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Abstract 

Environmental toxicants such as chemicals, heavy metals, and pesticides have been shown to promote 

transgenerational inheritance of abnormal phenotypes and/or diseases to multiple subsequent generations following 

parental and/ or ancestral exposures. This study was designed to examine the potential transgenerational action of the 

environmental toxicant trichloroethane (TCE) on transmission of liver abnormality, and to elucidate the molecular 

etiology of hepatocyte cell damage. A total of thirty two healthy immature female albino mice were randomly divided 

into three equal groups as follows: a sham group, which did not receive any treatment; a vehicle group, which received 

corn oil alone, and TCE treated group (3 weeks, 100 μg/kg i.p., every 4th day). The F0 and F1 generation control and 

TCE populations were sacrificed at the age of four months, and various abnormalities histpathologically investigated. 

Cell death and oxidative stress indices were also measured. The present study provides experimental evidence for the 

inheritance of environmentally induced liver abnormalities in mice. The results of this study show that exposure to 

the TCE promoted adult onset liver abnormalities in F0 female mice as well as unexposed F1 generation offspring. It 

is the first study to report a transgenerational liver abnormalities in the F1 generation mice through maternal line prior 

to gestation. This finding was based on careful evaluation of liver histopathological abnormalities, apoptosis of 

hepatocytes, and measurements of oxidative stress biomarkers (lipid peroxidation, protein carbonylation, and nitric 

oxide) in control and TCE populations. There was an increase in liver histopathological abnormalities, cell death, and 

oxidative lipid damage in F0 and F1 hepatic tissues of TCE treated group. In conclusion, this study showed that the 

biological and health impacts of environmental toxicant TCE do not end in maternal adults, but are passed on to 

offspring generations. Hence, linking observed liver abnormality in the offspring to environmental exposure of their 

parental line. This study also illustrated that oxidative stress and apoptosis appear to be a molecular component of the 

hepatocyte cell injury. 
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Introduction 

In recent years, there is an increasing scientific 

evidence for the inheritance of environmentally 

induced abnormal phenotypes and/or diseases from 

parents to offspring (Skinner et al., 2010). These 

abnormalities may not be only limited to first 

generation of descendents but to subsequent 

generations either exposed (multigenerational 

inheritance) or unexposed (transgenerational 

inheritance) (Skinner et al., 2013; Nilsson and Skinner 

2014, 2015).  

Hence, the concept that today's environmental 

exposures can significantly affect later generations has 

been widely accepted under the term "epigenetic 

inheritance"; the transmission of phenotypic traits (e.g. 

molecular, cellular, organismal) that involve alterations 

in gene expression without changes in gene sequence 

(Nilsson and Skinner, 2014). Epigenetic inheritance has 

now been shown to be present in plants (Henderson and 

Jacobsen, 2007), nematode worms (Greer et al., 2011), 

flies (Ruden and Lu, 2008), rats (Manikkam et al., 

2012), mice (Guerrero-Bosagna et al., 2012), and 

humans (Pembrey, 2010). Experimental studies in 

rodents indicate that exposure to environmental toxic 

substances during intrauterine life, postnatal life, early 

life, and/or germ cell exposures play a significant role 

in determining the mature phenotype and susceptibility 

to diseases in later life (Skinner et al., 2010, 2013). 

Epigenetic abnormalities/diseases in humans have been 

documented for reproductive tract abnormalities, brain 

and behavior abnormalities, immune system 

abnormalities (Anway et al., 2006a; Crews et al., 2007)  

as well as kidney (Anway et al., 2006b), ovarian, testis  

and prostate diseases (Salian et al., 2009; Manikkam et 

al., 2012; Nilsson et al., 2012; Al-Griw et al., 2015a).  

A number of environmental factors have been shown to 

induce transgenerational inheritance of adult onset 

disease and phenotypic variations (Skinner et al., 
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2010). These include exposures to synthetic chemical 

agents (e.g. hydrocarbons, dioxin, trichloroethylene), 

pesticides (e.g. methoxychlor, permethrin, dichlorvos, 

vinclozolin), heavy metals (e.g. cadmium, mercury, 

arsenic, nickel), and plastics (e.g. bisphenol A, 

phthalates) (Aitken et al., 2004; Wong, 2010; 

Manikkam et al., 2012; Easley et al., 2015).  

These environmental exposures can act on both somatic 

and gamete  (sperm or egg) genomes inducing specific 

altered epigenetic patterns such as DNA methylation, 

histone modification, and miRNA alterations (Hou et 

al., 2012; Guerrero-Bosagna and Skinner, 2012; 

Nilsson and Skinner, 2015); that can be transmitted to 

future generations in the absence of direct 

environmental exposure (Hou et al., 2012; Skinner et 

al., 2013; Nilsson and Skinner, 2014). Therefore, the 

transmission of epigenetic variations rather than the 

direct induction of such variations is responsible for 

disease states through changes in gene expression and 

the establishment of heritable states of chromatin 

architecture (Kelly, 2014).  

The transgenerational changes are specific and could be 

used as biomarkers of exposure and disease (Manikkam 

et al., 2012; Skinner et al., 2013). The current study was 

designed to investigate the transgenerational actions of 

a specific environmental toxicant trichloroethane 

(TCE), an industrial solvent and a degreasing agent, to 

induce alteration in a somatic cell integrity that 

correlates to the induction of abnormality in the hepatic 

tissue.  

Recently, it has been reported that TCE exposure 

environmentally (Al-Griw et al., 2015a, 2015c, 2016) 

or occupationally (Bruckner et al., 2001) on a daily 

basis is associated with increased risk of infertility, low 

fetal weight and early neonatal neurobehavioral 

abnormalities (Al-Griw et al., 2015b), as well as 

autoimmunity (Wang et al., 2013).  

Epigenetic inheritance has been studied extensively in 

the germ line through in utero exposure (Skinner, 2007; 

Manikkam et al., 2012; Skinner et al., 2013). Most 

studies expose the gestating female F0 generation mice 

to a toxicant at the time their embryo were undergoing 

sex determination, the F1 generation mice were 

exposed directly as a fetus. In addition, the germ cells 

present in the developing fetus were exposed directly. 

Furthermore, when F0 generation male is exposed to an 

environmental insult, his sperm is exposed directly. On 

the other hand, studies on the epigenetic changes in the 

somatic cells have been scarce. In addition, there are 

few studies (Skinner and Guerrero-Bosagna, 2009; 

Skinner et al., 2010) addressed the transgenerational 

aspects of the environmental toxicant exposures on the 

subsequent development of an adult somatic cells. 

Therefore, the purpose of this study was to investigate 

the ability of TCE to induce intragenerational 

inheritance of liver abnormalities in F1 generation mice 

(offspring) through direct exposure of immature female 

F0 generation mice (dams); and to elucidate the 

molecular components of TCE-induced hepatocyte cell 

injury. 

Materials and Methods 

Animal Studies and Breeding 

The protocol of the study was approved by Libyan 

National Committee for Biosafety and Bioethics on 

2016. All efforts were made to fulfill the ethical 

experimentation standards such as minimizing the pain 

during animal handling and experiments as well as 

reducing the number of animals used. A total of twenty 

four animals used in this study were immature female 

Swiss albino mice (F0), 18 to 21 days old, weighing 12 

to 15g. They were breed in the animal house of the 

Zoology Department (Faculty of Science, University of 

Tripoli, Tripoli, Libya), housed under standard 

conditions of light (12 hour cycle) and temperature (26 

± 2°C). The animals were fed with a standard mouse 

diet and ad libitum tap water for drinking.  

Animals were divided into three groups of eight mice 

each. The mice were administered twice weekly for 

three weeks intraperitoneal (i.p.) injections of TCE 

(100 μg/kg body weight every 4th day) or corn oil 

positive vehicle control, and the negative sham control 

did not receive any treatment. At ten weeks of age, 

treated F0 females were mated with fertility proofed 

control males. Mating was confirmed by the presence 

of vaginal plug, which was defined as gestation day-1 

(GD-1). Once the vaginal plug was observed, F0 female 

mice were separated from males and individually 

caged. F0 pregnant dams were observed daily and total 

body weight (TBW) was measured daily to further 

confirm pregnancy. The dams were allowed to deliver 

naturally and the delivery day was designed as post-

natal day 0 (PND-0).  

After delivery, F1 litter weights, sex ratios, and percent 

of dead pups were recorded. Moreover, the size of each 

litter was standardized on PND-4 by eliminating extra 

pups through random selection within sex from litters 

with more than 10 pups to yield 10 pups, with five 

females and five males per litter. Control litters with 10 

or fewer pups were not standardized. The treated 

female mice were designated as the F0 generation. The 

offspring of the F0 generation mice were the F1 

generation. The control populations were larger than 

the TCE population due to the lower incidence of 

abnormality/disease in the control populations.  

The increased number of control animals allowed for 

an increased ability to detect abnormality in the control 

populations that then allowed for more accurate 

statistical comparison of the control versus TCE 

populations. In consistence with our previous 

observations (Al-Griw et al., 2015c), we have found 

alterations in sex ratios, but not in litter size, in the F1 

generations for the TCE, but not control animals. 
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Clinical Assessment 

The clinical assessment included animal survival, 

TBW, weight gain/loss and locomotor activity. During 

the course of the exposure period, mice were observed 

twice daily for any abnormal clinical signs or behavior 

that may result from toxicity. Night deaths were 

recorded the next morning. Two independent observers 

confirmed the cause of death to exclude TCE-

nonrelated mortality. A subset of F1 generation 

offspring of control and TCE populations was 

randomly selected to examine congenital 

malformations. 

Tissue Harvest and Histopathology Processing 

F0 and F1 generation mice (2 males and 2 females from 

each litter) were sacrificed at postnatal day 120 (four 

months) for tissue harvest. Body and organ (e.g. liver) 

weights were measured at dissection time. Livers were 

fixed in 10% formalin, and then processed for paraffin 

embedding by standard procedures for histopathology 

examination.  

Six to eight micrometer tissue sections were made, 

stained and examined for histopathology. Portions of 

livers from control and TCE populations were stored at 

-20 °C for the measurment of oxidative stress 

biomarkers. Blood samples were also collected at the 

time of dissection, allowed to clot, centrifuged and 

serum samples stored for further analysis. 

Histopathology 

All histopathology was examined in randomly selected 

animals by three independent observers. H&E stain was 

used for general histopathological changes. For specific 

liver damage special stains: Mallory Trichrome (MTC) 

and Periodic Acid-Schiff stain (PAS) were used. Liver 

histopathology criteria included the presence of a 

vacuole, steatosis and inflammatory infiltrates and 

‘other’ abnormalities including fibrotic and hepatocyte 

alterations (cell with vacuolated and pale-staining 

cytoplasm) as well as alterations in nuclear 

morphology.  

A cut-off was established to declare a tissue ‘diseased’ 

based on the mean number of histopathological 

abnormalities plus two standard deviations from the 

mean of control tissues. This number was used to 

classify mice into those with and without liver 

abnormality in each population. A mouse tissue section 

was finally declared ‘diseased’ only when two of the 

three observers marked the same tissue section 

‘diseased’. The proportion of mice with obesity was 

obtained by counting those that had these conditions 

out of all the animals evaluated. The number of animals 

per litter (litter representation) mean ± SEM used for 

the control versus TCE population comparisons for 

each specific abnormality was found not to be 

statistically different (P > 0.05). Therefore, no litter 

representation differences or litter bias was detected for 

any of the specific abnormality assessed. 

Scoring of Cell Death 

To assess cell death, images of H&E-stained liver 

tissues were opened in ImageJ software (version 1.45) 

and a manual count was performed. Cell counts were 

expressed as a percentage of the number present for 

each treatment group and an overall percentage 

obtained by averaging the data for all cells within a 

treatment group. The hepatocellular apoptotic cells 

were then quantified. Hepatocytes undergoing 

apoptosis were identified by morphological criteria 

such as cell shrinkage, chromatin condensation and 

margination, and apoptotic bodies (Gujral et al., 2001). 

However, hepatocytes undergoing necrosis were 

determined using the criteria such as increased 

eosinophilia, cell swelling and lysis, loss of 

architecture, karyolysis, and karyorrhexis (Gujral et al., 

2002). The percent of cell death was estimated by 

evaluating the number of microscopic fields with dead 

cells compared to the entire histologic section. 

The scoring scale was set from 0 (worst) to 5 (best), 

with the following criteria: (0): no tissue damage; (1): 

mild; (2): mild to moderate; (3): moderate; (4): 

moderate to severe; and (5): severe. For each liver 

tissue, the eight scores were averaged, and this average 

was considered as a replicate. 

Lipid Peroxidation Measurment 

Lipid peroxidation levels in the livers from F0 and F1 

generation control and TCE populations was 

determined spectrophotometrically as a concentration 

of final lipid peroxidation products, which in reaction 

with thiobarbituric acid (TBARS) form colour complex 

(thiobarbituric acid-reactive substances; TBARS). In 

brief, liver tissues were homogenized with a tissue 

homogenizer (IKA, RW 20.n, Germany) in ice-cold 

10% (w/v) phosphate-buffered saline (PBS) solution. 

After centrifugation, a 500 µL aliquot of liver 

homogenate samples were added to 2 ml of TCA-TBA 

HCL reagent (thioarbituric acid 0.37%, 0.24 N HCL 

and 15% TCA) and then boiled at 100 °C for 15 min, 

and allowed to cool. After centrifugation (Sigma 2K15, 

Germany) at 3000 rpm for 10 min, the supernatant was 

removed and the absorbance was read at 532 nm. The 

calibration curve was obtained using different 

concentrations of 1, 1, 3, 3-tetramethoxypropane as 

standard to determine the concentration of TBA-MDA 

(malondialdehyde; MDA) adducts in the samples 

(Zhang et al., 2004). 

Nitric Oxide Measurment 

Nitric oxide in the livers from F1 generation control and 

TCE populations was determined as described 

previously (Xu et al., 2011) with some modification. 

The liver samples were homogenized in cold 0.9% 

saline. The homogenates were then centrifuged at 

10,000 rpm for 5 min at 4 °C. 1 ml of the supernatant 

was mixed with an equal volume of Greiss reagent 

containing 1% sulphanilamide and 0.1% 
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naphthylethylenediamine in 5% phosphoric acid. The 

mixture was then allowed to stand at room temperature 

for 30 min. The absorbance of the mixture was 

measured against the corresponding blank solutions at 

546 nm. Sodium nitrate solution was used to obtain a 

standard curve. 

Isolation and Measurment of Total Protein 

Livers from F0 and F1 generation control and TCE 

populations were homogenized in sodium phosphate 

buffer pH 7.4. The homogenate was then centrifuged at 

6000 x g at 4 °C for 15 min, and the supernatants 

collected were used for protein assay (Goa, 1953; 

Bradford, 1976). Bovine serum albumin was used as a 

standard. 

Protein Carbonyl Measurment 

Carbonyl content in the in the livers from F1 generation 

control and TCE populations was quantitated by the 

protein carbonyl assay as previous described (Wang et 

al., 2013). 

Microscopy 

The liver cytoarchitecture and cell death scoring were 

observed and imaged using a low-power objective 

under a light microscope (Leica, Germany). 

Statistical analysis 

Data are expressed as means ± SEM. A computerized 

Kolmogorov-Smirnov test was used to determine 

whether the data fitted a normal distribution. Statistical 

analysis was performed using one-way ANOVA 

followed by a post-hoc test for multiple comparisons 

within SPSS 20.0 for Windows. Two tailed Student’s t 

test was used when only two independent groups were 

compared. P-values less than 0.05 were considered 

statistically significant. 

Result 

The present study provides experimental evidence for 

intragenerational transmission of liver abnormality. 

The results of this study show that exposure to the 

environmental toxicant TCE promoted adult onset liver 

abnormalities in F0 female mice as well as unexposed 

F1 generation offspring (Fig. 1). It is the first study to 

report a transgenerational liver abnormality in the F1 

generation mice through maternal line prior to 

gestation. Transgenerational inheritance signifies that 

environmental toxic effects manifested in the exposed 

generation also appear in the unexposed future 

generation(s). This finding was based on careful 

evaluation of liver histopathological abnormalities, 

apoptosis of hepatocytes, and measurements of 

oxidative stress biomarkers (lipid peroxidation, nitric 

oxide and protein carbonylation) in control and TCE 

groups (as explained below). There was an increase in 

liver histopathological abnormalities, cell death, and 

oxidative lipid damage in F0 and F1 hepatic tissues. 

Therefore, these results indicate exposure of immature 

F0 female mice to TCE transgenerationally transmitted 

liver histopathology to their F1 generation offspring 

implying transgenerational transmission.  
 

 
Fig. 1. Schematic early life exposures to the environmental 

toxicant TCE induce liver abnormality which leads to liver 

abnormality in later life. This is passed on to F1 generation 

indicating intragenerational inheritance of liver abnormalities 

and perhaps soma to germline transmission. In this study 

offspring (F1 generation) have never been exposed to 

environmental toxicant. F0 immature female somatic cells 

(e.g. ovaries) and germ cells (e.g. oocytes) were directly 

exposed to environmental toxicant in early life. TCE exposure 

caused epigenetic variations in the germline indirectly (red 

broken arrows) through its effect on somatic liver cells. 
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Liver Abnormality and Histopathology  

Liver abnormalities were characterized by the presence 

of several histopathological lesions which included: 

disturbed parenchyma architecture of the hepatic 

lobules, infiltration of mononuclear cells (macrophages 

and lymphocytes) around central veins and in portal 

areas, some dilated congested blood vessels; severe 

cytoarchitectural distortions of the hepatocytes 

accompanied by steatosis and inflammatory infiltrates, 

and complete loss of nucleus (Fig. 2A) was found 

throughout hepatic tissue of TCE treated F0 and F1 

mice. The incidence of liver abnormality in F0 and F1 

of control and TCE l populations is presented in Figure 

2B. There was a statistically significant increase in liver 

abnormality in TCE F0 generation compared to control 

F0 generation (Fig. 2B). 

 

 

 
Fig. 2. Control (Ctrl) and TCE F0 and F1 generation adult-

onset liver abnormality. (A) Micrographs H&E–stained 

sections show liver abnormality in F0 (panel iii) and F1 (panel 

iv) generation TCE animals compared to F0 (panel i) and 

(panel ii) Ctrl populations. Hepatocytes (H), central vein 

(CV), congested blood vessels (CBV), and macrophages 

(MACPH). Scale bar = 100 μm, 40X. (B) Percentages of mice 

with liver abnormality and number of diseased mice/total 

number of mice. Ctrl and TCE livers were examined with the 

mean ± SEM presented and asterisks (*) indicating a 

statistically significant difference (P ≤ 0.05) vs. TCE-treated 

mice. Student's t-tests. *P ≤ 0.05, ***P ≤ 0.001. 

To further study the effect of TCE on liver 

histopathology, liver sections from F0 and F1 control 

and TCE groups were stained with two special stains 

Mallory’s trichrome (MTC) and Periodic Acid-Schiff 

stain (PAS). The F0 and F1 control population showed 

normal liver architecture. Whereas the F1 generation 

mice of TCE populations showed destructed nuclei of 

hepatocytes, vacuolated cytoplasm; completely loss of 

the hepatocytes, mild pericellular fibosis is present in 

lobule and periportal distribution and is associated with 

portal–portal linkage, massive accumulation of 

monocellular phagocytic cells around the blood vessels. 

There was also deposition of collagen fibers, the 

cytoplasmic vacuolation were still observed (Fig. 3).  

In contrast to control populations, TCE F1 generation 

showed a remarkable reduction in the glycogen storage 

as well as carbohydrate content (Fig. 4). 
 

 
Fig. 3. Ctrl and TCE F1 generation adult-onset liver 

abnormality. Micrographs of MTC–stained liver sections 

show liver abnormality in F1 generation TCE populations 

(panel C and D) compared to that in F1 Ctrl population (panel 

A and B). Hepatocytes (H), central vein (CV), congested 

blood vessels (CBV), macrophages (MACPH), and 

vacuolated cytoplasm (VAC). Scale bar = 100 μm, 40X. To 

observe the location of hepatic glycogen granules and the 

glycogen density of hepatocytes, PAS stain was used. 
 

Hepatocyte Nuclear Alterations 

The percent of hepatocellular apoptosis was determined 

by strict morphological criteria. There was 

morphological evidence of apoptosis for individual 

hepatocyte cells in F0 and F1 generation of TCE 

population compared to control population. Nuclear 

morphological abnormality was characterized by 

prominent chromatin condensation, DNA 

fragmentation, and the formation of apoptotic bodies. 

This was accompanied by other degenerative changes 

(Fig. 5A), but no such changes were found in control 

populations. The quantitative analysis showed that the 

F0 and F1 generations of TCE populations had an 

increased percent of apoptotic hepatocyte cells 

compared to F0 and F1 generations control population 

(Fig. 5B).  
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Fig. 4. Ctrl and TCE F1 generation adult-onset liver 

abnormality. Micrographs of PAS–stained sections show 

liver abnormality in F1 generation TCE populations (panel C 

and D) compared to Ctrl F1 generation (panel A and B). 

Hepatocytes (H), central vein (CV), congested blood vessels 

(CBV), macrophages (MACPH), glycogen (G), and 

vacuolated cytoplasm (VAC). Scale bar = 100 μm, 63X. 

 

 

 
Fig. 5. Hepatocellular apoptosis in Ctrl and TCE F0 and F1 

generation. (A) Micrographs H&E–stained sections show 

hepatocellular apoptosis in F0 (panel iii) and F1 (panel iv) 

generation TCE population compared to F0 (panel i) and 

(panel ii) Ctrl population. Scale bar = 100 μm, 63X. (B) 

Percentages of hepatocellular apoptosis. Ctrl and TCE livers 

were examined with the mean ± SEM presented and asterisks 

(*) indicating a statistically significant difference (P ≤ 0.05) 

vs. TCE-treated mice. Student's t-tests. *P ≤ 0.05, **P ≤ 0.01. 

Lipid Peroxidation in the Livers of the F0 and F1 

Generations 

Lipid peroxidation determination in hepatic tissues of 

control and TCE F0 and F1 generations was performed 

by the TBARS method. Levels of liver MDA formation 

in the four months old F0 and F1 generations of TCE 

population significantly increased compared to F0 and 

F1 generations of control, respectively, (Fig. 6), but no 

difference between sham and vehicle controls. 

Observations indicate that there were major F1 

generation toxicological effects from the indirect TCE 

exposure. 
 

 
Fig. 6. Oxidative stress biomarker TBARS levels (nmol/ml) 

in Ctrl and TCE F0 and F1 generations. Ctrl and TCE liver 

TBARS levels were examined with the mean ± SEM 

presented and asterisks (*) indicating a statistically significant 

difference (P ≤ 0.05) vs. TCE-treated mice. Student's t-tests. 

***P ≤ 0.001. 
 

Protein Carbonylation and Nitric Oxide in the Livers 

of the F1 Generation 

Protein carbonyl content is not only a biomarker of 

oxidative stress, but also provides evidence of oxidative 

protein damage (Morgan et al., 2005). To evaluate the 

extent of protein oxidation in liver, protein carbonyls in 

this major organ, which is targets of TCE, was also 

analyzed. Our data showed that carbonyl protein 

content in the liver was significantly increased in TCE 

F1 generation compared to that in control F1 generation 

(Fig. 7A), suggesting increased protein oxidation 

(carbonylation) as a result of indirect exposure to TCE.  

Then we have assessed the status of inflammation in F1 

generation livers by measuring nitric oxide levels in 

livers concerning markers of inflammation, levels of 

nitric oxide in livers were strongly increased in TCE F1 

generation compared to that in control population F1 

generation (Fig. 7B). These data correlated well with 

the increased oxidative lipid damage in F0 and F1 

hepatic tissues. Observations indicate F0 generation 

parents exposed to TCE intragenerationally transmitted 

liver histopathology to their unexposed F1 generation 

descendants. Taken together, these observations 

indicate that maternal generation directly exposed to 

TCE transgenerationally transmitted liver abnormality 

to their unexposed F1 generation descendants. 
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Fig. 7. Oxidative stress biomarkers in Ctrl and TCE F1 

generations. (A) Nitric oxide (μM) in the livers of Ctrl and 

TCE F1 generations. (B) Protein carbonyl content (mg/ml) in 

the liver of Ctrl and TCE F1 generation. Liver oxidative stress 

biomarkers were examined in Ctrl and TCE groups with the 

mean ± SEM presented and asterisks (*) indicating a 

statistically significant difference (P ≤ 0.05) vs. control. 

Student's t-tests. *P ≤ 0.05, ***P ≤ 0.001. 

 

Discussion 

The present study demonstrates that maternal exposure 

to the environmental toxicant TCE promoted the 

transmission of abnormal liver phenotypes between 

generations (intragenerational inheritance) based on 

nontoxic pharmacological dose 0.1% of the oral LD50 

for TCE. This study provides evidence of the activation 

and/or inhibition of different proteins involved in 

oxidative stress and cell damage in an animal model of 

a chemically induced hepatotoxicity. Liver histology, 

biomarkers of oxidative stress and nuclear alterations 

related to molecular and cellular mechanisms of 

hepatocyte cell damage were measured in control and 

TCE F0 and F1 generations. Oxidative stress biomarker 

levels (e.g. lipid peroxidation, protein carbonyl, and 

nitric oxide), indicative of hepatic tissue damage and 

hepatocyte cell injury, as well as hepatocellular 

apoptosis were significantly increased in the TCE F0 

and F1 generations compared to that in control, 

reaching values similar to those previously reported in 

other models of progressive cirrhosis induced in rat by 

repeated injections of diethyl nitrosamine (DEN) (Guiu 

et al., 2012). 

Many studies reported that exposure to environmental 

insults may promote the transition of abnormal 

phenotypes between generations (Jones et al., 1996; 

Anway et al., 2005). The results of this study support 

our findings from previous studies in mice (Al-Griw et 

al., 2015b) by examining a variety of different 

abnormalities states in four-month-old male mice and 

characterizing the transgenerational changes in the F1 

generation sperms (Al-Griw et al., 2015a). Early 

exposure to TCE reduces fertility and negatively affects 

pregnancy outcomes across multiple generations (Al-

Griw et al., 2015c). Alterations in sperm quality and 

testicular tissue architecture in the F1 generation 

offspring were observed after direct TCE exposure of 

the F0 generation parents. Other toxic effects of direct 

exposure to TCE included increase in relative liver 

weight and histopathological lesions (Xia and Yu, 

1992; Al-Griw et al., 2016), weight loss (NTP, 2000; 

EPA, 2003), and kidney damage (NTP, 2000). Other 

studies showed evidence for the neurobehavioral and 

developmental teratogenicity of intermittent prenatal 

TCE exposure to high concentrations of TCE in rats 

(Jones et al., 1996; Coleman et al., 1999; Al-Griw et 

al., 2015b). Exposure of F0 generation gestating rats to 

environmental toxicant bisphenol-A (BPA) caused 

decreased fertility in F3 generation males (Salian et al., 

2009). Vinclozolin exposure resulted in  testis disease, 

prostate disease, kidney disease, immune system 

abnormalities, tumors, uterine hemorrhage during 

pregnancy and polycystic ovarian disease (Anway et 

al., 2005; Guerrero-Bosagna et al., 2012; Guerrero-

Bosagna and Skinner, 2012; Nilsson et al., 2012); and 

alterations in the methylation patterns of imprinted 

genes in sperm of F3 generation male mice. 

The transgenerational phenomena of toxic effects 

involve the transmission of abnormal phenotypes 

independently of direct exposure (Anway et al., 

2006a,b). Two possible mechanisms induce abnormal 

phenotype through transgeneration of toxic effects, the 

first is alteration in genetic material structure such as 

DNA sequence change, the second one includes the 

changing in epigenetic information such as histone 

acetylation and methylation, or DNA methylation 

(Rakyan and Whitelaw, 2003; Skinner, 2007; Nadea, 

2009). Animals studies show that parental exposure (F0 

generation) to a variety of environmental factors can 

lead to observable effects (including both genetic and 

epigenetic) in the somatic cells of their offspring over 

several generations that are not attributable to the 

inheritance of a simple mutation through the parental 

germ line. Interestingly, we also demonstrate 

intragenerational inheritance of somatic (hepatocyte) 

effects induced by TCE in mice. This was accompanied 

by a significant decrease in the hepatocyte integrity. 

Perhaps, these findings indirectly support 

circumstantial evidence that hereditary information 

may transfer from soma to the germline. It has been 

reported that several environmental exposures can act 

on both somatic and germ cell genome replication and 

transcription, influencing the establishment and/or 

maintenance of specific epigenetic patterns (Guerrero-

Bosagna and Skinner, 2012) that are transmitted to 

future generations in the absence of continued 

environmental exposures. The environmental 

exposures can cause heritable modifications (e.g. 

phenotypic variations) in the germline directly or 

indirectly through their primary effects on the soma 

(Jablonka, 2012; Sharma, 2013). Factors such as RNAs 
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and hormones, including neurohormones and 

neuropeptides, have previously been considered to 

potentially mediate soma to germline communication 

in epigenetic inheritance (Jablonka, 2012). Cossetti et 

al. (2014) suggested that exosomes (extracellular 

vesicles) carrying various RNAs shed by somatic cells 

are carriers of flow of information from somatic cells 

to gametes (germ cells). It has been revealed that a flow 

of hereditary information can be transferred from the 

soma to the germline, escaping the principle of the 

Weismann barrier (Weismann, 1993) which postulates 

that somatically acquired genetic variations cannot be 

transferred to the germline (Cossetti et al., 2014). In 

consistent, we have demonstrated transgenerational 

inheritance of somatic effects induced by TCE in mice 

in the absence of continued TCE exposure. We have 

found that the vast majority of the livers in the F0 

generation (parents) carried a hepatocyte (somatic) cell 

defect of increased apoptosis. This increased apoptosis 

persisted into the F1 generation (offspring), and in 

outcrossed offspring, exhibiting non-Mendelian 

genetic inheritance and affecting 90% of the mouse 

populations. Because the female F0-generation mice 

were directly exposed to the toxicant TCE before 

gestation, the F1-generation animals were not exposed 

directly. In addition, the germ cells present in the F0 

generation were exposed directly to TCE. These 

exposed germ cells created the offspring (F1 

generation). Therefore, the first generation without 

direct environmental exposure is the F1 generation, and 

this is the first generation said to exhibit 

transgenerational inheritance of disease susceptibility. 

Together, these findings suggest transgenerational 

inheritance of somatic effects.  

In conclusion, environmental and/or occupational 

exposure to toxic substances (i.e. chemicals, pesticides, 

plastics, and heavy metals) continues to be a major 

worldwide public health concern. Many of these 

environmental toxicants are widely spread and difficult 

to degrade in the environment (Shi et al., 2008). It is 

estimated that approximately 24% of human diseases 

are caused by exposure to environmental toxicants 

(Hou et al., 2012); with the possibility of these diseases 

to be transmitted to future generations in the absence of 

direct exposure. In this study, we have shown that direct 

exposure of maternal generation to environmental 

toxicant TCE can promote inheritance of adult-onset 

liver abnormality. Associated with the occurrence of 

this transgenerational abnormality may be 

genetics/epigenetic alterations in mouse hepatocyte cell 

DNA. This transgenerational inheritance may be useful 

as early stage biomarkers of compound exposure and 

adult onset abnormality/disease. Although not designed 

for risk assessment, these findings have implications 

for the human populations that are exposed to a variety 

of toxicants. Especially to those who are experiencing 

declines in fertility and increases in adult onset 

abnormality/disease, with a potential to transmit them 

to future offspring generations. The degree that 

environmentally induced transgenerational inheritance 

of phenotypic variations and/ or adult-onset disease is 

implicated in human disease etiology remains 

unknown. However, since the majority of chronic 

diseases have increased dramatically over the past 

decades, environmental exposures and 

transgenerational epigenetics will likely be a 

component of disease etiology to seriously consider in 

the future (Skinner et al., 2013). A more thorough and 

mechanistic understanding of the molecular etiology of 

disease, including the role of environmental 

epigenetics, is anticipated to provide insights into new 

diagnostics and therapeutics for specific diseases. 
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