-6 bar pressure as the collision gas. Transition patterns for all the analysed compounds and the 
specific detector settings were determined using the MassLynx 4.2 IntelliStart feature set in a quantitative 
mode to ensure the best signal-to-noise ratio and a resolution of 1 at MS1 and 0.75 at MS2. Transition 
patterns-specific detector settings and sources of standards for the analysed compounds are presented 
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in the Supplementary table 1. All samples were analysed with three to five technical replicates, of which 
the technical mean was used for further calculation. The quantities of canonical deoxynucleosides were 
determined by UV detection at 260 nm for 2’-deoxythymidine (dT), and at 280 nm for 2’-deoxyguanosine 
(dG) and 5-mdC. The total deoxynucleosides amount (dN) calculated as the doubled sum of dT and dG was 
used as a reference for the quantitative expression of the modified ones.

Statistical analyses
The results are presented as median values, interquartile ranges, and non-outlier ranges. Statistical 

analyses were carried out with Statistica 13.3 PL software [TIBCO Software Inc. (2017). Statistica (data 
analysis software system), version 13. http://statistica.io]. Normal distribution of the study variables 
was verified with the Kolmogorov–Smirnov test with Lilliefors correction. The variables with non-normal 
distributions were analyzed with nonparametric Mann–Whitney U test. The correlations were assessed 
using the Spearman’s correlation analysis. The results were considered statistically significant at p<0.05.

Results

In prostate tissue samples obtained 
from BPH patients, as well as in normal, 
marginal prostate tissues taken from 
prostate cancer patients, we observed a 
significantly higher level of intracellular 
VC, than in leukocytes of healthy donors’ 
(Fig. 1A, Table 1). We did not find a 
significant difference in blood vitamin C 
levels between BPH patients and healthy 
subjects (the median values are 67.920 
and 78.581 mmol/L, respectively, Fig. 
1B). Furthermore, in the present study, 
we did not find any correlation between 
plasma concentrations of vitamin C and 
respectively its the intracellular level in 
all aforementioned tissues.

No significant differences were found 
in the levels of all analysed DNA epigenetic 
modifications (5-mdC, 5-hmdC, 5-fdC, 
and 5-hmdU) between hyperplastic 
and normal/marginal prostatic tissues 
(Fig. 2). To compare status of the 
modifications in patients tissues we also 
analysed leukocytes of healthy donors. 
The level of 5-mdC in DNA from healthy 
donors’ leukocytes was determined to 
be a median value of 8556.55/106dN 
and is significantly higher than in DNA 
isolated from analysed prostate tissues 
(Fig. 2A). However, significantly higher 
levels of 5-hmdC, 5-fdC and 5-hmdU are 
found in prostatic tissues compared with 
DNA isolated from control leukocytes 
(Fig. 2B-D). The levels of 5-hmdU and 
5-fdC in the DNA of prostate tissues are 
unprecedentedly high compared to other 
soft tissues like the colon determined in 
our recent work [16].

Determination of 8-oxodG revealed 
a significantly higher level of this 

Fig. 1. Comparison of (A) the level of vitamin C 
in prostatic tissues and leukocytes (B) vitamin C 
concentration in blood plasma from patients with 
benign prostatic hyperplasia (BPH) and healthy 
subjects. Statistically significant differences were 
determined with the Mann-Whitney U test.
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Table 1. Levels of the analysed parameters in BPH tissues, normal marginal prostate tissues and control 
leukocytes from healthy subjects. Values are expressed as median and interquartile range

 
 
 
 BPH tissues Normal marginal prostate tissues Control leukocytes 

Intracellular vitamin C  

[fmol/cell] 1.434 (1.039-1.875) 1.615 (1.179-2.221) 0.582 (0.402-0.873) 

[mmol/L] of cell volume 6.488 (4.704-8.485) 7.306 (5.333-10.051) 0.835 (0.577-1.253) 

5-mdC/106dN 7805.78 (7696.15-7963.92) 7722.85 (7617.93-7925.13) 8556.55 (8371.90-8844.01) 

5-hmdC/106dN 239.70 (215.45-294.00) 269.71 (226.31-295.02) 72.65 (59.32-110.01) 

5-fdC/106dN 0.308 (0.228-0.414) 0.271 (0.222-0.382) 0.159 (0.123-0.205) 

5-hmdU/106dN 2.881 (2.498-3.379) 2.691 (2.358-3.088) 0.455 (0.250-0.695) 

8-oxodG/106dN 3.991 (3.488-4.247) 3.445 (2.710-3.853) 1.502 (0.978-2.190) 

 

Fig. 2. Comparison of the levels of analysed DNA modifications in prostatic tissues (BPH and normal/
marginal ones) and leukocytes from healthy subjects. (A) Level of 5-mdC. (B) Level of 5-hmdC. (C) Level of 
5-fdC. (D) Level of 5-hmdU. (E) Level of 8-oxodG. Statistically significant differences were determined with 
the Mann-Whitney U test.
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modification in DNA of prostate tissue DNA in comparison with DNA isolated from healthy 
subjects’ leukocytes. Moreover, the levels of 8-oxodG gradually decrease in the sequence: 
BPH tissues (3.991/106dN), normal, marginal prostate tissues (3.444/106dN) and control 
leukocytes (1.502/106dN) (Fig. 2E).

Discussion

Benign prostatic hyperplasia appears in almost all males as they age. Histologically, BPH 
is defined as the excessive growth of epithelial and stromal prostate cells [17]. Accumulation 
of citrate, which is a result of the Zn-dependent short circuit of the Krebs cycle, is 
characteristic of normal prostate and BPH [18]. Moreover, no evidence of neoplastic features 
in BPH is found: no evidence of driver genomic alterations, including a low number of coding 
mutations, minimal copy number alterations, and no genomic rearrangements [17]. Thus, 
the metabolism of BPH cells resembles normal prostatic tissue. Therefore, in our study, we 
used BPH tissues and normal, marginal tissue taken from prostate cancer patients. Obtaining 
altered tissues from patients may be challenging. However, some studies demonstrated 
that the analysis of non-affected tissues can provide equally informative results (reviewed 
in [19]). Leukocytes are often used as easily accessible cells carrying information about 
environmentally-induced DNA modifications in other tissues [20]. Moreover, there are few 
studies concerning analyses of intracellular VC and the most reliable values were mostly 
restricted to leukocytes. Therefore, in our work, we also used leukocytes as reference tissue 
and the only one available from healthy donors.

Up to 70 % of fertility problems have a beginning in the male partner, and successful 
male potency depends on the cooperation of a variety of male organs, i.e., testes, epididymis, 
and the male accessory glands (prostate) [3, 21].

Since the prostate is an essential part of the male genital tract and the major contributor 
of secretion into SP, we decided to analyse a broad range of factors in above mentioned 
prostate tissues, which may have a key influence on the process of sperm production to attain 
fertility. These parameters include a broad spectrum of DNA modifications and vitamin C 
levels in prostate cells and in the blood.

Calculations of intracellular VC in human tissues are often based on inaccurate VC 
analyses and using post-mortem samples [22]. Most of the reliable assays accurately 
measured VC concentration by HPLC-based techniques, which were mainly restricted to 
blood cells [22]. Proper choice of normalisation method is also an important step and issue. 
Therefore, in our study, the intracellular concentration of vitamin C was determined with 
the UPLC-MS technique, and normalisation and standardisation of the results was based on 
thymine amount [12]. Using this methodology, we found an unprecedentedly high level of 
intracellular VC in all analysed prostatic tissues (independent of their origin), a value much 
higher than in leukocytes (see Table 1). It should be remembered that VC concentration is 
much higher in leukocytes than in most human soft tissues, including testes [22]. The level 
of blood plasma VC in BPH patients was similar to that characteristic of healthy subjects (Fig. 
1B). Since the intracellular level of VC in the testes, the other reproductive gland, is very low 
(200 µM) [22] when compared with our value for the prostate, we hypothesise that this high 
level is necessary to supply seminal plasma. Interestingly, we and others demonstrated that 
the concentration of VC in SP is much higher than in blood [2, 23].

Several works have demonstrated that vitamin C might increase the generation of 
epigenetic DNA modifications in cultured cells, likely acting as a cofactor of TETs, specifically 
as a regulator of DNA demethylation [8, 24-26]. Moreover, we demonstrated that VC in cell 
cultures is involved in a striking increase in 5-hmdU content [8]. Although DNA epigenetic 
patterns in prostate cells are similar to other soft tissues like the colon [16], its uniqueness is 
underlined by the unprecedentedly high level of 5-hmdU, not seen in other tissues (Fig. 2D) 
and a significant increase in 5-fdC value (Fig. 2C).

Evidence from experimental studies supports the hypothesis that TET enzymes may be 



Cell Physiol Biochem 2023;57:200-211
DOI: 10.33594/000000638
Published online: 19 July, 2023 207

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2023 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Guz et al.: High Level of Vitamin C, 5-FdC and 5-HmdU in Prostate

involved in the synthesis of 5-hmUra, a molecule with epigenetic function [27]. Moreover, 
5-hmUra present in DNA was shown to recruit proteins involved in chromatin remodelling, 
as well as transcription factors [7]. It has also been suggested that 5-hmUra itself has a 
regulatory function [7] and may be a regulatory element of ”ready to go’’ (poised) genes, 
as it was recently observed in the case of another intermediate of the active demethylation 
process, 5-fCyt [28, 29]. Interestingly, also the 5-fdC level was significantly higher in prostate 
tissues than in leukocytes (Table 1, Fig. 2C) and normal colon tissues [16]. Notably, both 
of these modifications were shown to act as transcription regulators [28-30]. Interestingly, 
5-fCyt and 5-hmUra are recognised by thymidine DNA glycosylase (TDG) [31], and in 
recruiting this enzyme, it may regulate transcription independently of its repair activity (for 
review, see [32]). Intriguingly, the levels of 5-hmdU and 5-fdC in various somatic tissues are 
relatively stable and resemble that observed in leukocytes, about 0.5/106dN for the former 
and about 0.15/106dN for the latter in human colorectal cancer [10] as well as various 
rat and porcine tissues [33]. 5-FCyt is DNA a modified base that is generated by the direct 
oxidation of 5-hmCyt by TET enzymes. However, it has been shown that the presence of a 
single 5-fCyt moiety is sufficient to change the flexibility of the DNA strand [34], which in 
turn, might locally impact chromatin structure [35]. In the context of the above-described 
features of 5-fCyt and 5-hmUra, it is likely that their profound increase in prostate cells may 
be directly linked with chromatin reorganisation characteristic for a regenerative capacity 
of the prostate epithelium [36, 37]. This feature, in turn, may be linked with androgen 
cycles and therefore play a role in male fertility status. It was hypothesised that the prostate 
epithelium might also harbour stem cells responsible for tissue renewal [36, 37]. Intriguingly, 
hematopoietic stem cells had an unusually high level of intracellular VC [38], similar to our 
finding with prostate tissue.

Of note, in work published in Biology of Reproduction [39], we have demonstrated that 
absolute values of 5-hmdU in sperm were much higher than those observed in leukocytes’ 
DNA, and similar to this characteristic for the prostate. Likely, both kinds of cells, i.e. prostatic 
and sperm, share the same mechanism(s) to strengthen TETs activity necessary to generate 
an unusually high level of 5-hmUra, i.e. high concentration of VC and citrate-Fe (II) complexes 
(the prostate is a main supplier of SP with citrate [21] (for explanation see below).

Summing up this part, the key contribution of the high level of prostatic VC is linked to 
its role as the main supplier of vitamin C to seminal plasma. Separately from this, the unique 
level of VC is linked to its role as the trigger of TETs activity to generate the epigenetic DNA 
modifications and may be linked to the regeneration of prostate epithelium.

Aside from the epigenetic DNA modifications, we also analysed the level of 8-oxodG as 
an established marker of oxidative stress. In this study, the level of 8-oxodG was significantly 
higher in prostate tissues than in leukocytes (Fig. 2E) and many soft tissues studied by 
us [16]. The most likely reason for this increase may be the unique metabolism of iron in 
prostate tissues or the high VC levels acting as a prooxidant (perhaps in conjunction with the 
iron metabolism). Iron plays an essential role in basic biological processes linked with the 
utilisation of oxygen and DNA synthesis. The most important complexes of cellular iron are 
iron-binding proteins, namely transferrin (TF) and ferritin.

Before iron is transported from the endosomal TF to the cytoplasm [40, 41], iron (III) 
should be released from TF and reduced to iron (II). One of the best-characterised iron 
reductases is the six-transmembrane epithelial antigen of the prostate 1-4 family (STEAP 
1-4), (reviewed in [42]).

Although iron is present as a part of many enzymes and proteins, it appears that 
the presence of free iron (the so-called labile iron pool (LIP)), when it is complexed with 
low molecular weight compounds like citrate in cells [43], can result in the production of 
reactive oxygen species (ROS), such as hydroxyl radicals. ROS are involved in the formation 
of 8-oxodG in cellular DNA. Moreover, a good correlation has been demonstrated between 
LIP and 8-oxodG in lymphocytes [44]. This, in turn, points out the possibility that in prostate 
cells there is, as mentioned above, citrate availability for catalysing Fenton-type reactions 
in close proximity to cellular DNA [44]. As mentioned above, citrate may chelate Fe (II), and 
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the concentration of citrate differs significantly in different prostatic tissues. The highest 
concentration was found in BPH tissue – 12000 and then gradually decreased, reaching 4000 
- 6000 in normal tissue, and finally dropped to the lowest values in all other human tissues 
100 - 400 nmoles/g (all values are expressed in nmoles/g wet weight) [45].

Of note, the values of 8-oxodG in BPH, normal, marginal prostatic tissues and leukocytes 
found in our work imitate the aforementioned range of citrate.

It is worth mentioning that although 8-oxodG is widely recognised as a good biomarker 
of oxidatively damaged DNA [46], a growing number of experimental data suggest that its 
presence in specific DNA sequences may function as an epigenetic mark and may be used 
for transcription regulation [47, 48]. Although it is difficult to decisively categorise the role 
of this modification, it is possible that a fraction of the 8-oxodG pool detected in our study 
may play a regulatory role. Anyway, both properties of 8-oxodG, such as the damage and the 
epigenetic mark, may potentially be linked to the regenerative properties of prostate cells 
(see above). In this context - just recently, it was demonstrated that elevated 8-oxodG level in 
human airway epithelial cells is central for tissue homeostasis and regeneration [49].

It is also possible that citrate-Fe (II) complexes, similarly to VC, may enhance the activity 
of TET enzymes by the renewal of a reduced iron pool.

Importantly, the values of all the analysed parameters, except for 8-oxodG, were 
similar, almost identical, in BPH and normal tissues. (This reinforces an argument that the 
metabolism of BPH cells resembles that of normal prostatic tissue).

Conclusion

In conclusion, the prostate is a pivotal male reproductive gland involved in fertility, and 
this feature essentially relies upon the ingredients of the prostatic fluid secreted by the gland 
to seminal plasma and is affected by the physiological state of accessory glands, i.e. prostate 
[21].

In relation to the aforementioned features of the prostate gland, our data suggest that:
- the prostate may be the main supplier of VC in seminal plasma;
- a regenerative capacity of the prostate epithelium may be linked with the uniquely 

high level of 5-hmdU as well as 5-fdC (possibly also by an elevated level of 8-oxodG).
Increasing evidence suggests the uniqueness of the prostate gland considering its 

contribution to male fertility status [21]. Based on our results we hypothesise that prostatic 
vitamin C and DNA modifications play an important role to maintain the prostate health and 
as such may be potential factors linked with male fertility and reproduction.
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