
RESEARCH

High regenerative capacity of the liver and irreversible injury
of male reproductive system in carbon tetrachloride-induced liver
fibrosis rat model

Rostyslav V. Bubnov1,2 & Maria V. Drahulian3
& Polina V. Buchek3

& Tamara P. Gulko3

Received: 2 March 2017 /Accepted: 17 August 2017 /Published online: 11 October 2017
# European Association for Predictive, Preventive and Personalised Medicine (EPMA) 2017

Abstract
Background Liver fibrosis (LF) is a chronic disease, asso-
ciated with many collateral diseases including reproductive
dysfunction. Although the normal liver has a large regenera-
tive capacity the complications of LF could be severe and
irreversible. Hormone and sex-related issues of LF develop-
ment and interactions with male reproductive have not been
finally studied. The aim was to study the reproductive func-
tion of male rats in experimental CCl4-induced liver fibrosis
rat model, and the capability for restoration of both the liver
and male reproduction system.
Materials Studies were conducted on 20 3-month old Wistar
male rats. The experimental animals were injected with freshly
prepared 50% olive oil solution of carbohydrate tetrachloride
(CCl4). On the 8th week after injection we noted the manifes-
tations of liver fibrosis. The rats were left to self-healing of the
liver for 8 weeks. All male rats underwent ultrasound and

biopsy of the liver and testes on the 8th and 16th weeks. The
male rats were mated with healthy females before CCl4 injec-
tion, after modeling LF on the 8th week, and after self-healing
of the liver. Pregnancy was monitored on ultrasound.
Results On the 8th week of experiment we observed ultra-
sound manifestation of advanced liver fibrosis, including
hepatosplenomegaly, portal hypertension. Ultrasound exam
of the rat testes showed testicular degeneration, hydrocele,
fibrosis, scarring, petrifications, size reduction, and restriction
of testicular descent; testes size decreased from 1.24 ± 0.62 ml
to 0.61 ± 0.13, p < 0.01. Liver histology showed granular
dystrophy of hepatocytes, necrotic areas, lipid inclusions in
parenchyma. Rats with liver fibrosis demonstrated severe in-
jury of the reproductive system and altering of fertility: the
offspring of male rats with advanced LF was 4.71 ± 0.53 born
alive vs 9.55 ± 0.47 born from mating with healthy males,
p < 0.001. Eight weeks after last CCl4 injection, we revealed
signs of liver regeneration, significant recovery of its struc-
ture. The ALT and AST levels significantly decreased and
reached background measurements. As a result of the second
interbreeding after liver self-healing no significant difference
was found vs previous mating.
Conclusion Carbohydrate tetrachloride induces injury of liver
parenchyma evoking fast and severe liver fibrosis, and is as-
sociated with irreversible structural and functional changes in
testes, reducing fertility, decreasing potential pregnancy rate,
and affecting its development. Liver showed high potential to
regenerate, however the self-restoring after liver fibrosis was
not accompanied with recovery of the reproductive system.
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Overview

Liver fibrosis and male fertility associations
within the concept of predictive, preventive,
and personalized medicine

Nonalcoholic fatty liver disease (NAFLD) is a global health
problem, represents a hepatic metabolic syndrome and includes
fatty liver (simple steatosis), steatohepatitis, liver fibrosis (LF),
and cirrhosis [1–3]. In 1980, the term nonalcoholic
steatohepatitis (NASH)was suggestedwhich is now considered
to be one of the manifestations of the broader NAFLD spec-
trum, characterized by fatty and inflammatory changes, Mallory
bodies, fibrosis and cirrhosis. The disease was more common in
women, the obese, those with diabetes mellitus, gallstones, and
thyroid disease [4].

The Btwo-hit^ hypothesis for the progression of NASH has
been suggested, which claims the pathophysiology start with
steatosis (the primary hit), which primes the liver to oxidative
stress (a secondary hit) [5, 6]. Obesity is a risk factors for
NAFLD [2]. Many other risk factors can also serve as the
secondary hit [5] such as gut-derived endotoxins, pro-
inflammatory cytokines, endoplasmic reticulum (ER) stress,
and insulin resistance (IR), inflammation [7], mitochondrial
dysfunction [8], oxidative stress, the role of Cytochrome P450
3A4 [6], etc.

Liver fibrosis (LF) is a chronic disease of the liver, is a
frequent form of metabolic syndrome (MetS), often connected
to obesity, diabetes, insulin resistance, and associated with the
male reproductive tract function—the processes of functional
sperm production [9–12]. Biosynthesis of estrogens and an-
drogens plays a role in the development of liver disease [13,
14], and gender differences in the relative risk of developing
metabolic complications were demonstrated [15].

Although the normal liver has a large regenerative capacity
[16], the complications of LF on the reproductive system
could be severe and irreversible.

Dramatic falling birth rates and fertility rates of modern
societies in recent decades is closely associated with the in-
creased incidence of metabolic syndrome [17, 18]. The tasks
of predictive, preventive, and personalized medicine (PPPM)
are to develop a well-balanced family life through all life spans
in aging society and promote sustainable reproduction health
and new healthy generations [19–21]. Women’s health has been
widely assessed within the large scope of factors affecting fer-
tility, providing clear recommendations for gender-related pa-
thology. In men’s health, we still observe a lack of such clear
concept, focused attention in research and health care [22].
Recently, we studied antioxidative effects of nanoceria on male
infertility and suggested an extensive multiparameter diagnostic
assessment panel for men’s health and fertility [22].

However, so far many aspects of liver regeneration, hormone
and sex-related issues of LF development, and interactions with

the reproductive system in males, its impact on fertility, and
potential pregnancy development have not been finally
elucidated.

The rat models are reliable and have been widely used to
study liver fibrosis and related conditions when the regenera-
tive capacity of liver is compromised. This approach can be
effected either by partial hepatectomy or using hepatotoxins
like carbon tetrachloride (CCl4) [23–27]. CCl4 has been used
as a model toxicant and has been the focus of many in vitro
and in vivo toxicological studies. It has toxicity on organs and
tissues, and most pronounced liver-specific activity with
strong hepatotoxic cirrhotic and carcinogenetic effects due to
the metabolism of CCl4 via cytochrome P450 (CYP). On the
other hand, it is supposed to have generalized toxic effects
upon other organs including the reproduction system through
inhibition of CYP system [24].

We have chosen the carbon tetrachloride-induced liver fi-
brosis model [28–31] on 3-month old male Wistar rats using
the longitudinal ultrasound survey to study the male reproduc-
tive system in liver fibrosis.

The aim is to study the male reproductive function of rats
in the CCl4-induced liver fibrosis model, and the regenerative
capacity of both the liver and of male reproduction system;
and to overview the literature to update the evidence regarding
liver fibrosis and reproductive dysfunction.

Methods

Research was conducted in compliance with the standards of
the Convention on Bioethics of the Council of Europe’s
‘Europe Convention for the Protection of Vertebrate
Animals’ used for experimental and other scientific purposes’
(1997), the general ethical principles of animal experiments,
approved by the First National Congress on Bioethics Ukraine
(September 2001) in compliance with the Law of Ukraine of
21.02.2006 № 3447-IV BOn protection of animals from
abuse^, and with other international agreements and national
legislation in this field. Animals were kept in a vivarium that
was accredited in accordance with the ‘standard rules on or-
dering, equipment, and maintenance of experimental biologi-
cal clinics (vivarium)’. Instruments to be used for research are
subject to metrological control. No human subjects have been
involved to the study.

Preclinical in vivo ultrasound was used during the model
that allowed gathering more relevant parameters for keeping
animals alive.

Animals and housing conditions

The experiment included 20 3-month old Wistar male rats and
20 healthy females for mating and to study fertility. The ani-
mals of each experimental group were individually housed in
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polypropylene cages in an environmentally controlled clean
air room, with a temperature of 22 ± 3 °C, a 12 h light/12 h
dark cycle, and a relative humidity of 60 ± 5%.

Experiments

Studies were conducted on 20 3-month old Wistar male rats.
The experimental animals were injected with freshly prepared
50% olive oil solution of carbon tetrachloride (CCl4) in a dose
of 200 μL/100 g body weight during 2 weeks with a period-
icity twice a week (Monday and Thursday) [26, 27]. The sub-
sequent 2 weeks, the animals were injected intraperitoneally
with freshly prepared 50% olive oil solution of CCl4 in a dose
of 100 μL/100 g of body weight with a periodicity twice a
week (Monday and Thursday). During the residual 4 weeks of
experiment the animals were injected intraperitoneally with
freshly prepared 50% olive oil solution of CCl4 in a dose of
50 μL/100 g body weight with a periodicity of 2 times a week
(Monday and Thursday).

Before injection of CCl4 the male rats were mated with
females.

On the 8th week of the experiment we noted the signs of
liver fibrosis and transaminases increasing as in [26, 27].

Thereafter, we started the second step of the experiment.
The male rats were mated with 20 healthy females and then

left untreated during 8 weeks to evoke regeneration (‘self-
healing’) of the liver.

After 8 weeks all the male rats underwent ultrasound again
and a biopsy of the liver and testes.

Then the male rats were mated again with healthy females.
Thus, mating was performed at the beginning, on the 8th,

and 16th week of experiment.
One month later animals were sacrificed according to

guidelines on bioethics.

Post-mortem study A diagnostic algorithm based on the ba-
sis of visual assessment of color, size, shape, and consistency
of organ edges.

Histological preparations The pieces of liver and testes
were fixed in 10% neutral formalin, embedded in paraffin
blocks, sections were prepared with thickness about 5 μm.
Tissue sections were stained with hematoxylin-eosin by
Romanovsky.

Biochemical blood analysisWe determined levels of alanine
aminotransferase (ALT) and aspartate aminotransferase (AST)
in the sera of rats in the control and experimental groups were
determined using photoelectrocolorimeters KFK-2, we used
test system manufacturer Audit Diagnostics (Ireland).

Ultrasound (US) of the internal organs and rat testes
at pregnancy

All animals underwent ultrasound study of internal organs and
the reproductive system at the initial point and on the 8th and
on the 16th weeks of the experiment, as well as the biopsy of
the liver and testes under US guidance. We performed ultra-
sonography (US) of testes in rats using linear 5–12 MHz fre-
quency probes of ultrasound scanner Ultrasound Philips/ATL
HDI 5000 (Netherlands) according to [32].

An important criterion in assessing the development of
liver disease during ultrasound were parameters of changes
in the size of the liver, spleen, portal vein diameter, and
Doppler of portal blood flow. We obtained transversal and
longitudinal measurements of testes and calculated volume.
We used the most common formula to calculate a testicular
volume for an ellipsoid structure: length (L) × width
(W) × height (H) × 0.52.

The pregnancy in rats was monitored on ultrasound.
The overall scheme of the experiment is presented in Fig. 1.

Statistical analysis

Statistical processing of the results, which included an analysis
of the significance of differences in the average values by
Student’s test was performed using the MS Exel. All experi-
mental data in this study were expressed as means ± standard
deviation (M ± SD). The difference between groups was
defined to be statistically significant when a P-value was
lower than 0.05.

The number of animals was calculated considering high
levels of mortlity due to toxicity of carbon tetrachloride.

Results

On the 8th week we observed changes typical to advanced
fibrosis (cirrhosis) on ultrasound including signs of portal hy-
pertension with the dilatation of the portal and splenic veins,
blood flow changes, and signs of nephropathy (hepatorenal
syndrome) in all animals (Fig. 2).

Ultrasound exam of the rat testes since the 8th week
showed the presence of testicular degeneration, often the pres-
ence of hydrocele testis (fluid in the scrotum) testicular fibro-
sis, scarring, petrification, size reduction and restriction of
testicular descent (Fig. 3). Testicular volumes on ultrasound
decreased from 1.24 ± 0.62 ml (at the beginning) to
0.61 ± 0.13, p < 0.01.

Histology of the liver of rats on the 8th week after CCl4
injection revealed granular dystrophy of hepatocytes, necrotic
areas in parenchyma, identified areas with lipid inclusions,
which is typical for the development of cirrhosis in humans
and lack of typical girder structure of the liver (Fig. 4).
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Histology of the testes at stages of the current model of intact
rat testis, during liver fibrosis model, and 8 weeks after liver
self-healing are presented in Figs. 5, 6, and 7 respectively.

Liver fibrosis causes severe changes in the metabolic pro-
cesses of an organism and as we hypothesized can be associ-
ated with severe disease of the reproductive system. We are
aware of potentially biased results by possible direct toxicity
of carbon tetrachloride on the reproductive system and not
only indirect ones, mediated by liver fibrosis.

The clear proof of the reproductive system injury was dem-
onstrated by the offspring of the male rats under the model who
were mated with healthy females. These females had already

mated with healthy males and gave birth to an average of
9.55 ± 0.47 rat babies. As a result, at the first birth four female
rats died, three female rats did not become pregnant, and the rest
gave birth, 4.71 ± 0.53 per one female rat, p < 0.05 (Table 1).

After mating we repeated ultrasound studies. We measured
sizes of the liver, spleen size, portal vein diameter, and size of
the testes (Fig. 8). We found a strong correlation (r = 0.82;
p < 0.01) between the size of the liver and portal vein
diameter, and moderate correlation with ALT and AST
levels (r = 0.63).

The manifestations of portal hypertension can vary and
modify differences and association between liver and spleen

pregnancy ultrasound 
monitoring

males

females

mating with healthy females mating with healthy females mating with healthy females

pregnancy ultrasound 
monitoring

pregnancy ultrasound 
monitoring

0W 8W 16W 20W

CCl4 200 µL / 

100 g twice a 
week, i.p

CCl4 100 µL / 

100 g twice a 
week, i.p

CCl4 50 µL / 100 g 

twice a week, i.p

8 weeks REST

ultrasound, biopsy ultrasound, biopsyultrasound, biopsy
0W 2W 4W 8W 16W

Fig. 1 General scheme of the experiment

Fig. 2 Ultrasound of liver in rats.
a – general view, b, c, d – liver
structure; b – liver fibrosis,
nodules, petrifications; c – liver
measurement; d – changes of liver
structure, deformation of tubular
structures, cholestasis; e – portal
hypertension: portal vein
expanded (blue), hepatic artery
(red); f – core biopsy under
ultrasound guidance
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size. Thus, the spleen size is an indirect manifestation of portal
hypertension and can be considered as the most relevant pa-
rameter of liver fibrosis severity and the tendency to chronic
disease progression or improvement.

On 8 week after the last injection we revealed manifesta-
tions of the liver regeneration, significant recovery of paren-
chyma, partial restoring of its lobular-girder structure, reduc-
ing the amount of lymphocytic infiltration and lipid inclusions
in the hepatocytes. We found a large number of dual-nuclear
and tri-nuclear hepatocytes that favor the self-restoring of pa-
renchyma (Fig. 9).

The levels of ALT and AST significantly decreased from
1.95-fold increasing to the level of 1.46-fold increasing nor-
mal measurements respectively and reached initial levels.

On the US study we marked an improvement in the struc-
ture of the internal organs, while structural injuries of the
testes were still identified.

Testicular histology after 8 weeks of liver regeneration (so
called ‘self-healing’) did not show significant changes and tes-
ticular volume remained at levels as low as 0.65 ± 0.11 ml
(changes non-significant).

The same males were mated with females again. As a
result of the second interbreeding we noted: six females
died during childbirth, three females were not pregnant,
and the rest by an average of one female gave birth to
4.25 ± 0.45 rats (Table 1).

The pregnancy was successfully monitored on ultrasound
(Fig. 10).

We found no significant difference between them, indicating
that the improvement in the reproduction function of male rats
that remained 2 months under the liver self-healing, was not
observed.

Discussion

Mechanism and hypotheses of interplay between liver
fibrosis and male fertility: role of inflammation, oxidative
stress and direct toxicity

To our best knowledge, this is one of the initial studies of male
reproductive function under the liver fibrosis model in the
context of reversibility. To clarify background mechanics that
are behind the reciprocity between liver disease and male fer-
tility, the roles of several pathways need to be discussed.

The liver fibrosis development mechanism is complex and
multifactorial [3, 33–35], and generally progresses from in-
flammation to fibrosis and finally tumorogenesis [35]. Its
pathogenesis has been deeply investigated, especially regard-
ing excessive triacylglycerols (TAGs’) accumulation in liver
parenchyma [34].

Inflammation plays a crucial role in different human and
experimental liver diseases [36], since the liver is a central
immunological organ with a high exposure to circulating an-
tigens and endotoxins from the gut microbiota, particularly
enriched for innate immune cells (macrophages, innate lym-
phoid cells, mucosal-associated invariant T (MAIT) cells). In
homeostasis, many mechanisms ensure suppression of im-
mune responses, resulting in tolerance. Conserved mecha-
nisms such as damage-associated molecular patterns
(DAMPs, alarmins), Toll-like receptor signaling or
inflammasome activation initiate inflammatory responses in
the liver. The inflammatory activation of hepatic stellate and
Kupffer cells results in the chemokine-mediated infiltration of
neutrophils, monocytes, natural killer (NK), and natural killer
T (NKT) cells [7].

Fig. 3 Assessment of the rat testes: a – view of ultrasound technique to
obtain transversal scans of testes in rat; b, c – acquired cryptorchidism
under LF model – general view (b) and corresponding US image (c),
whereas red circles indicate the right testicle (T) not descended to the

scrotum; d, e, f – longitudinal US scan of testes: decreasing size,
fibrosis, deformation, petrification, stiff and thick (fibrotic) capsule,
irregular contour; * – fluid around a testicle (hydrocele)
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A growing body of evidence has shown that liver
autophagy contributes to basic hepatic functions [37].

Cytochrome P450–2E1 (CYP2E1) metabolizes a variety of
small molecule substrates including long-chain fatty acids.
Superoxide, the oxidative radical produced from CYP2E1-
mediated metabolisms [24], can serve as part of the second
hit to advance the severity of NAFLD. CYP2E1 expression in
the liver was increased in humans and animal models of
NAFLD. An important role of CYP2E1 in the development
of NASH using high-fat diet (HFD) was reported [6, 38, 39].
CYP2E1 was suggested to be critically important in NASH
development by promoting oxidative/nitrosative stress, pro-
tein modifications, inflammation, and insulin resistance [39].
The recent studies conclusively demonstrate that CYP2E1 is
the major factor involved in the CCl4-induced hepatotoxicity,
CYP2E1 was degraded during the process of CCl4-induced
hepatotoxicity [29], while factors such as hyperammonemia
and portosystemic shunting observed in cirrhotic animals also
play important roles.

Recently the cellular localization of the constitutive expres-
sion of steroidogenic and non-steroidogenic cytochrome P450
(CYP) in rat testis was defined [40].

Thus, the toxicity of carbon tetrachloride (CCl4) could also
have direct effects on the reproductive system but also indirect
ones, mediated by liver fibrosis.

However, the quantity/concentration of CYP in testis
is not comparable with those in the liver parenchyma
exceeding several times to be supposed as a target of
CCl4-induced toxicity. Hence, the mechanics of of
CCl4–induced toxicity is very complex, it seems very
doubtful that direct toxic effect is prevailing on the re-
productive system.

Recently the efficacy of plant-based drugs was studied on
so called ‘carbon tetrachloride-induced testicular damage’
[41, 42]. The authors speculated that carbon tetrachloride
can directly induce damages on the male reproductive system
based on the assumption that CYP genes in the male
reproductive organs are targets for CCl4, which causes
usual oxidative damage to the lipids and proteins of the
reproductive tissues [43]. However, significant increasing
of protein carbonyl content was observed in the liver by
138% and only by 21% in testis, and by 51% in lungs.
Similar mechanisms are probably responsible for the toxicity
of CCl4 in humans [24].

Other molecular targets of CCl4in testes are unclear
or probably insignificant and do not explain mechan-
ics, reasonable focus is rather on the pituitary-gonadal
axis.

However, although the researchers agree that liver is
a main target of CCl4 they did not study liver function

Fig. 4 Histology of liver of the rats at the 8th week after injection of CCl4. Granular dystrophy of hepatocytes, necrotic areas, areas with lipid inclusions,
and lack of typical girder structure of the liver

Fig. 5 Intact rat testis. The Leydig cells and Sertoli cells preserve their structure
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and did not consider this mechanism via endotoxicity
related to LF, which on our opinion should be consid-
ered as largely significant. While evaluating efficacy of
plant products on so called ‘carbon tetrachloride-induced
sperm damages and testicular apoptosis’ [44], liver
function has not been studied; however, studied antiox-
idants could reduce the toxic effects exerted by CCl4
upon testes likely through inhibition of CYP system,
mostly represented in the liver tissue.

Few researchers consider liver-mediated mechanism in the
study of impairment of reproductive function in a male rat
[45].

The human studies demonstrated strong crosslinks be-
tween male reproduction and liver disease [46]. Thus,
the problems with the male reproductive system are ob-
served in many liver fibrosis models, and are reproduc-
ible in, e.g., on NSAIDs-induced LF (male rats are
more susceptible to toxic injury according to prelimi-
nary data).

Use of adult (sexually mature) rats for modeling,
time of development of testicular degeneration under
conditions of advanced cirrhotic liver lesion and the

dose used can indirectly support the ‘liver-mediated’
consequence hypothesis.

Thus, considering all the above, it is clear that we
should stay at the hypothesis point, nevertheless some
parameters allow us to be convinced that LF is among
the major factors contributing to reproductive
dysfunction.

In the study of CCl4-induced hepatotoxicity in preg-
nant and lactating rats the CYP2E1 level in the non-
treated lactating rats tended to increase but remained at
lower levels until PPD13 compared with that in non-
pregnant rats [47]. Thus, the degree of CCl4-induced
hepatotoxicity did not correspond to the CYP2E1 levels
during lactation. The Authors suggested that during lac-
tation, there may be certain factors other than CYP2E1
expression responsible for the degree of CCl4-induced hep-
atotoxicity [47].

MetS, LF and male infertility

Certainly, progress in the field of reproduction has been
realized in the twenty-first century with advances in the

Fig. 6 The morphology of the testicles of rats with liver fibrosis. The tubular lumen diameter is largest among the study groups; a minor amount of
sperm in the lumen; partial necrosis of Leydig cells

Fig. 7 The morphology of the testicles of on the 8th week of liver regeneration. Leydig cells not detected; necrosis of Leydig cells; a serous exudate in
interfollicular stroma. Seminiferous tubules filled with spermatids and spermatozoa. Sertoli cells preserve their structure
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understanding of the regulation of fertility [48], howev-
er, a large proportion of infertile males are still diag-
nosed as idiopathic, reflecting poor understanding of the
basic mechanisms regulating spermatogenesis and sperm
function [49, 50]. The current clinical evaluation of in-
fertile couples is relatively simple and superficial [48].
Support for innovative reproductive medical care and
preventive educational activity for couple health assess-
ment for smart planning social life and reproduction is a
large challenge [51, 52].

Currently, there is rigorous evidence to suggest a
MetS–male infertility concept. It is known that obesity/
overweight may result in hypogonadism, increased scrotal
temperatures, impaired spermatogenesis, decreased sperm
concentration and motility, and increased sperm DNA
damage [53, 54]. Similarly, diabetes mellitus type 2/
insulin resistance and dyslipidemia may further decrease

fertility contributing to increasing oxidative stress in the
testicular microenvironment [53–55].

Oxidative stress as a unified mechanism can trigger
changes at an organism level that might serve as a strong
link LF with male reproduction system injury [47], our
recent data supported effectiveness of nanoceria as an
antioxidative treatment of infertility [22]. Oxidative dam-
age to proteins occurs in acute as well as chronic expo-
sure of rats to CCl4 and it may contribute to the patho-
genesis of liver injury, while lipid peroxidation plays a
major role [29].

Diabetes is associated with increased sperm nuclear and
mtDNA damage that may impair the reproductive capability
of men [55–60].

MetS impact on fertility might be orchestrated with
many pathways, e.g., monosodium glutamate is used for
modeling obesity [61–63], and it was reported that

Table 1 Reproductive
performance of male rats Result The offspring

of healthy
male rats

The offspring of the
male rats with LF

The offspring of the male
rats after 8 weeks of liver
regeneration

Female failed to get pregnant - 2 3

Female failed to give birth, died - 3 6

Healthy offspring 20 15 8

The average number of offspring per birth 9.55 ± 0.47 4.71 ± 0.53* 4.25 ± 0.45*

*p < 0.001 compared with healthy rats

Fig. 8 The changes of ultrasound parameters during the study
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MSG may cause partial infertility in male, therefore, the
consumption of high dose MSG should be restricted in
groups under risk [57].

Sperm apoptosis is related to male age, body mass
index (BMI), testicular volume, and FSH. Among the
apoptotic markers, only DNA denaturation has been
found to predict natural pregnancy better than conventional
sperm parameters [63].

Hepatocyte aquaporins (AQPs) are proteinaceous channels
that allow facilitated permeation of water and uncharged
through cellular membranes. AQPs are widespread in nature
and play a number of important roles, e.g., in regulating he-
patic TAG synthesis in NAFLD [64] and in subjects with
obesity, insulin-resistance, and NAFLD [63]. AQP9 down-
regulation and reduction in hepatic glycerol permeability in
insulin-resistant conditions were interpreted in a way whereby
the hepatocytes counteract further fat accumulation within its

parenchyma and diminish hepatic gluconeogenesis during
NAFLD. This patho-physiological gender-related pattern is
important for both animal and human organism; thus, the
extent of AQP9 protein and liver import of glycerol had a
distinct profile of control in n3-PUFA (ω3 polyunsaturated
fatty acids)-depleted female rats [9, 15, 18, 65].

One among the most important factors associated with
decreasing spermatogenesis and steroidogenesis, is hypo-
thalamus–pituitary axis dysregulation leading to reduction
of Leydig cell count, which produced more than 60% of
androgens, lowering density of LH receptors in the cells,
and decreasing the synthesis of testosterone. The apoptosis
has been shown to rise with age producing oxidative stress
resulting in accelerated germ cell loss in the tissues [66].
Serum levels of testosterone, dihydrotestosterone were reported
to become significantly lower in patients with cirrhosis; serum
total and unbound E2, serum luteinizing hormone concentration

Fig. 9 Liver morphology of male rat on the 8th week of liver
regeneration. Manifestations of the liver regeneration, partial restoring
of its lobular-girder structure, reducing the amount of lymphocytic

infiltration and lipid inclusions in the hepatocytes; a large number of
dual-nuclear and tri-nuclear hepatocytes (a sign of regeneration)

Fig. 10 Ultrasound scans of
pregnancy in rats. a – detecting
embryo in gestational sac at the
early term (e); b – several fetuses
are visualized in uterus corns in
the last trimester; red circles
indicate the fetus skull bones
(hyperechoic)
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increase in the cirrhotic patients; and an increase of E2 to tes-
tosterone ratio (calculated from serum concentration of total or
unbound) in cirrhosis [67–69].

Liver transplantation can improve the reproductive
function. The data of comparative study prior to and 6 months
after liver transplantation demonstrated hypogonadism and
feminization of male patients with advanced liver disease,
irrespective of the etiology; these abnormalities rapidly
improve after successful liver transplantation [70, 71].
After liver transplantation some alterations were reported to
persist in some patients, both because of pre-existing gonadal
alterations (toxic-metabolic damage) and immunosuppressive
pharmacological side effects. Further studies will explain the
relationship between hypogonadism and liver transplantation
outcome in the early months and in the long term [71], and the
role of androgen therapy.

Liver fibrosis/cirrhosis is usually accompanied by portal
hypertension, that may lead to ascites, peripheral edema
[72]. Congestive changes can affect internal organs and the
endocrine system with manifestation in the decrease of libido
and potency, testicular atrophy, gynecomastia, and increasing
levels of 17 estrodiol β (E2), luteinizing hormone, and FSG.
The changes in the balance between the circulating estrogen
and androgen plays an important role in the pathogenesis of
hepatic cirrhosis gynecomastia [71]. Liver cirrhosis can alter
levels of prostate-specific antigen (PSA) [12]. The portal hy-
pertension might also evoke congestive effects in the distant
organs of various systems in pulmonary [73–75].

The effects of alcohol consumption on sperm parameters
and male infertility have been investigated over the years
[76–80]. Alcohol consumption is associated with a dete-
rioration of sperm parameters which may be partially re-
versible [79, 80]. Testicular biopsy in male rats with
alcohol-induced liver fibrosis showed significant histological
changes: a decrease in the diameter of the seminiferous
tubules and the number of germ cells. Nevertheless, alcohol
impact on the male reproductive function is still controversial,
its consumption does not seem to have much effect on fertility
either in in vitro fertilization programs or population-based
studies [80].

Alcohol-induced liver fibrosis was not considered as a core
mechanism of impact on male infertility in the studies and still
remains unclear.

The liver regeneration and reproductive system

The ancient Greeks were the first who articulated an idea of
liver regeneration in the myth of Prometheus, who stolen the
secret of fire from the gods of Olympus, and was punished—
the eagle preyed on Prometheus’ liver in Caucasus mountains,
which was renewed as fast as it was devoured [81]. This an-
cient myth was not far from reality and is close to a modern

evidence-based knowledge, however mythical, on liver regen-
eration potential.

The normal liver has a remarkable regenerative capacity,
acute injury or resection of liver can overload its regenerative
ability in the setting two scenarios: development severe acute
or chronic liver injury with aberrant liver architecture and
fibrosis [16, 82].

The role of the hepatic stellate cell (HSC) as the key
fibrogenic driver of hepatic fibrosis in response to chronic
liver injury [82, 83], and are also now known to participate
in adipokine, angiogenic, and neuroendocrine signaling, inter-
act with other resident cell types, and be regulated by epige-
netic and transcriptional mediators. HSCs are emphasized in
the emerging mechanisms of the disease and their therapeutic
implications. Recently the concept in HSC activation into
proliferative, fibrogenic myofibroblasts was updated with
novel mediators [83]. Extracellular signals from resident
and inflammatory cells including macrophages, hepato-
cytes, liver sinusoidal endothelial cells, natural killer cells,
natural killer T cells, platelets, and B cells further modulate
HSC activation. Finally, pathways of HSC clearance have
been greatly clarified, and include apoptosis, senescence,
and reversion to an inactivated state. Extracellular signals
converging upon HSCs to promote their activation include
those originating from the extracellular matrix and stimuli
from resident and infiltrating inflammatory cells; external
stimuli, like high-cholesterol diet can increase liver fibrosis
and activation of HSCs [83].

Hypoxia is a common environmental stress factor and is
also associated with various physiological and pathological
conditions such as fibrogenesis. HSCs activate through
TGF-beta signaling pathway [84]. This can provide interest-
ing insights for pre-metastatic niches according to seed and
soil theory of cancer metastatic disease development [85].

Cytokine-dependent routine factors [16] indicated that liver
regeneration had two routes: cytokine-dependent and non-
cytokine-dependent routes, which involved a large amount
of associated proteins. The completion of cytokine-
dependent routine mainly depends on the involvement of
TNF-α, IL-6, and other cytokines (like IL-1, etc.) [86]. IL-6
combines with its receptor IL-6R, whereas IL-6R combines
with two sub-units of glycoprotein (GP), which can activate
the activity of tyrosine kinase (JAK).

Both innate and adaptive immunity are involved to develop
NAFLD [7, 87], the accumulation of pro-fibrogenic
myofibroblasts is a central feature of tissue fibrosis; such
cytokines as tumor necrosis factor and interleukin-6 induce
LF exacerbation, whereas, IL-10 and adiponectin and
others are protective [87]. Hedgehog pathway activation
leads to hepatic enrichment with natural killer T cells con-
tributing to fibrosis progression, and Kupffer cell depletion
prevents the development of diet-induced steatosis and insulin
resistance [87].
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Autologous bone marrow-derived mesenchymal stem cell
transplantation is a promising therapeutic tool promoting liver
regeneration after portal vein embolization in cirrhotic rats [88].
Efforts have to be focused on the hepatic stellate cell, as these
cells can undergo ‘activation’ into proliferative and fibrogenic
myofibroblast-like cells during liver injury [89, 90].

The normal liver is known to attempt to retain an appro-
priate size relative to the whole body [89, 90].

After an injury or resection the rest of the liver undergoes a
sequence of agreed changes to restore its initial volume and
structure. This capability is necessary to preserve the previous
size to the body weight ratio after hepatomegaly has been
induced by such growth factors as triiodothyronine, when
the liver decreases to the previous volume [16, 23, 45, 91].
Regeneration of the liver was observed on rat models [69],
also on those induced by CCl4 [26–30], e.g., on liver fibrosis
rat models in the studies by Weber et al. [28], Singh et al. [91]
caused by intraperitoneal injection of CCl4(1 ml/kg body
weight) twice a week during 2 weeks; a group of animals that
were not given any tested treatment demonstrated liver self-
repair (Singh, 2015) [91].

Thus, the results of many studies, testing beneficial treat-
ments of liver might be biased due to regenerative potential of
liver parenchyma.

Unanswered is the question of whether the liver fibrosis
reverses when the toxin completely stops acting [92, 93]. A
loong time could be needed for a significant regression,
depending on the etiology, duration, and severity of fibro-
sis and molecular like catecholamine activity [92], fibrillar
collagen type I, III, matrix metalloproteinases (MMP-1,
−8, −9, and 13), etc. [92, 93].

While performing our rat model, we observed organ
regeneration over time as observed in advanced fibrosis;
after 12 weeks of model and self-restoring of the liver after
the cirrhosis stage was formed. Importantly, note that the
longer the liver fibrosis, the less significant the regenerative
processes detected.

There are significant sex-related differences in liver fibrosis
development under hepatotoxic drugs, including NSAIDs
consumption. We recently hypothesized, that gender differ-
ences are possible on its effects on liver due to autoimmune
hepatitis (type 1) vs drug-induced liver injury (DILI) paths
[94], depending on the gender.

Thus, the achievement in understanding the treatment of
liver disease should be based on high-quality non-invasive
predictive diagnosis. Liver biopsy still remains the gold stan-
dard for assessing both diseases-specific pathologies and fi-
brosis stage, but newer approaches provide complementary
information [95]. In general, chronic liver diseases consist of
three steps: inflammation, fibrosis, and hepatocarcinogenesis
[96]. Prediction risks of transfer to next step is a crucial task
for hepatologists. A growing number of studies have demon-
strated the accuracy of non-invasive methods to predict

significant/advanced fibrosis and cirrhosis and to identify the
presence/absence of fibrosis [97–99] and quantify the staging
of hepatic fibrosis [100].

Consolidation of the PPPM concept

Thus, current research addresses a few novel findings, answers
several questions and raises a few new in this large puzzle:

& carbohydrate tetrachloride induces fast and severe liver
fibrosis and is associated with irreversible micro-, macro-
structural, and functional changes of male reproductive
system;

& LF hypothetically is a primary cause to induce changes in
the male reproductive system, decreasing level of fertility
and deteriorating potential pregnancy development if
successful;

& LF is reversible (on current model);
& reproductive system deterioration was not reversible.

Hence, many of the issues of LF were studied in depth,
several questions remain open and have been arisen during
research as the following:

& the toxicity of carbon tetrachloride could also have direct
effects on the reproductive system and also indirect ones,
mediated by liver fibrosis;

& comprehensive mechanisms of liver fibrosis and its
stratification;

& mechanism of injury to the reproductive system in LF;
& how functionally effective and comprehensive is the

regenerative potential of the liver?
& Is the reproductive dysfunction reversible? What is the

regeneration potential of the male reproduction system,
what is the molecular mechanism of this phenomena,
what are the regulatory pathways beyond hormonal?

& If such conditions are related to testosteron levels, can testos-
terone treatment potentially be used considering risks of in-
ducing hepatocellular carcinoma (HCC) development risks?

& How to predict the capacity and limits of liver regenera-
tion using individual profiles?

& The mechanics of self-healing body of liver when
damaging agent action stops, and the following balance
between regeneration and fibrosis under hepatic stellate
cells (HSCs) activation.

& What is the mechanism of destructive effects on potential
pregnancy and health of mated females in this experiment?

Currently, there are limited prospective studies examining
the effects of treating metabolic syndrome on male reproduc-
tion, and these relationships need to be a focus of further
investigation; additional studies are needed to fully elucidate
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the pathophysiologic link between the components of MetS
and male infertility.

Chronic liver disease and MetS including balance between
health and disease and an interplay between a genetic compo-
nent, epigenetic regulations, and environmental factors have
been profoundly studied by experts of European Association
for Predictive, Preventive and Personalized Medicine
(EPMA) [19–21], the effective PPPM solutions were con-
sequently suggested for the PPPM Men Health concept,
described in detail in [22].

Predictive medical approach

Translation of the obtained results to the human organism
is quite a challenge. Developing the integral LF panel of
imaging and molecular biomarkers is an important point to
predict individuals who are at risk of developing cirrhosis,
HCC, and complications of LF and update national and
international guidelines.

The basic message of this study is that a strong potential of
liver for regeneration and severe complication in particular in
males have been detected. Considering strong crosslinks be-
tween hormonal function and sex-dependent effects, perform
reliable stratification of patients to pose tailored preventive
measures and or personazlied inteventions to decreasing risks
of transformation LF to HCC [101]. Hormonal status, a com-
plication on reproductive system might be an additional end-
point to observe in such patients. Progress in defining the cel-
lular and molecular basis of hepatic fibrosis has brought us to a
juncture where translation of these discoveries into diagnostic
tools and treatments is nearing reality [33]. It is crucial to final-
ize development and analyze all the existing non-invasive tools
for LF in regard to their level of evidence and clinical accessi-
bility with suggesting generalized protocol and update existing
algorithms fort liver fibrosis in different kinds of pathology.
Genetic markers that predict fibrosis progression risk, com-
bined with new paradigms to stratify the risk of decompensa-
tion among patients with cirrhosis, should improve clinical trial
design quality and patient selection for antifibrotic therapies
[33]. The non-invasive markers besides sonoelastography, like
FIB-4, aspartate aminotransferase (AST) to alanine aminotrans-
ferase (ALT) ratio (AAR), AST to platelet count ratio (APRI),
and platelet count to spleen diameter (PC/SD) ratio), etc. are
definitely underestimated in the clinical set.

Smart reproduction planning and the planning of ones own
social life is the earliest and most important time point for
effective predictive medicine for future generations in a
healthy society. Men Health programs based upon a compre-
hensive profiling including data of hypothalamic–pituitary–
testis axis, microbiome, stress, psyche, emotions, pain, phys-
ical activity [102], microbiome and gut–brain axis (GBA),
Flammer phenotype [85], and molecular and cellular mecha-
nisms is an important point.

Preventive medical approach

Translation of the obtained data proceeding the animal model
to a human organismwould be relatively easy, considering the
unified biological paradigm put in hypothesis. The strong
message for prevention activity in men on liver fibrosis shoud
be: No nocere! Do not harm liver with unnecessary medica-
tion that might be avoided because it might be successfully
self-healed.

Regardless, advanced liver fibrosis is much less reversible
in humans than in rodents [87], human liver has a huge poten-
tial to regenerate, only a few treatment interventions might be
needed in particular groups of patients under risk to prevent
development of cirrhosis, HCC, and infertility.

Screening, diagnosis, therapy, and prevention of male gen-
ital pathologies, such as varicocele, cryptorchidism, hernia,
maldescent testes, testicular and prostate tumors, genitouri-
nary infections, etc.; study infertility and erectile dysfunction
in the population involved in sports activities, identify adverse
environmental and occupational risk factors, and correct un-
derlying nutritional imbalances. These findings support a
cheap and effective preventive paradigm with highest value
potentially provided [103, 104].

Personalized medical approach

Finding better noninvasive markers of fibrogenic activity and
disease progression is a high priority in order to accelerate
progress in developing novel treatments like antifibrotic drugs
[33], and antagonists of HCC development [105].

Regenerative medicine successful development provides
novel insights to hepatology. Thus, using adult autologous
stem cell therapy and autologous biological materials, which
recently proved to demonstrate a high level of efficacy in the
large study for orthopedic conditions [106, 107], are potential-
ly applicable and have promising perspectives for treatment of
liver fibrosis and related diseases. Self-repair/regenerative ca-
pacity of using stem cell-based therapies could improve the
outcomes in patients with liver fibrosis/cirrhosis [16].
Autologous bone marrow-derived mesenchymal stem cell
transplantation is a promising therapeutic tool promoting liver
regeneration after portal vein embolization in cirrhotic rats
[88]. Novel therapeutic targets continue to be unearthed by
new discoveries, including the emergence of the hepatic stel-
late cell (HSC) as an immunoregulatory cell type [33].
Futuristic technologies of reproductive medicine offer great
promise in the near future; however, there are the moral and
ethical issues associated with the use of embryonic stem cells.
Adult spermatogonial stem cells offer the possibility of a
unique source of pluripotent cells with the potential to restore
spermatogenesis through autologous transplantation in cases
of secondary infertility. These stem cells may also offer a
renewable source of cells to be used to correct a variety of
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diseases of aging, to develop new cell-based therapies for a
wide range of diseases and to advance germline gene therapy
to ameliorate genetic diseases in offspring [48].

Nanomedicine demonstrates the perspectives to be an ef-
fective infertility treatment via reduction of oxidative stress in
male reproductive organs, in particular in aging [26, 108].

Beneficial microbe-based drugs and gut-modifiing
treatment have huge potential for correcting MetS, LF
[109–115]. The growing levels of scientific and clinical
evidence show how microbes influence the physiology in
many body sites [113]. Well-designed unbiased multicen-
ter studies on evaluation of the gut-microbiome-liver met-
abolic network and the intervention of these relationships
using probiotics and potential prebiotic [116] with person-
alized nutrition are strongly required in the field.

Development of person-oriented diets is a focus of PPPM,
which have a beneficial impact on many aspects of health to
prevent liver diasese, and preservingmale fertility is one of the
pillar factors and an extraordinary task. Both diet and physical
activity are neededto improve the many factors associated
with the metabolic syndrome. Alcohol is extremely aggressive
on liver, however, has a fair negative impact on the reproduc-
tive system [76–80]. Popular dietary supplements like
monosodium glutamate [60–62] have been reported to evoke
a toxic effect on the testicular structure in rats and evokeMetS.
The vegetarian diet style that includes soy-based foods in-
cluding increased levels of phytoestrogens beneficial for
MetS and LF might be associated with a higher risk on the
male reproductive system [117].

The likely risk factors, such as smoking and drinking
habits, and the density and viability of sperm are suggested
to be significant predictors of male infertility [118].

Conclusions

Carbohydrate tetrachloride induced injury of liver parenchy-
ma evoking fast and severe liver fibrosis and associated with
irreversible structural and functional changes in testes, reduc-
ing fertility, decreasing potential pregnancy rate and altered its
development. Liver shows high potential for regeneration,
however the self-restoring of liver fibrosis was not accompa-
nied with recovery of reproductive system.

Outlooks and recommendations

This study posed several questions and left the hypothesis
open regarding causality of a liver-induced mechanism on
the reproductive system, since the toxicity of carbon tetrachlo-
ride could also have direct effects besides indirect ones, me-
diated by liver fibrosis.

We suggest to keep open the hypothesis that LF is a major
contributing factor on male reproductive dysfunction and to
conduct necessary follow up research in the matter.

Thus, comparative study of the male reproductive system
on several liver fibrosis models is needed with extensive mo-
lecular panel evaluation.

We also recommend the following: to start specific pro-
grams on liver fibrosis in men, considering the sex-related
nature and severity of complications of LF; to study gender
differences in LF development—two different medicine ap-
proaches are required; to study the mechanism of acute vs
chronic processes in LF and prediction of regeneration, under-
standing the interplay with function and regulation of the male
reproductive systems.

We recommend to promote educational programs sharing
knowledge to avoid toxic drug and liver fibrosis from unspe-
cific and unproved treatments.

Limitations of the study

We are aware of several limitations in our research. First, it
was difficult to completely exclude the direct toxic influence
of CCl4 upon testes and considering its high toxicity on the
whole of the organism as well. Secondly, the study has been
done on animals. We considered but did not study at the cur-
rent stage the issues like extensive metabonomics approach;
inflammatory, cytokynes signaling pathways; regenerative po-
tential, stem cells status; apoptosis; plasmin, matrix metallo-
proteinases, serum galectin-9 biomarker; microbiome and ge-
netics. The use of Masson’s trichome stains might increase
informativeness of liver and testes histology via detecting fi-
brosis. We did not measure obvious markers like testosterone
and spermogram, and considered primary endpoint—
birthgiving. We did not use sonoelastography to evaluate LF.
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