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defenses during liver regeneration induced  
by partial hepatectomy
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Abstract: The objective was to determine the regulatory dynamic of Nrf2 during liver regeneration and the admin-
istration of EtOH and/or the G. schiedeanum extract. Male Wistar rats weighing 200-230 g were subjected to a 
70% partial hepatectomy; they were then divided into three groups (groups 1-3). During the experiment, animals in 
Group 1 drank only water. The other two groups (2-3) received an intragastric dose of ethanol (1.5 g/kg BW, solution 
at 40% in isotonic saline solution). Additionally, rats in group 3 received a geranium extract daily at a dose of 300 
mg/kg BW i.g. EtOh and/or Geranium schiedeanum was administered to rats with regenerating livers for 7 days. 
At the end of treatment, the activity was determined of the antioxidant enzymes, DNA concentration, TBARS, and 
TAC, in addition to the expression of Nrf-2, Cyclin D1, and Nqo1. EtOH increased ROS and Nrf-2, which activated 
the antioxidant defenses and delayed liver proliferation. On the other hand, Geranium schiedeanum exerted an 
antioxidant effect, diminishing ROS, but Nrf-2 expression increased, favoring liver proliferation through the increase 
of DNA concentration and the overexpression of Cyclin D1, however it did not activate the antioxidant defenses. In 
sum, it can be concluded that Nrf-2 possesses a regulatory dynamic that is evident in the presence of a toxic agent 
(EtOH) and/or a phytochemical agent with antioxidant capacity (Geranium schiedeanum) during liver regeneration.
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Introduction

Ethanol (EtOH) is one of the toxic substances 
with the highest consumption in Mexico and 
worldwide. Chronic EtOH consumption causes 
damage to diverse organs of the body, among 
these the liver, giving rise to alcohol liver dis-
ease [1]. Among EtOH-associated mechanisms 
of liver damage, we found the damage per se of 
the EtOH molecule and the formation of Free 
Radicals (FR) derived from its metabolism [2]. 
On the other hand, it is known that the liver pos-
sesses the capacity to regenerate itself in com-
pensatory fashion as a response to damage 

produced by toxic substances, such as Aceta- 
minophen, Thioacetamine (TAA), and EtOH 
[3-5]. There are distinct models for studying 
liver proliferation, among which the most uti-
lized model is the surgically induced liver regen-
eration model by means of the surgical process 
known as Partial hepatectomy (PH) [6]. In par-
ticular, this surgical model is employed to study 
the mechanisms of damage to which these 
toxic substances give rise in the liver and the 
alteration of its regeneration [7]. Diverse fac-
tors regulate liver regeneration, such as mito-
genic factors, co-mitogenic factors, and the cell 
environment itself, including the cell’s redox 
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state [8, 9]. There are reports in which it has 
been proposed that equilibrium in the redox 
state participates in liver regeneration [10].

A cytoprotection regulator is the Nrf2 transcrip-
tion factor, which regulates a great number of 
genes, both antioxidant proteins as well as de- 
toxificant enzymes. Under normal conditions, 
Nrf2 binds to the KEAP1 protein in the cyto-
plasm; the increase in Reactive Oxygen Species 
(ROS) comprises the stimulus for the release of 
Nrf2 from the KEAP1 protein and this translo-
cates to the nucleus to activate Antioxidant 
Response Elements (ARE), favoring mRNA syn-
thesis of the antioxidant defenses (Catalase 
[CAT], Superoxide dismutase [SOD], Glutathione 
reductase [GR], Glutathione peroxidase [GPx]), 
and Noq1) to protect the cell from FR damage 
[11, 12]. Recently, Fan et al., [5] reported that 
Nrf2 possesses the capacity to activate, in 
orderly fashion, the diverse genes that regulate 
in the liver, on causing acetaminophen-related 
damage; at an initial stage (48 h), Nrf2 acti-
vates the antioxidant defenses, probably to 
limit oxidative and genotoxic damage, and later, 
to limit the damage caused by acetaminophen, 
once the compensatory liver-regeneration pro-
cess of this damage is initiated. 

On the other hand, it has been demonstrated 
that the redox state participates in cell cycle 
regulation, the latter demonstrated because 
the expression of cell-cycle expression levels 
are conditioned by the cellular redox state [13]. 
Cyclin D participles in the regulation of phase-
G1 of the cell cycle. It has been reported that, 
on increasing the generation of the Superoxide 
(O2•-), cyclin D levels diminish and SOD activity 
increases, giving rise to the arrest of the 
G1-phase cell cycle [14]. Likewise, high pro-oxi-
dant (H2O2) levels in the cell diminishes the 
expression of cyclins D1 and D3 and transitory 
detention of the cell cycle in phases, G1, S, and 
G2, probably for it to defend itself against dam-
age caused by Reactive Oxygen Species (ROS) 
[15]. Moderate levels of pro-oxidants (H2O2) 
favor the accumulation of cyclins D1 and D2 in 
fibroblasts due to the inhibition of the cyclin 
degradation process, probably because of tran-
sitory inhibition of ubiquitination and/or the 
proteasome [16]. It has been reported that vari-
ous proteins contain motifs that can be tempo-
rarily regulated by oscillation of the intracellular 
redox environment, and that these proteins 

participate in the progression of the cell cycle 
[17].

On the other hand, the use of herbal treatments 
is increasingly being employed to treat diverse 
pathologies, including hepatopathies. There 
are reports of the hepatoprotective effects of 
diverse plants and natural extracts against 
agents that induce FR production. The bioactiv-
ity of these extracts has been shown as directly 
related with the sequestering capacity of FR 
[18-25], a property situating them as an excel-
lent antioxidant. Prior reports of our group have 
found that the extract of Geranium schiedean-
um (Gs) is a good hepatoprotective agent  
[26-28]. Vargas-Mendoza et al., [29] reported a 
hepatoprotective effect of Gs against damage 
caused by a sublethal dose of TAA, increasing 
the levels of antioxidant enzymes CAT, SOD, 
Glutathione peroxidase (GPx), and Glutathione 
reductase (GR), and diminishing the serum lev-
els of Aspartate aminotransferase (AST) and 
Alanine aminotransferase (ALT) 24 and 48 h 
after TAA administration. On the other hand, 
Madrigal-Santillán et al., [26], on utilizing the 
surgically induced liver regeneration model, 
administered G. schiedeanum extract in con-
junction with EtOH for 7 days, finding inhibition 
of the damage caused by this toxin on liver 
proliferation.

In sum, it is known that EtOH is a liver regenera-
tion inhibitor by means of the formation of FR 
[30]; on the other hand, the extract of G. schie-
deanum has been reported to be a hepatopro-
tective agent through its antioxidant activity 
[26, 27, 29]. Thus, we assume that the effect of 
EtOH damage and/or the antioxidant effect of 
the G. schiedeanum extract during liver regen-
eration can regulate factor Nrf2 in order to 
coordinate the repair process and liver protec-
tion during the surgically induced proliferation 
process and liver repair.

For the above, the objective was to determine 
the regulatory dynamic of Nrf2 during liver 
regeneration and the administration of EtOH 
and/or the G. schiedeanum extract.

Materials and methods

Reagents and antibodies

All electrophoresis reagents, Molecular Weights 
(MW) standard, Fuji x-ray films, and polyvinyli-
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dene difluoride membranes (PVDF) were ob- 
tained from Bio-Rad (Hercules, CA, USA). Anti-
Nrf2, anti-NQO1, anti-Cyclin D1, and anti-β-
actin antibodies were purchased from Santa 
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). 
Compatible secondary antibodies for Western 
blotting conjugated with Horseradish Peroxi- 
dase (HRP) and the Western blotting chemilu-
minescence Luminol reagent were obtained 
from Santa Cruz Biotechnology, Inc., and were 
employed according to the instructions of the 
manufacturer. All other chemical reagents  
were obtained from Merck (Merck de México, 
S.A.) and were of the best quality available.

Animals

We utilized male Wistar rats with an initial Body 
Weight (BW) of 200-230 g, which were obtained 
from the Escuela Superior de Medicina (ESM) 
Bioterium of the Instituto Politécnico Nacional 
(IPN) in Mexico City. The rats were housed in 
cages at the Bioterium (ESM). They were main-
tained at a temperature of 22°C with 12-h/12-
h light-dark cycles and received standard rat-
pellet food (Purina de México, S.A.) and water 
ad libitum prior to the treatments. After 14 days 
of adaptation, the procedure was initiated. The 
protocol and the experimental procedures were 
conducted according to the Mexican Official 
Norm for the Use and Care of Laboratory 
Animals (NOM-062-ZOO-1999, México) [31].

Obtaining the extract Geranium schiedeanum

We obtained the extract as previously descri- 
bed [24]. In brief, 1 kg of the dried and ground 
aerial parts of Geranium schiedeanum were 
extracted by maceration over 7 days with 20 L 
acetone-water (at a ratio of 7:3) and were con-
centrated by reduced pressure until obtaining a 
volume of 3 L, which was extracted with CHCl3, 
yielding 12.75 g of F-CHCl3 and 105 of F-Ac. 
Twenty grams of F-Ac was submitted to chroma-
tography in a column with Sephadex LH-20, uti-
lizing mixtures of H2O-MeOH (1:0; 9:1; 4:1; 7:3; 
3:2; 1:1; 2:3; 3:7; 1:4; 1:9, and 0:1) with 300 
mL in each (Gayosso-de-Lucio et al., [24]). The 
fractions were grouped based on their chro-
matographic profiles using Thin-Layer Chroma- 
tography (TLC), and subsequent chromatogra-
phies (silica gel and C-18) achieved identifica-
tion of the following four majority components: 
ellagic acid; gallic acid; 3-O-a-L arabinofurano-
side-7-O-a-L-ramnopyranoside of Kaempferol, 

and geranium acetonitrile. Notably, the latter 
represents approximately 40% of the F-Ac; 
thus, we suggest that it is the active compound 
[32].

Surgical procedures 

Surgical removal of two thirds of the liver 
employing a technique known as Partial Hepa- 
tectomy (PH) was performed according to the 
procedure described by Higgins and Anderson 
[6]. The surgical procedures were performed 
between 08:00 and 10:00 am under light  
anesthesia with ethyl ether. As a surgical con-
trol, we utilized control rats on which we only 
carried out laparotomy, without removing the 
hepatic mass.

Experimental design

After the surgical procedure, the rats were 
housed individually. They were grouped (n = 5-6 
for each experimental group) in the following 
manner: (1) Control group; (2) Group with PH; 
(3) Group with PH plus intragastric (i.g.) admin-
istration of EtOH (PH-EtOH); (4) Group with hep-
atectomy and receiving a Gs extract and EtOH 
(PH-Gs-EtOH), and (5) Group with PH and receiv-
ing the Gs extract (PH-Gs). The rats in all groups 
received food and water throughout the treat-
ment period.

EtOH-treated animals received an i.g. dose of 
1.5 g/kg BW (an EtOH solution at 40% in iso-
tonic saline solution), equivalent to blood alco-
hol values between 75 and 150 mg/dL, which 
have been reported as capable of inhibiting the 
liver regenerative process, as reported previ-
ously [33, 34]. The Geranium extract dose was 
300 mg/kg BW i.g., as reported previously [24]. 
All treatments (EtOH solution and Geranium 
extract) were administered daily for 7 days.

Liver samples

On day 8, the animals were sacrificed by decap-
itation after being previously anesthetized with 
pentobarbital sodium (40 mg/kg BW). The liver 
was isolated, weighed, rapidly placed in cold 
Phosphate-Buffered Saline solution (PBS) solu-
tion with a phosphate tampon, pH 7.5, and 
washed for complete elimination of blood. The 
liver was placed in nine volumes of cold buffer 
(sucrose 0.25 M, TRIS 10 mM, and EGTA 0.3 
mM, pH 7.4). The liver was homogenized 
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employing a homogenizer with a piston-type 
driver with a Teflon tip. The homogenate was 
divided into aliquots and frozen at -70°C until 
later use. The total concentration of the protein 
of the homogenate was determined by the 
method of Lowry [35], utilizing BSA solution as 
standard.

Determination of DNA

After the rats were killed, the liver of each ani-
mal was resected and washed as previously 
described. The DNA concentration was deter-
mined in liver samples according to the tech-
nique of Labarca and Paigen [36] as modified 
by Ramírez-Farías et al., [37]. 

Total antioxidant capacity in liver

Total Antioxidant Capacity (TAC) was deter-
mined utilizing a BioAssay Systems DTAC-100 
(BioAssay Systems, CA, USA), reporting the 
result in µmol/mg (Trolox).

Determination of thiobarbituric acid reactive 
substances

We determined Thiobarbituric Acid Reactive 
Substances (TBARS) using the DTBA-100 Assay 
Kit (BioAssay Systems), following the manufac-
turer’s instructions and reporting results in 
µmol/mg of protein.

Determination of enzyme antioxidants

The activities of the enzymes Superoxide 
Dismutase [SOD; Expansion Coefficient (EC) 
1.15.1.1], Catalase (CAT, EC 1.11.1.6), and 
Glutathione Peroxidase (GPx, EC 1.11.1.9)  
were measured colorimetrically using diagnos-
tic kits (BioAssay Systems), and Glutathione 

Reductase (GR, EC 1.6.4.2) employing diagnos-
tic kits (Sigma Chemical Co., St. Louis, MO, 
USA), following the manufacturer’s instructions. 
The result is expressed as U/mg of protein.

Western blot analysis

Western blot analysis was performed as 
described in our previous report [38]. Briefly 
liver homogenates (100 µg) were separated by 
Polyacrylamide Gel Electrophoresis (PAGE) 
under reducing conditions. Proteins from the 
gels were electrophoretically transferred onto 
polyvinylidene difluoride membranes (PVDF). 
Primary antibodies used included Nrf2 (H-300) 
(sc-13032), cyclin D1 (H-295) (sc-753), NQO1 
(H-90) (sc-25591), and β-actin (C-11) (sc-1615) 
(Santa Cruz Biotechnology). Protein bands were 
visualized using Horseradish Peroxidase (HRP)-
conjugated secondary antibody (406401; Bio- 
Legend) and the enhanced chemiluminescen- 
ce detection system utilized according to man-
ufacturer’s instructions (Santa Cruz Biote- 
chnology, Inc.). As control of the technique, we 
employed β-actin. Relative protein levels were 
quantified by scanning densitometry and ana-
lyzed by ImageJ ver. 1.49. The results are 
expressed in each group as a percent of 
control.

Statistical analysis

The results were analyzed using SigmaPlot ver. 
12.3 statistical program software. The results 
are expressed as the mean ± SEM, as required. 
We carried out a statistical analysis using 
Student t test and/or Analysis of Variance 
(ANOVA). We considered differences among the 
groups to be statistically significant when 
P<0.05.

Results

Effect of Gs extract on liver regeneration

The PH-Gs group did not show differences com-
pared with the PH group in terms of any study 
indicator, which demonstrated that the Gs 
extract does not exert a toxic effect, in agree-
ment with the previously reported results [24, 
26].

Effect of ethanol and of the Gs extract on DNA 
concentrations in liver regeneration

DNA concentration is an indicator of liver prolif-
eration. DNA concentrations in hepatic tissue 

Figure 1. Representative-band DNA and DNA con-
centrations in each experimental group after 7 days 
of treatment with PH, EtOH, and the Geranium schie-
deanum (Gs) extract. PH: Partial Hepatectomy; EtOH: 
Ethanol; Gs: Geranium schiedeanum.
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for each study group are depicted in Figure 1. 
We observed that treatment with EtOH signifi-
cantly diminished the DNA concentration com-
pared with that of the PH group (6.20 mg DNA/g 
vs 9.20 mg DNA/g; P<0.05). In contrast, the 
PH-Gs-EtOH group exhibited values of 10.20 
mg DNA/g.

Effect of treatment with the Gs extract on TAC 
and TBARS concentrations

In Table 1, Total Antioxidant Concentration 
(TAC) and Thiobarbituric Acid Reactive Subs- 
tances (TBARS) levels are illustrated as deter-
mined in the liver, as indicators of Oxidative 
Stress (OS). The regenerative process increas-
es TAC levels, as observed in the PH group com-
pared with the control group as follows: 400 
µmol/mg [Trolox] vs 225 µmol/mg [Trolox], 
respectively. Conversely, EtOH administration 
diminished TAC levels in the PH-EtOH group 
(360 µmol/mg [Trolox]) compared with the PH 
group. Finally, in the PH-Gs-EtOH group, we 
found values of 278 µmol/mg [Trolox].

To evaluate the damage produced by ROS, we 
determined the TBARS concentration in the 
liver of animals treated with EtOH and with the 
Gs extract. TBARS concentrations in the differ-
ent study groups are presented in Table 1. As 
observed in the table, there was an increase in 
TBARS in the PH-EtOH group of 210.43 µmol/
mg, which was greater in comparison with 
those of the control group (50.12 µmol/mg) 
and the PH group (36.82 µmol/mg), respective-
ly. On the other hand, the PH-Gs-EtOH group 
demonstrated a decrease in the hepatic con-
centration of TBARS (52.10 µmol/mg); this 
result was significant compared with the 
PH-EtOH group (vs 210.43 µmol/mg; P<0.05).

Activity of CAT, SOD, GPx, and GR in liver after 
treatment with Gs

The effect of the Gs extract was evaluated by 
means of determining the activity of enzymes 
CAT, SOD, GPx, and GR, which comprise the 
major endogenous antioxidant systems that 
reflect the cytoprotective ability of the cell.

Figure 2 depicts CAT (A) and SOD (B) activity  
in the diverse experimental groups. CAT activity 
increased 2.6 times in the HP group in compari-
son with the control group (242.71 U/mg  
protein vs 93.83 U/mg protein; P<0.05); etha-
nol administration in rats with HP induced a  
significant increase in CAT activity 7 days post-
surgery in the control group (93.83 U/mg pro-
tein vs 413.86 U/mg protein; P<0.05), as well 
as in the HP group (242.71 U/mg protein vs 
413.86 U/mg protein; P<0.05). In the group in 
which the G. schiedeanum extract was  
administered, CAT (231.69 U/mg protein)  
activity was found, similar to that found in  
the HP group (242.71 U/mg protein).

On the other hand, SOD activity in liver present-
ed the following behavior (Figure 2B): the 
PH-EtOH group showed an increase in SOD 
activity compared with the control (5.40 times; 
P<0.05) and the PH (1.59 times; P<0.05) 
groups. In contrast, the PH-Gs-EtOH group 
(46.55 U/mg protein) presented levels similar 
to those in the HP group (45.54 U/mg protein).

Figure 3 illustrates GPx (A) and GR (B) activity in 
the experimental groups. In both cases, there 
was a significant increase in activity in the 
PH-EtOH group compared with the control and 
PH groups. In GPx (A), the activity of the enzyme 
in the control group was 111.18 U/mg protein, 
whereas a decrease was observed in the PH 
group (58.87 U/mg protein) and an increase, in 
the PH-EtOH group (984.25 U/mg protein; 
P<0.05). GR activity (B) in the control group was 
5.42, with a significant difference in terms of 
the PH group (18.77 U/mg protein); conversely, 
the PH-EtOH group reported a significant 
increase compared with that of the two prior 
groups (33.22 U/mg protein; P<0.05). 

In contrast, rats in the PH-Gs-EtOH group 
(68.43 U/mg protein) exhibited a significant 
decrease in GPx levels, reaching values compa-
rable with those reported for the HP group 
(58.87 U/mg protein). When comparing the GR 

Table 1. TAC and TBARS Concentrations in the 
Diverse Study Groups

Group Total antioxidants  
capacity µmol/mg [Trolox]

TBARS 
µmol/mg

Control 225.16 ± 10.5 50.12 ± 3.5
PH 400.12 ± 11.5a,c 36.82 ± 2.3
PH-EtOH 360.38 ± 15.9a,b 210.43 ± 4.3a,b,c

PH-Gs-EtOH 278.56 ± 16.9a,b 52.10 ± 3.92
Values are expressed as the mean ± Standard Error of the 
Mean (SEM) in each experimental group (n = 5-6). aP<0.05 
vs the control group; bp<0.05 vs the PH group; cp<0.05 vs the 
PH-Gs-EtOH group.PH: Partial Hepatectomy; EtOH: Ethanol; Gs: 
Geranium schiedeanum.
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levels of this group with those of the EtOH-
administered group, we obtained the following 
findings: PH-EtOH 33.22 U/mg protein vs the 
PH-Gs-EtOH group, 7.36 U/mg protein; P<0.05.

Nrf2, Cyclin D1, and NQO1 expression during 
liver regeneration and administration of etha-
nol and/or the G. schiedeanum extract

Nrf2 expression, as well as that of cyclin D1 
and of Nqo1, was determined by means of 
Western blot analysis. No differences were 
found in Nrf2 levels in the control group in com-
parison with the HP group. In contrast, Nrf2 
expression was significantly elevated in the 
HP-EtOH and HP-Gs-EtOH groups in > 50% 
(Figure 4). To determine the inhibitory mecha-
nism of the proliferation by means of EtOH and 
the participation of Nrf2, the expression was 
measured of cyclin D1, a regulatory protein of 
the cell cycle that is responsible for the G1 

phase-to-S phase transition [39]. As depicted 
in Figure 4, during liver regeneration, there is a 
significant increase of cyclin D1 in the HP 
(134%), which is diminished by the administra-
tion of EtOH in 40% in comparison with the HP 
group. This effect is reverted by the administra-
tion of the G. schiedeanum extract, as observed 
in the HP-Gs-EtOH group (131%). Enzyme Nqo1, 
an enzyme that participates in detoxification, 
as noted in Figure 4, does not present modifi-
cations in its expression in the PH (98%) and 
PH-Gs-EtOH groups (110%) in comparison with 
the control group (100%), but there is a signifi-
cant rise in the HP-EtOH group of 142% in  
comparison with the previous groups.

Discussion

Liver regeneration is a highly controlled pro-
cess in which intra- and extrahepatic factors 
participate [9]. Among these factors is found 

Figure 2. Catalase (CAT) (A) and Superoxide dis-
mutase (SOD) (B) activity in the distinct study groups. 
Values are expressed as mean ± Standard Error of 
the Mean (SEM) in each experimental group (n = 
5-6). aP<0.05 vs the control group; bp<0.05 vs the 
PH group; cp<0.05 vs the PH-Gs-EtOH group. PH: 
Partial Hepatectomy; EtOH: Ethanol; Gs: Geranium 
schiedeanum.

Figure 3. Gluthathione peroxidase (GPx) (A) and glu-
tathione reductase (GR) (B) activity in the distinct 
study groups. Values are expressed as mean ± Stan-
dard Error of the Mean (SEM) in each experimen-
tal group; (n = 5-6). aP<0.05 vs the control group; 
bp<0.05 vs the PH group; cp<0.05 vs the PH-Gs-EtOH 
group. PH: Partial Hepatectomy; EtOH: Ethanol; Gs: 
Geranium schiedeanum.
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acute administration of CC14 are qualitatively 
distinct among subcellular fractions, that this is 
probably a normal event in liver regeneration, 
and that controlled peroxidative modifications 
of membranes could be playing a role in the 
early steps of liver regeneration. On the other 
hand, Trejo-Solís et al., [40] found a diminution 
of PH-induced liver regeneration on administer-
ing pretreatment vitamin E, concluding that 
pretreatment with vitamin E probably could pro-
mote an expected termination of the prepara-
tive events leading to the replicative phase of 
PH-induced liver regeneration, and an enhan- 
ced but controlled lipid peroxidation seems to 
play a critical role during the early phases of 
liver regeneration. Ramírez-Farías et al., [37] 
reported that the administration of EtOH per 
day for seven days increases lipid peroxidation 
levels in rats submitted to PH, causing inhibi-
tion of liver regeneration, while the authors also 
reported that the administration of vitamin E 
diminished the lipid peroxidation levels that 
EtOH produces, favoring liver regeneration 
induced by PH. It is clear that OS plays an impor- 
tant role in liver regeneration and, depending 
on the experimental condition or on the envi-
ronment, can exert an effect of favoring or 
inhibiting liver regeneration.

The results of this study demonstrated diminu-
tion in the DNA concentration and in cyclin D1 
expression when EtOH was administered for 7 
days, suggesting inhibition of liver regeneration 
(Figures 1 and 4). Additionally, an increase in 
OS, was noted through the increase of TBARS 
concentration and TAC diminution in the liver 
(Figures 2 and 3). Surprisingly, the activity of 
the antioxidant enzymes (CAT, SOD, GPx, and 
GR) and the expression of the detoxificant 
enzyme (Nqo1) were increased due to the 
administration of EtOH (Figures 2-4). These 
data suggest that the constant production of 
ROS generated by daily EtOH administration 
favors the production of antioxidant and deto- 
xificant defenses; thus, the liver regeneration 
process cannot be carried out by the constant 
presence of ROS in the liver. Various reports 
have described the importance of antioxidant 
enzymes in the regulation of the redox state 
and in the cell cycle. It has been reported that 
the increase in SOD activity gives rise to a dimi-
nution in ROS levels (superoxide), as well as 
cyclin B1 levels, causing a state of cell quies-
cence. Similarly, diminution in SOD activity 
causes elevation in ROS levels, favoring the 

Figure 4. Representative-band protein of Nrf2, Nqo1, 
CD1, and β-actin tested by Western blotting (upper 
panel) and its quantification by scanning densitom-
etry (lower panel). Values are expressed as the per-
centage ± Standard Error of the Mean (SEM) in each 
experimental group (n = 3). aP<0.05 vs the control 
group; bp<0.05 vs the PH group; cp<0.05 vs the  PH-
Gs-EtOH group. PH: Partial Hepatectomy; EtOH: Etha-
nol; Gs: Geranium schiedeanum.

the cell’s redox state. There are reports that 
indicate that low levels of ROS are utilized as 
intracellular signals, but that high ROS levels 
give rise to cell damage [30]. On the other 
hand, it has been proposed that OS partici-
pates in liver regeneration. Aguilar-Delfín et al., 
[10]reported that lipid peroxidation levels in 
subcellular fractions of rats with PH or with 
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increase of the expression of cyclins D1 and 
B1, which maintain proliferative growth. It is 
probable that SOD activity regulates a “ROS-
switch”, this being of such great importance 
that loss of control of this “ROS-switch” would 
cause aberrant proliferation, such as cancer or 
cell aging [41]. CAT overexpression diminishes 
the concentration of hydrogen peroxide and 
inhibits smooth-muscle proliferation, with an 
increase of apoptosis. The latter suggests that 
the redox state is an important modulator of 
cell survival and proliferation [42]. On the other 
hand, overexpression of GPx diminishes perox-
ide levels, changing the cellular redox environ-
ment, which causes a delay in the G1 phase-to-
S phase transition of the cell cycle. Therefore, 
GPx could comprise an important factor in cell 
growth [43]. These reports are in agreement 
with our results, in which we found that EtOH 
administration increases the activity of the 
antioxidant enzymes (Figures 2 and 3) and 
overexpression of Nqo1 (Figure 4), thus inhibi-
tion of liver regeneration; contrariwise, on the 
diminishing of antioxidant enzyme activity 
(SOD, CAT, GPx, and GR), liver proliferation was 
favored.

Fan et al., [5] on administering a dose of acet-
aminophen (400 mg/kg) to mice, found that at 
48 h, expression of the genes of the antioxidant 
defenses (Nqo1, glutamate-cysteine ligase, 
and heme oxygenase-1) was favored for pro-
moting the repair of the damage caused to the 
liver by the acetaminophen, with subsequent 
following of the compensatory liver regenera-
tion observed with the increase of cyclin D1 
and PCNA. On the other hand, Köhler et al., [30]
generated transgenic mice that constitutively 
express Nrf2 (caNrf2) in the hepatocytes, 
reporting a delay in hepatocyte proliferation 
and an increase of apoptosis in these cells in 
transgenic mice (caNrf2). In that same study, 
on utilizing the liver damage model through the 
administration of carbon tetrachloride, Nrf2 
activation in hepatocytes did not improve the 
compensatory liver regeneration that was 
expected to occur after damage by this toxin; 
however, the authors did find important regula-
tion, by caNrf2 in the hepatocytes of transgenic 
mice, of the antioxidant defenses acting to limit 
the damage caused by the ROS. This probably 
is beneficial for hepatocytes found in the full OS 
process in order to delay proliferation, which 
allows for the more efficient elimination of DNA 
adducts and damaged cell proteins, diminish-

ing the risk of genotoxicity or cell death and 
organ insufficiency [44]. In particular, it is 
known that transcriptional factor Nrf2 controls 
the expression of numerous genes that encode 
antioxidant proteins (CAT, SOD, GR, and GPx) 
and detoxificant enzymes (Nqo1) [11, 12]. 
Given that Nrf2 is an enzyme modulator that 
regulates OS, the former surely participates in 
the liver proliferation process. We found that 
ethanol increases ROS levels 4-fold (quantified 
by TBARS), and the Gs returns these to levels 
similar to those of the controls (Table 1). 
Surprisingly, under both, contrary redox-state 
conditions, we found overexpression of tran-
scriptional factor Nrf2 (Figure 4). What the lat-
ter demonstrates is that there is an Nrf2 regu-
latory dynamic in the genes that should acti- 
vate according to the existing cellular condi-
tions. In the former case, in which ROS are ele-
vated, Nrf2 is overexpressed to confer protec-
tion from the damage that the EtOH is causing, 
in order to activate the antioxidant and detoxi-
cant defenses (CAT, SOD, GPx, GR, and Nqo1) 
(Figures 2-4) and liver proliferation is delayed 
(diminution of DNA concentration and the 
expression of cyclin D1) (Figures 1 and 4). In 
the latter case, the geranium in itself diminish-
es ROS levels (Table 1); on the other hand, Nrf2 
overexpression favors liver proliferation through 
the increase of DNA concentration and cyclin 
D1 overexpression (Figures 1 and 4) and does 
not activate the antioxidant defenses. These 
data reinforce previous reports [5, 30] on the 
regulatory modulation possessed by transcrip-
tional factor Nrf2. Our results are the first to 
demonstrate that both redox-state conditions 
can exert an influence on Nrf2 regulation. This 
should be taken into account when there is 
pharmacological interest in activating or inhibit-
ing Nrf2. In particular, it has been demonstrat-
ed that natural agents such as curcumin, res-
verastrol, or geranium exert an antioxidant 
and/or an activator effect on Nrf2 [12, 26, 29]. 
On the other hand, synthetic agents such as 
Bardoxolone methyl (a potent Nrf2 activator) 
has not exhibited the expected results [12].

Recent studies have demonstrated that phyto-
chemical compounds activate Nrf2, favoring 
activation of the regulatory genes of the antioxi-
dant enzymes [29, 45]. Xiong et al., [45] report-
ed a diminution of Nrf2, and in turn of the anti-
oxidant defenses, on chronically administering 
EtOH to mice (2.4 g/kg/day for 6 weeks); on the 
other hand, on administering curcumin (150 
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mg/kg) together with EtOH, curcumin provided 
protection from the damage caused by the 
EtOH, increasing Nrf2 levels and those of the 
antioxidant defenses. Vargas-Mendoza et al., 
[29] when administering a dose of TAA (6.6 
mmol/kg intraperitoneally [i.p.]), found at 24 
and 48 h post-treatment, diminution of the anti-
oxidant defenses (CAT, SOD, GPx, and GR) and 
an increase in the liver-damage markers (AST, 
ALT, and total bilirubin); however, when the 
authors administered a pretreatment with G. 
schiedeanum extract (100 mg/kg, i.g.) for 4 
days and after this pretreatment administered 
TAA, antioxidant defenses increased and dimi-
nution was observed in the transaminases. Our 
results are in agreement with previous reports 
on demonstrating that the extract of G. schie-
deanum possesses antioxidant and hepatopro-
tective capacity (Table 1; Figure 1).

In summary, it can be concluded that Nrf2 pos-
sesses a regulatory dynamic that is evident in 
the presence of a toxic agent (EtOH) and/or a 
phytochemical agent with antioxidant capacity 
(G. schiedeanum) during liver regeneration. But 
the complexity of the modulation of Nrf2 and 
its functions is even greater. For example, Fan 
et al., [5] observed an increase of antioxidant 
defenses at 48 h after treatment with acet-
aminophen; on the other hand, Vargas Mendoza 
et al., [29] reported a diminution of antioxidant 
defenses 48 h after a dose of TAA. The latter 
establishes that there are various factors that 
intervene in Nrf2 regulation, such as the follow-
ing: the model (acute, chronic, or with genetic 
modifications); the organism (rat or mouse); the 
physiological condition (regenerating liver or 
complete liver); the damage-generating agent 
(EtOH, acetaminophen, or TAA); the EtOH dose 
(1.5 g/kg or 2.4 g/kg), and the administration 
route (i.g. or i.p,). The agreement in all of the 
reports lies in that Nrf2 possesses the capacity 
to identify the pathway to activate that is suit-
able for the survival of the cell. 

Conclusions

Nrf2 possesses various cell functions, some 
contradictory (antiapoptotic and proliferative  
vs proapoptotic), in addition to reports that 
demonstrate that its beneficial effects in vari-
ous diseases. Therefore, the biological impor-
tance of this study are based in demonstration 
that there is dynamic modulation of Nrf2 during 
liver regeneration in high as well as low concen-

trations of ROS, opening a therapeutic window 
to prevent alcohol-associated liver damage, in 
which the geranium has again demonstrating 
its being a hepatoprotective agent of damage 
caused by EtOH. Upcoming works should be 
focused on investigating the agents that regu-
late Nrf2 in order to indicate the route that 
should be activated. What are the specific  
stimuli that determine which elements should 
activate Nrf2. Responding to this query will be 
of utmost importance for utilizing it as a drug 
against various diseases. Several candidates 
can be Nrf2 regulators, such as molecules  
or proteins or redox motifs, or the cell’s micro-
environment (redox state), or the Michael reac-
tion center.
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