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ABSTRACT

Iron and zinc concentrations in testes, epididymis and prostate are important for the proper
functioning of male reproductive tract. Therefore, the aim of this study was to investigate the
effect of diet supplementation with high doses of iron and/or zinc and the termination of this
practice on the content of these minerals in the testes, epididymis and prostate. The experiment
was conducted on 132 male Wistar rats, in three stages: I) 4-week adaptation to diets (C — con-
trol or D — iron deficient), II) 4-week supplementation (10-times more vs. C diet of iron: CSFe,
DSFe; zinc: CSZn, DSZn; or iron and zinc: CSFeZn, DSFeZn), and III) a 2-week post-supplemen-
tation period (the same diets as during stage I). The content of iron and zinc in tissues was
determined by flame atomic absorption spectrometry. Directly after stage II (after 4-week sup-
plementation), the content of iron in the epididymis in the DSFe rats was significantly higher
than in the DSZn rats; similar differences in the iron content were not observed in the testes
and prostate. The effect of the supplementation was observed mainly after stage III (after
2-week post-supplementation period); the content of iron in testes, epididymis and prostate
in DSFe and DSFeZn rats was statistically significantly higher than in D and DSZn rats
(all P-values <0.05). There was no effect of the applied treatments on the zinc status. Simulta-
neous iron and zinc supplementation was effective to a similar extent as in the case of iron
supplementation alone in the correction of the iron level in reproductive tissues in rats fed
an iron-deficient diet. The observed effect was delayed and it was mainly visible 2 weeks after
the termination of the supplementation.
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INTRODUCTION

The problem of iron deficiency is very rare in men who use iron supple-
mentation. Long-term iron supplementation, especially with high doses,
can lead to exceeding safe doses (the tolerable upper intake level for iron
is 45 mg day! (TrRumBO et al. 2001)). Moreover, iron and zinc can interact and
a high dose of iron reduces zinc absorption (Zaco, OTEiza 2001); on the other
hand, being an indirectly antioxidant, zinc can protect from the pro-oxidative
damage caused by high doses of iron (Zaco, OTEIzA 2001, KaMP, DONANGELO
2008, KaLuza et al. 2013, 2014, JaNuszko et al. 2016). It is known that both
an excess as well as a deficiency of iron and zinc may cause harmful effects
in the male reproductive tract. Epidemiological studies indicated that it can
lead to defects of spermatogenesis, reduced libido, oxidative damage of the
testicular tissue and spermatozoa, and ultimately may cause impairment
of fertility and problems in male sexuality (TvrDA et al. 2015, Liu et al. 2016,
ARAFA et al. 2017, Kovac 2017).

Numerous studies indicate that zinc can protect male reproductive tissues
against the damage caused by reactive oxygen species (OTEIzZA et al. 1995,
PoweLL 2000, Prasap 2009, WALCZAK-JEDRZEJOWSKA et al. 2013), and its supple-
mentation has a positive effect on the male reproductive tract, playing
an important role in creating and maintaining sperm viability (TARAVATI,
Tonipr 2016, ANJUM et al. 2017).

Combined supplementation of iron and zinc seems to be a good strategy
for improving the iron status along with minimising the adverse effect
of high doses of iron. To the best of our knowledge, there are no studies
which have examined the effect of high doses of iron and zinc supplementa-
tion on the content of these minerals in the male reproductive tissues, and
no-one has investigated the effect after termination of this intervention.

Therefore, we have conducted an animal study on the effect of iron, zinc
or combined iron and zinc supplementation and then the termination of this
treatment on the content of these minerals in the testes, epididymis and
prostate of rats.

The study was a part of one of two animal experiments on advantages
and disadvantages of high doses of iron and zinc supplementation on chosen
health status parameters.

MATERIAL AND METHODS

Animals and diet

The study was conducted on 132 male Wistar rats with a mean initial
body weight of 294 + 20 g. The animals were purchased from the Medical
Research Centre of the Polish Academy of Sciences (NIH Certified,
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No. A5438-01). The rats were kept individually in plexiglass cages in a room
under controlled conditions of temp. (21-22°C), humidity (55-60%) and
a 12-h light-cycle. The animals had an ad libitum access to ultrapure water
and were pair-fed with the group consuming the least amount of the diet.
The study was divided into 3 stages (Figure 1): I) 4-week adaptation to
the diets (C — control or D — iron deficient), II) 4-week iron and/or zinc sup-

Stage I - adaptation to diets (4 weeks)

[ Control diet (C) J [Iron deficient diet (D)J

Stage II - supplementation period

(4 weeks)
[ Control diet (C) ] [ Iron deficient diet (D) ]
[ Supplemented with Fe (CSFe) ] [ Supplemented with Fe (DSFe) ]
[ Supplemented with Zn (CSZn) ] [ Supplemented with Zn (DSZn) ]
[Supplemented with Fe and Zn (CSFeZn)J [ Supplemented with Fe and Zn (DSFeZn) ]

Stage III - post-supplementation period
(2 weeks)

[ Control diet (C) ] [Iron deficient diet (D)J

Fig. 1. Experimental design

plementation (diets containing 10-times more than the control diet of iron:
CSFe, DSFe; zinc: CSZn, DSZn; or iron and zinc: CSFeZn, DSFeZn), and
III) a 2-week post-supplementation period (the same diets as in stage I).
Diets based on the C diet were named as C-type diets (C, CSFe, CSZn,
CSFeZN), and those based on the D diet — D-type diets (D, DSFe, DSZn,
DSFeZn). All diets were based on AIN-93M recommendation (REEVES et al.
1993). A ready-to-use vitamin mix was added to the diets (Cat. No. 960402
MP Biomedicals, LLC). Mineral mixes were prepared in the laboratory
of the Human Nutrition Department WULS, Poland, and depending on what
modification of the dietary iron and zinc content was made. Iron and zinc
were added to the mineral mixes as ferric citrate and zinc carbonate, respec-
tively. The mineral mix used to prepare D and DSZn diets did not contain
iron. The content of iron and zinc in the experimental diets was determined
by flame atomic absorption spectrometry (FAAS, UNICAM 989, SOLAAR,
UK) and was shown in our previous articles (KaLuza et al. 2013, KaLuza,
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Maprs 2014, KaLuza et al. 2014, KaLuza, Mapes 2015, JaNuszko et al. 2016).
The intake of iron and zinc in each group and stage of the experiment was
calculated based on the amount of diets consumed by the rats and on the
content of iron and zinc in the diets.-

The study was approved by the Third Local Ethics Commission in Warsaw,
Poland (Resolution No. 16/2008).

Tissue collection

At the end of each stage, after overnight starvation, the rats were anes-
thetised with an intraperitoneal injection of thiopental. The blood was taken
by heart puncture, and then the testes, epididymis and ventral prostate were
removed, rinsed with an ice cold 0.9% NaCl solution (Merck, Darmstadt,
Germany), dried on filter paper, weighed and stored at -80°C.

Iron and zinc determination

Samples of reproductive tract tissues (0.3 to 1.0 g) were taken to deter-
mine the content of iron and zinc. For this purpose, the samples were digested
with 65% HNO, (Cat. No. 1.00456.1000 Merck, Germany) for 10 min
at 210°C, at a pressure of 160 PSI, using a microwave digestion system
(MARS5, CEM, USA). The content of elements in the testes, epididymis and
prostate was determined by flame atomic absorption spectrometry (FAAS,
UNICAM 989, SOLAAR, UK). Iron and zinc standard curves were prepared
by diluting iron and zinc standard reference materials in deionised water
(Marck 1.19781 and 1.19806, respectively) in a range from 0.0 to 5.0 pg ml.

In order to control the accuracy of the method, certified reference mate-
rials were used, i.e. serum (Seronorm™ Trace Elements Serum L-1, SERO
AS, JL.4409, Norway) and bovine liver (National Institute of Standards and
Technology INSITE, 1577B, Gaithersburg, MD). The coefficients of variation
in serum were: 2.6% for iron, 6.3% for zinc, and in bovine liver: 1.5% for iron,
and 1.3% for zinc.

Statistical analysis

The data were analysed using Statistica software version 10 and presen-
ted as mean values + standard deviation (SD). The homogeneity of variance
was analysed using the Levene’s test. The normality of the distribution was
checked by the Shapiro-Wilk test, data with non-normal distribution were
logarithmically transformed. Comparisons between groups were conducted
using a two-way analysis of variance and the Least Significant Difference
(LLSD) post-hoc test. Results with p-values <0.05 were considered to be statis-
tically significant.
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RESULTS

Iron and zinc intake

The intake of iron and zinc in each group and stage of the experiment
is presented in Table 1. In stage I and III, C-type groups consumed about
6.7-time more iron than the rats fed D-type diets. According to the assump-
tions of the study, in stage II the iron intake was about 10-time higher
in the CSFe, CSFeZn, DSFe and DSFeZn groups than in the C, CSZn, D
and DSZn rats. Similarly, in the case of zinc, the CSZn, CSFeZn, DSZn and
DSFeZn groups consumed about 10-time more this mineral than other
groups of rats.

Reproductive tissues weight

The wet weights (w.w.) of the testes, epididymis and prostate were similar
in animals fed C-type and D-type diets, and statistically significant differences
between groups were not observed (Table 2).

Content of iron in rats fed C or D diet through all stages
in reproductive tissues

Taking into account the differences between the study stages, a regular
increase of the iron content from stage I to stage III in the testes and
epididymis was found in rats fed the C diet (Table 3), but the differences
were only statistically significant in the testes (from 21.78 + 4.290 in I stage
to 28.37 = 2.133 pug gt w.w. in III stage). In animals fed the D diet, a regular
statistically significant decrease from stage I to stage III was found in the
prostate (from 8.834 + 1.813 to 5.930 + 0.861 pg g' w.w.). Moreover, a diffe-
rence between stage II and stage III in the epididymis was observed in rats
fed the D diet (14.44 + 2.841 vs. 9.903 + 1.296 pg gl w.w.).

Content of iron after the supplementation period (stage II)
in reproductive tissues

No statistically significant differences were observed in the content
of iron in the reproductive tissues of rats fed C-type diets after supplementa-
tion with high doses of iron and/or zinc (Table 3). In rats fed D-type diets,
the content of iron in the epididymis in the DSFe group was significantly
higher than in the DSZn group (15.29 + 2.047 vs. 12.68 + 3.277 ug g' w.w.).
We did not observe any similar statistically significant associations in the
testes and prostate.

Content of iron after the post-supplementation period (stage III)
in reproductive tissues

Taking into account the C-type diets, a statistically significant difference
in the iron content was only found in the epididymis (Table 3); higher
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amounts of iron were found in groups the fed C and CSFeZn diets vs. those
fed the CSZn diet (17.53 + 1.145 and 17.77 + 1.486 vs. 14.67 + 3.241 g g*
w.w., respectively).

In rats fed D-type diets, the iron content in the testes, epididymis and
prostate was significantly higher in rats fed the DSFe diet (29.25 + 5.153,
15.54 + 1.775, and 9.046 + 1.126 pg g'w.w., respectively) and the DSFeZn
diet (28.78 + 6.503, 18.23 = 1.721, and 7.948 = 0.700 pg g*w.w., respectively)
than in rats fed D (16.28 = 3.091, 9.903 = 1.296, and 5.930 + 0.861 pg g*
w.w., respectively) and DSZn diets (20.23 £ 2.774, 10.87 + 1.804, and
6.858 + 0.748 pg g w.w., respectively). Moreover, after cessation of the sup-
plementation of iron and zinc (DSFeZn) and a return to the D diet, we obser-
ved a statistically significant higher iron content in the epididymis after
stage III compared to stage II (18.23 + 1.721 pg gt w.w. vs. 15.03 = 3.990 pg g*
w.w.). Similar associations between stages (Il and III) were not observed in
rats fed other types of diets as well as in the other reproductive tissues.

Comparison of the content of iron in rats fed C-type vs. D-type
diets in reproductive tissues

After stage IT and stage III in the testes and prostate, and after stage III
in the epididymis, the iron content in rats fed the D diet was lower than in
rats fed the C diet (Table 3).

In rats fed D-type diets, iron depletion was especially found in the pros-
tate. After stage II, the depletion of iron in the prostate was found in all
group of rats regardless of the type of the supplementation used; similarly,
after stage III, the depletion was observed in the prostate of all supplemented
rats except the DSFe group (Table 3). In the testes and epididymis, there
were no differences after stage II and stage III (except in the testes in the
CSZn group) in the iron content in rats fed D-type supplemented diets com-
pared to rats fed the corresponding C-type diet.

Content of zinc through all stages in reproductive tissues

Only in the D group, the highest amount of zinc in the testes was
achieved after II stage (29.85 + 2.404 png g'! w.w.) in comparison to the con-
tent of this mineral after stage I (25.56 + 2.186 pg g' w.w.) and stage III
(25.71 £ 1.413 pg g'w.w.) — Table 4. The effect of the applied treatments on
the zinc status was not observed.

DISCUSSION

Our study reflects a situation often encountered among humans
(P1ETRUSZKA, BRzOZOWSKA 1999, JERUSZKA-BIELAK et al. 2011), when dietary
supplements are used unnecessarily (i.e. diet contains proper amounts
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of nutrients — C-type diets) and in excessive doses (supplemented groups:
CSFe, CSZn, CSFeZn, DSFe, DSZn, and DSFeZn). Dietary supplements are
often used for a certain time only, and importantly, without an improvement
of the habitual diet. This situation has been reflected by groups of rats fed D
diets supplemented with high doses of iron and/or zinc in stage II, and espe-
cially in stage III where the animals were again fed iron-deficient diets.

According to our knowledge, this is the first study to introduce the
post-supplementation period (stage III) after an intervention consisting
of high doses of iron and/or zinc supplementation on the content of these
minerals in the male reproductive tissues.

The effect of the supplementation was delayed and it was mainly visible
2 weeks after the termination of this treatment in rats fed various types of
iron-deficient diets (D-type of diets), i.e. rats fed DSFe and DSFeZn diets had
a statistically significant higher iron concentration in testes, epididymis and
prostate than animals fed the D and DSZn diets. Directly after the 4-week
supplementation period (stage II), a higher content of iron in DSFe vs. DSZn
was found in the epididymis only. In contrast, similar results of the used
intervention were not observed in rats fed well-balanced diets (C-type diets).
In the same experiment, after both stages (stage II and III), the effect of iron
or iron and zinc supplementation was observed in the intestine, liver and
kidney of rats fed iron deficient diet, the higher content of iron in DSFe
and DSFeZn rats compared to D rats was found (KaLuza et al. 2013). We can
hypothesise that observed changes in the liver, intestine and kidney in iron
concentrations directly after introducing the supplementation relative to
delayed changes in reproductive tissues may be the result of higher protec-
tion of the reproductive system than other organs against negative external
factors (such as high doses of iron supplements) and probable oxidative dam-
age.

In our study, the simultaneous supplementation with iron and zinc
increased the content of iron in the testes, epididymis and prostate to a similar
level as did iron supplementation alone. Similar effects after simultaneous
iron and zinc supplementation and after iron supplementation on iron status
were also found in the same experiment in the liver, intestine and kidney,
but not in serum (KarLuza et al. 2013), and in human studies (Kamp, DONANGELO
2008, CHANG et al. 2010, OLIVARES et al. 2012, MuJjica-CoorPMaN et al. 2015).
Adult women aged 22-31 who received iron supplements for 8 weeks (50
mg/d of iron gluconate) and then for the next 8 weeks iron and zinc (25 mg/d
zinc gluconate) supplements had a statistically significantly higher iron se-
rum concentration in both supplemented stages versus a non-supplemented
group (Kamp, DoNANGELO 2008). A positive effect of iron and zinc supplemen-
tation on the iron status has been shown in a study with childbearing age
women, who received iron (30 mg/d of ferrous sulfate) and zinc supplements
(30 mg/d of zinc sulfate) for 3 months (MuJica-CooPMaN et al. 2015). In con-
trast, results of an animal study (Bopica, KrisHNAPILLAI 2007) and some hu-



570

man studies (WasanTwisur et al. 2006, WIERINGA et al. 2007) demonstrated
that combined iron and zinc supplementation improves iron status but less
effectively than iron supplementation alone.

In this study, in rats fed the D diet, a significant decrease of the
amounts of iron from stage I to stage III in the prostate and between stage
IT and stage III in the epididymis was found. Also, in the same experiment,
animals fed the D diet compared to those fed the C diet had a depleted iron
level in the liver, intestine and kidney (KaLuza et al. 2013) and had statisti-
cally significantly lower haematological parameters and serum ferritin con-
certations (Karuza, Mapks 2015). Lower haematological parameters and iron
content in the liver were also found in other studies where animals were fed
an iron-deficient diet (ArRcE, KEgN 1993, ALFEREZ et al. 2011). These results
are in line with findings based on human studies, i.e. lower haemoglobin
concentration (PARIKH et al. 2011), serum ferritin (AHMED et al. 2018), serum
iron level, total iron binding capacity and transferrin saturation (PATTERSON
et al. 2001) were observed in people with an iron-deficient diet. It is known
that consumption of habitual diet insufficient in iron can lead to iron deple-
tion and anaemia (DE BeNoIST et. al. 2008), and the effect of iron supplemen-
tation depends on one’s nutritional status. In the case of iron deficiency,
the regulation at the level of mucosa enables completion of body stores
as well as protection, to a certain extent, from excessively high absorption
(ANDERSON et al. 2009).

It is known that iron and zinc absorption is determined by the quantity
of these minerals in diet and by the competition of both cations for a limited
number of shared transporters at enterocytes (OLIVARES et al. 2012). An in-
teraction between iron and zinc could be explained by their competitive bind-
ing to the divalent metal transporter 1 (DMT1) and a proton-coupled trans-
porter of a variety of divalent metals (GUNSHIN et al. 1997). In the study, zinc
addition to a diet supplemented with iron does not significantly interfere
with the deposition of iron in the reproductive tissues and other tissues such
as the intestine, liver and kidney (KaLuza et al. 2013). The same effect
of combined iron and zinc supplementation on the iron status was also
observed in the blood of adult people (OLvARES et al. 2012) and children
(CHANG et al. 2010). The authors emphasise that the interaction depends on
the Fe:Zn ratio in the diet, and indicate that the inhibition weight threshold
of iron bioavailability is 5.9:1. In our experiment, zinc administered simulta-
neously with iron (at the weight ratio 1:1) did not affect the apparent iron
absorption in rats fed C-type diets, while the inhibition of iron absorption
was found in rats fed D-type diets (JaNuszko et al. 2016). After stage II,
significantly lower iron apparent absorption in the DSZn and DSFeZn com-
pared to the D and DSFe groups was observed, and the lower level of iron
absorption stayed in the DSZn group after 2-week cessation of the supple-
mentation. However, in a relatively short time after the beginning of iron or
iron and zinc supplementation (on the second day) and after discontinuation
of these treatments (on the fifth day), the iron apparent absorption has been
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stabilized to a similar level as in the end of the each stage (JaNUszko et al.
2016). Absorption of iron and zinc depends on the chemical form and food
matrices (SANDSTROM 2001). In our experiment, rats were fed semi-synthetic
diets and iron and zinc were administered as ferric citrate and zinc car-
bonate, respectively. In a study conducted among children, iron absorption
was inhibited significantly when zinc was administered in dumplings as zinc
sulfate but not in the zinc oxide form (HERMAN et al. 2002). In another study
carried out among adult women, iron absorption was inhibited when women
consumed bread fortified with iron and zinc with black tea (OLIVARES et al.
2013). Also, iron absorption was inhibited when high doses of zinc (zinc
sulfate) were administered to healthy women in aqueous solutions (OLIVARES
et al. 2007). Results of studies suggest that inhibition of iron absorption
by zinc is a complex process which depends on many factors and may be con-
trolled by different mechanisms.

Neither in rats fed C-type nor in ones receiving D-type diets did we
observe the effect of iron or iron and zinc supplementation on the zinc con-
tent in the reproductive tissues and liver, intestine and kidneys (KaLuza
et al. 2013). In contrast, in a study conducted among growing rats (initial
body weight of 35-45 g), 2-week simultaneous iron (4.0 mg/d of iron citrate)
and zinc (3.3 mg/d zinc carbonate) supplementation was associated with
a statistically significantly higher zinc concentration in plasma and liver
than iron supplementation alone; however, the simultaneous iron and zinc
supplementation was less effective than zinc supplementation alone (Bobiaa,
KrisunaPILLAI 2007). Results obtained by Bopica and KrisuNaPILLAI (2007) can
be considered beneficial due to a possible harmful effect of excess of iron as
well as zinc on reproductive tissues.

Checking the effect of using supplementation after the termination
of the intervention can be considered as the most important strength of the
study. The controlled conditions in which the experiment was conducted
enabled us to eliminate factors that might have distorted the results.
However, differences in the absorption of various chemical forms of iron
between rats and humans should be considered. Unlike humans, iron-
-deficient rats absorb heme iron less effectively than ferrous iron (WALLACE
2016). Moreover, feeding animals with semisynthetic diets and hosting them
in controlled conditions can also be recognised as a downside due to the limi-
tations in extrapolating the results to humans.

CONCLUSION

A significantly higher content of iron in the testes, epididymis and pros-
tate after the termination of iron or iron and zinc supplementation was
found in rats fed an iron-deficient diet, but not in those fed a well-balanced
diet. Simultaneous supplementation with iron and zinc was effective to
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a similar extent as in the case of iron supplementation alone in the correc-
tion of the iron level in reproductive tissues. There is a need for further
analysis to explain if the negative effect of high doses of iron can be reduced
by simultaneous supplementation of zinc.
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