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Zinc is an essential trace element involved in many physiological processes, ranging from cellular growth
and immune functions to enzymatic activity and gene expression. Inadequate dietary zinc levels can dis-
rupt the functioning of numerous organs, including the liver. Given the pivotal role played by the liver, in-
depth understanding of the mechanisms driving disorders in this organ caused by zinc deficiency is of great
importance. In the present study, the effects of a four-week low-zinc diet on the integrity and copy number
of mitochondrial DNA (mtDNA) in the liver was assessed using a mouse model. The research revealed
a significantly elevated damage rate and an increased copy number of mtDNA in the livers of mice sub-
jected to a low-zinc diet when compared to control animals. These findings indicate that a zinc deficiency,
by promoting DNA damage in mitochondrial genomes, increases a potential risk of harmful mutations that
could compromise ATP production in the liver. The rise in the mtDNA copy number suggests an initial
compensatory response to the detrimental effects of the zinc deficiency, which is likely to diminish with
a chronic insufficiency of this element. The study confirmed the significant role of mitochondria in the
processes leading to liver dysfunction induced by a zinc deficiency. It showed additionally that mtDNA
is a very sensitive indicator of the liver’s condition that is responsive to environmental changes such as
a micronutrient deficiency in the diet.
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In contemporary societies, there is an alarming
trend towards consuming excessively caloric meals,
replete with saturated fats and simple sugars. This
dietary pattern contributes to the development of
hypercholesterolemia, insulin resistance, obesity
and the associated complications. Simultaneously,
the diets of many individuals lack micronutrients
essential for the proper functioning of the body.
Among these micronutrients, zinc (Zn) stands out as
a vital component of numerous enzymatic systems
and transcription factors. Zinc fulfils a multitude of
functions; therefore, its insufficiency in the diet can
impair the physiological processes of various tissues

and organs (Prasad 2004). The liver is one of the
organs that is particularly susceptible to a zinc de-
ficiency. Extensive research has established a clear
connection between an inadequate zinc intake and
chronic liver dysfunctions, as well as a diminished
capacity for its regeneration (Griingreiff et al. 2016;
Martinez et al. 2017; Barbara & Mindikoglu 2021).
Moreover, zinc supplementation has shown promis-
ing results in the treatment of several severe liver
conditions, including liver cirrhosis, fatty liver dis-
ease and hepatic encephalopathy (Shen ez al. 2019;
Bloom et al. 2021). Therefore, it is of great signifi-
cance to comprehensively investigate both the role
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of zinc in the liver’s optimal functioning and the
contribution of its deficiency to the pathophysiology
of liver diseases.

In the present study, I evaluated the effects of zinc
deficiency on the integrity and copy number of mito-
chondrial DNA (mtDNA) in the liver, using a mouse
model. To date, the impact of a zinc deficiency on
the liver mitochondria has primarily been explored
within the context of alcoholism. Both people af-
fected by alcoholism and animal models of this con-
dition exhibit a significant reduction of zinc levels in
the serum and liver tissues (Zhou et al. 2005). More-
over, it has been demonstrated that rats subjected to
chronic alcohol consumption display a reduced zinc
content within their liver mitochondria, accompa-
nied by impaired respiratory chain functions. These
disturbances lead to a decrease in ATP production
and an excessive concentration of reactive oxygen
species (ROS) within the hepatocytes (Sun e al.
2015; 2016). The above research led to the assump-
tion that mitochondrial dysfunctions resulting from
chronic alcohol consumption are directly linked to
a decreased zinc concentration. Consequently, the
reduced zinc concentration is a pivotal mediator
of the pathological alterations observed in alcohol-
ism (Zhou et al. 2005; Sun et al. 2015; 2016). This
hypothesis is substantiated by a study indicating
that zinc supplementation during ethanol treatment
effectively safeguards mice against liver damage
(Zhou et al. 2005). However, it is worth noting that
in the case of alcoholism, disruptions to the structure
and functions of the liver mitochondria may arise not
only from a zinc deficiency, but also from other fac-
tors associated with a long-term exposure to ethanol.
The current investigation allowed me to assess the
genome integrity and quantity of liver mitochondria,
where a zinc deficiency was exclusively induced by
a diet deficient in this essential element. The zinc de-
ficiency in the employed model was the primary, not
the secondary, cause of the observed mitochondrial
changes, which provided a new insight into the sub-
ject. This subject is very important, considering the
fact that a dietary zinc deficiency is an acute prob-
lem and a serious health risk factor in modern human
populations (Knez & Stangoulis 2023).

Materials and Methods

Animals

The experiments were conducted on 7-week-old
male C57BL/6J mice (Charles River, Germany)
maintained in standard laboratory conditions (12 h

light-dark cycle, 19-21°C), with free access to tap
water and food. After a one-week acclimation, the
mice were subjected for 4 weeks to either a zinc-
adequate feed (control, 50 mg/kg) or a zinc-deficient
feed (C1040, Altromin, Germany) (ZnD, 2 mg/kg).
Following that, the mice were euthanised via decapi-
tation, and their livers were isolated and frozen at
-80°C for further analysis. The liver tissues (from 7
control and 7 ZnD mice) were collected during the
implementation of another research project conducted
at the Maj Institute of Pharmacology, Polish Academy
of Sciences, in accordance with the EU Directive
2010/63/EU and with the approval of the local eth-
ics commission (Permission Number: 87/2021). The
4-week low-zinc diet employed in this study leads
to a significant decrease in zinc levels, both in the
serum and the internal organs, as was demonstrated
previously in rats (Doboszewska et al. 2016) and
mice (Pochwat et al. 2022).

DNA extraction

The liver tissues (20 mg) were incubated overnight
in 350 pl of lysis buffer with RNase A (10 mg/ml,
2 pl) and proteinase K (20 mg/ml, 20 pl). Next, DNA
extraction from the obtained lysates was performed
using the Tissue DNA Purification Kit (EURx, Poland).
DNA samples were measured in a Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific, USA)
and were then diluted with sterile water to a concen-
tration of 0.5 ng/ul.

Quantification of lesions in the mtDNA

The number of lesions in the liver mtDNA was as-
sessed with long-run real-time PCR-based DNA-
damage quantification (LORD-Q) using primers am-
plifying a long fragment (3255 bp) and an internally
nested short fragment (78 bp) of the D-loop region.
The primer sequences were as follows: forward long
— 5-AGCTACCCCCAAGTTTAATGG-3’; reverse
long — 5’-TCCTACTGGTCCGATTCCAC-3’; for-
ward short— 5’-CGAGAAGAGGGGCATTGGTG-3’;
and reverse short — 5’-ATCCCCTTCCCCATTTGGTC-3".
The long fragment, in which the amplification was
proportional to the number of lesions in the DNA
template, served as an experimental probe. The short
fragment, whose amplification did not depend on the
degree of DNA integrity, served as a normalisation
control (Lehle ef al. 2014; Dannenmann et al. 2017).
Taq polymerase and standard SYBR Green I dye
were used for the amplification and real-time detec-
tion of the short sequence. In order to ensure a proper
amplification of the long sequence, high-fidelity and
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rapid PrimeSTAR GXL polymerase was employed
in combination with ResoLight dye, which is less
inhibitory to DNA polymerase during a long-run
PCR.

The reaction mixture for the short fragment in-
cluded: 2 pul of DNA template, PowerUp SybrGreen
Master Mix (Applied Biosystems, USA) and 200 nM
of each primer in a total volume of 10 ul per well.
The real-time analysis was performed in the Quant-
Studio 5 Real-Time PCR System (Applied Biosys-
tems). The cycling conditions were as follows: 1)
2 min at 50°C; 2) 2 min at 95°C; 3) 40 cycles of 15 s
at 95°C, and 1 min at 60°C; and 4) melt curve draw-
ing. The reaction mixture for the long fragment in-
cluded: 2 ul of DNA template, 0.4 ul of PrimeSTAR
GXL Polymerase (Takara, Japan), PrimeSTAR GXL
Buffer (Takara), ANTP mix (200 uM each) (Takara),
primers (200 nM each) and 0.05 of ResoLight Dye
(Roche, Switzerland) in a total volume of 10 pl per
well. The real-time analysis was carried out on the
LightCycler 96 System (Roche). The cycling condi-
tions were as follows: 1) 1 min at 98°C; 2) 40 cycles
of 10 s at 98°C, 15 s at 60°C, and 35 s at 68°C; and
3) melt curve drawing. All of the DNA samples were
run in triplicate. In each 96-well PCR plate, apart
from the samples, serial two-fold dilutions of stan-
dard DNA were amplified to assess the reaction ef-
ficiency. Mean Ct values for the amplification of the
long and short fragments, together with the amplifi-
cation efficiency, were entered into the formula in-
troduced by Lehle ef al. (2014), which is based on
the comparative AACt method and allows the num-
ber of DNA lesions per 10 kb to be calculated. DNA
damage in the examined samples was calculated in
relation to the control samples, which were assumed
to be damage-free.

Quantification of the mtDNA copy number

In order to assess the number of mtDNA copies
per cell of liver tissue, the real-time PCR amplifi-
cation of the short mtDNA fragment (performed
during LORD-Q assay) was normalised against the
amplification of a single copy nuclear gene ApoB
(performed for the purpose of the current analysis on
the same DNA samples). The primers amplifying the
74 bp fragment of the ApoB gene were as follows:
forward — 5’-CACGTGGGCTCCAGCATT-3’; and
reverse — 5’-TCACCAGTCATTTCTGCCTTTG-3’
(Machado et al. 2015). The reaction mixture in-
cluded: 2 pl of DNA template, PowerUp SybrGreen
Master Mix (Applied Biosystems) and 200 nM of
each primer in a total volume of 10 pl per well. The
real-time analysis was performed in the QuantStu-
dio 5 Real-Time PCR System (Applied Biosystems).

The cycling conditions were as follows: 1) 2 min
at 50°C; 2) 2 min at 95°C; 3) 40 cycles of 15 s at
95°C, and 1 min at 60°C; and 4) melt curve drawing.
All the DNA samples were run in triplicate. Mean
Ct values for the amplification of the nuclear ApoB
gene and mitochondrial D-loop sequence were used
to calculate the number of mtDNA copies per cell
utilising the 2 x 22¢ formula (Rooney et al. 2015).

Statistics

A statistical analysis of the results was conducted
using the GraphPad Prism. The initial step involved
assessing the normal distribution of the values with-
in groups. To achieve this, the Shapiro-Wilk normal-
ity test was employed, revealing that all the datasets
met the criteria of a normal distribution and conse-
quently could be subjected to a parametric analysis.
The significance of differences between the experi-
mental group (zinc deficit) and the control group was
therefore verified using the parametric Student’s t-test.
The level of significance was set to p<0.05.

Results and Discussion

Zinc is an essential antioxidant, serving as cofac-
tor or a structural element in numerous enzymes re-
sponsible for neutralising reactive oxygen species
(ROS). A deficiency in zinc is known to cause oxi-
dative stress, which is characterised by an imbalance
between ROS production and their neutralisation
(Song et al. 2009; Sharif et al. 2012; Martinez et al.
2017). The oxidative stress, in turn, can lead to DNA
damage, particularly affecting mtDNA which, due
to its location in close proximity to the respiratory
chain and the absence of protective histones, is very
susceptible to the deleterious activity of ROS (Guo
etal. 2013; Liu & Chen 2017). Given that zinc plays
an essential role in ROS neutralisation, and an exces-
sive ROS level promotes DNA damage, | hypothesised
that mitochondria in the livers of mice subjected to
a zinc-deficient diet would have a more damaged
genome than the mitochondria in the livers of mice
receiving standard feed. Indeed, the real-time PCR
analyses in this study showed that the animals on
a zinc-deficient diet exhibited a significantly higher
number of lesions in their liver mtDNA compared to
the control group (Fig. 1). The elevated level of mtDNA
damage, coupled with the compromised nucleic acid
repair systems observed in cases of zinc deficiency
(Song et al. 2009; Sharif ef al. 2012; Sharma et al.
2024), may result in mutations that detrimentally
affect the mitochondrial functions. The abnormali-
ties in mitochondrial functions, and the associated
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Fig. 1. Number of mtDNA lesions in the livers of mice subjec-
ted to a zinc-deficient diet (ZnD) in relation to mice fed with
a zinc-adequate diet (control). The graph shows individual va-
lues (represented by circles and triangles), as well as the means
for both groups (illustrated by horizontal lines), with error bars
denoting the standard errors. The p-value was calculated using
a t-test. N=7.

reduction in energy metabolism in hepatocytes, are
factors that commonly contribute to diverse types of
liver diseases (Grattagliano et al. 2011; Pirola et al.
2021). Hence, the documented rise in the number of
mtDNA lesions in the livers of mice on a low-zinc
diet is a significant stride toward comprehending
the mechanisms underlying zinc deficiency-induced
disruptions in the functionality of this vital organ.
The outcome simultaneously underscores the criti-
cal role of zinc in mitigating oxidative stress and in
preserving the integrity of mitochondrial genomes.
Regrettably, the LORD-Q method employed in the
study lacks the capability to differentiate between
various types of DNA damage and is unable to de-
tect lesions that do not impede the PCR efficiency
(Kotarska et al. 2024). Consequently, future investiga-
tions should aim to quantify the distinct lesion types
within hepatic mtDNA, such as 8-0x0-7,8-dihydro-
2'-deoxyguanosine (8-o0xodG), to elucidate their
prevalence under the conditions of zinc deficiency.
Additionally, comprehensive analyses could encom-
pass an assessment of the zinc-dependent enzyme
activity involved in ROS neutralisation, with a par-
ticular emphasis on superoxide dismutase (SOD1),

which serves as a pivotal antioxidant defender within
eukaryotic cells (Eleutherio et al. 2021).

Liver diseases are frequently associated not only
with structural impairments and dysfunctions of the
mitochondria, but also with substantial alterations
in the quantity of these organelles within hepato-
cytes, commonly estimated through the counting of
mtDNA copies (Chiappini et al. 2006; Pirola et al.
2015; Kamfar et al. 2016; McKiernan et al. 2016).
Research has demonstrated that a zinc deficiency
caused by prolonged alcohol consumption results in
impaired mitochondrial biogenesis and, subsequently,
in a decrease in the number of mtDNA copies in the
liver tissue (Sun et al. 2016). Intriguingly, the analy-
ses carried out in the current study revealed a sig-
nificant increase in mtDNA copies in the livers of
mice subjected to a zinc-deficient diet compared to
control animals (Fig. 2). I suggest that this observed
rise in mitochondrial abundance under a dietary zinc
deficiency may be indicative of a compensatory
mechanism. As a zinc deficiency compromises the
respiratory chain efficiency (Sun ez al. 2015; 2016),
heightened mitochondrial biogenesis could serve as
a protective response, preventing a decline in ener-
gy production within the liver. It is crucial to note
that my research model involved subjecting mice to
a low-zinc diet for a relatively short period of four
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Fig. 2. Number of mtDNA copies in the livers of mice subjected
to a zinc-deficient diet (ZnD) and mice fed with a zinc-adequate
diet (control). The graph shows individual values (represented
by circles and triangles), as well as the means for both groups
(illustrated by horizontal lines), with error bars denoting the
standard errors. The p-value was calculated using a t-test. N=7.
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weeks. This brief duration of zinc deficiency might
have elicited a robust initial defence response from
the body. I hypothesise that a prolonged exposure to
zinc deficiency could lead to a disappearance of the
initial increased mitochondrial count in the livers
of mice, or could even lead to a significant reduc-
tion of this parameter, as is suggested by the data
in the existing literature (Sun ef al. 2016; Filograna
et al. 2021). Nevertheless, the obtained result proves
that the mtDNA copy number is a highly sensitive
indicator of the liver’s condition that is responsive
to environmental changes such as a micronutrient
deficiency in the diet.

In summary, the current research revealed an elevated
number of lesions in mitochondrial genomes within
the livers of mice fed with a low-zinc diet. This out-
come suggests that a zinc deficiency, coupled with
the associated oxidative stress, may induce DNA
damage in the liver mitochondria, potentially result-
ing in deleterious mutations and an impaired func-
tionality of these vital organelles. The findings also
indicated an increase in the mtDNA copies within
the livers of zinc-deficient mice compared to control
animals. This phenomenon appears to represent an
initial defensive response by the body to mitigate the
adverse effects of the zinc deficiency, and might di-
minish with a chronic insufficiency of this element.
The study’s results underscore the significant role
played by mitochondria in the processes leading to
liver dysfunction induced by a zinc deficiency. How-
ever, a comprehensive understanding of this role ne-
cessitates further in-depth analyses.
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