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Abstract
Background and aims Aging is associated with a deregulation of biological systems that lead to an increase in oxidative 
stress, inflammation, and apoptosis, among other effects. Xanthohumol is the main preylated chalcone present in hops (Humu-
lus lupulus L.) whose antioxidant, anti-inflammatory and chemopreventive properties have been shown in recent years. In 
the present study, the possible protective effects of xanthohumol on liver alterations associated with aging were evaluated.
Methods Male young and old senescence-accelerated prone mice (SAMP8), aged 2 and 10 months, respectively, were divided 
into four groups: non-treated young, non-treated old, old treated with 1 mg/kg/day xanthohumol, and old treated with 5 mg/
kg/day xanthohumol. Male senescence-accelerated resistant mice (SAMR1) were used as controls. After 30 days of treatment, 
animals were sacrificed and livers were collected. mRNA (AIF, BAD, BAX, Bcl-2, eNOS, HO-1, IL-1β, NF-κB2, PCNA, 
sirtuin 1 and TNF-α) and protein expressions (BAD, BAX, AIF, caspase-3, Blc-2, eNOS, iNOS, TNF-α, IL1β, NF-κB2, and 
IL10) were measured by RT-PCR and Western blotting, respectively. Mean values were analyzed using ANOVA.
Results A significant increase in mRNA and protein levels of oxidative stress, pro-inflammatory and proliferative markers, 
as well as pro-apoptotic parameters was shown in old non-treated SAMP8 mice compared to the young SAMP8 group and 
SAMR1 mice. In general, age-related oxidative stress, inflammation and apoptosis were significantly decreased (p < 0.05) 
after XN treatment. In most cases, this effect was dose-dependent.
Conclusions XN was shown to modulate inflammation, apoptosis, and oxidative stress in aged livers, exerting a protective 
effect in hepatic alterations.
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Introduction

Aging is a universal physiological condition in which a 
decrease in organic functions is clear along with an increase 
in aging-related diseases. Several studies have seen a link 
between aging and dysregulation of biological systems [1]. 
Aging has been reported as one of the main risk factors 
for chronic diseases. Liver is utterly involved in this pro-
cess, since energy metabolism and detoxification pathways 
become damaged. Liver-related deaths also increase with 
age as disease susceptibility is enhanced.

Liver aging leads to both structural and functional altera-
tions: liver undergoes a significant 30% reduction in vol-
ume with increasing age [2]. Similarly, hepatic blood flow 
is decreased by 35%, which may explain subsequent liver 
sinusoidal endothelial cell dysfunction [3]. In addition, stud-
ies have shown an outstanding decrease in the number of 
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mitochondria in the elderly subjects and moreover, a reduc-
tion in the expression of genes involved in oxidative stress 
such as cytochrome c [3]. It is also considered that a reduc-
tion in hepatocyte telomere length results in diminished cell 
mitosis and apoptosis, and therefore, in a decrease in cell 
proliferation [4, 5].

Cellular senescence is a mechanism which limits the 
proliferative potential damaged cells and, moreover, it also 
leads to inflammation, fibrosis and some other important 
disorders. It occurs as a result of oxidative stress, DNA dam-
age or oncogene activation, and induces cell cycle arrest. 
Cellular senescence in hepatocytes has been demonstrated 
in several chronic parenchymal disorders including chronic 
viral hepatitis B and C, alcohol-related liver disease and 
non-alcohol-related fatty liver disease [6].

Xanthohumol (XN), a hop-derived prenylated flavonoid 
has been identified as a regulator of several pathways related 
to proliferation and apoptosis [7]. Moreover, several research 
works have revealed that XN possesses a handful of biologi-
cal properties, including antioxidant, anti-inflammatory, and 
anticancer effects, as well as its capacity to inhibit NF-κB 
and Akt activation in vascular endothelial cells [8, 9]. Recent 
studies have shown that XN contributes to the prevention of 
oxidative damage by reducing not only ROS but also nitro-
gen oxide production. It also exhibits anti-inflammatory 
properties by the inhibition of the cyclooxygenase activity 
[10].

The aim of the present study was to evaluate the pos-
sible effects of XN on the mRNA and protein expression of 
inflammation and apoptosis markers, oxidative stress inter-
mediaries, and proliferative parameters in hepatic tissue of 
senescence-accelerated prone male mice (SAMP8) aged 2 
and 10 months, with livers of SAMR1 male mice as controls.

Materials and methods

Animal model

Male senescence-accelerated prone (SAMP8) and senes-
cence-accelerated resistant (SAMR1) mice of 2 months of 
age (young) and 10 months of age (old) were used in the 
study [11]. SAMP experience increases in pro-inflamma-
tory cytokines and oxidative damage observed during aging, 
while SAMR is used as model of physiological, non-accel-
erated aging [12–15], therefore acting as controls of SAMP.

Animals were housed in cages under controlled envi-
ronmental conditions (22 °C; 70% humidity), kept under 
a 12/12 h light/dark photoperiod, and fed ad libitum, i.e., 
food and water were available at all times with the quantity 
and frequency of consumption being the free choice of the 
animal.

This study was approved by the Research and Animal 
Experimentation Committee of the Complutense Univer-
sity of Madrid (Ref. 10/226347.9/16). All experiments were 
performed according to both European and Spanish laws 
regarding the handling and care of experimental animals 
(EU Directive 2010/63/EU for animal experiments).

Treatment

SAMP8 mice were divided into four experimental groups 
of five individuals each: (1) non-treated young mice, (2) 
non-treated old mice, (3) old mice treated with 1 mg/kg/day 
of XN and (4) old mice treated with 5 mg/kg/day of XN. 
SAMR1 mice aged 2 and 10 months were used as controls. 
Animals were purchased from Harlan Laboratories (Indiana, 
USA).

XN (98% purity, NIC Nookandeh Institute for Chemistry 
of Natural Substances, Homburg, Germany) was dissolved in 
ethanol and this solution was added to the animal drinking 
water. Non-treated animals were supplied only with ethanol 
1%. This concentration of ethanol was not shown to have 
a toxicity effect on the liver, while in prior studies from 
our group concerning the effect of XN in the brain [16], 
the dose used was 0.1% of ethanol to avoid brain toxicity 
[17]. The solution was prepared daily and was available to 
animals during 24 h of the day. After a treatment period of 
30 days, animals were sacrificed and plasma and livers were 
collected.

Plasma samples were flash frozen and stored at − 20 °C 
until liver functional tests were performed. Sample tissues 
were placed into cryotubes immediately after extraction, 
flash frozen in liquid nitrogen and stored at − 80 °C until 
mRNA and protein expression of inflammatory mediators 
(TNF-α—tumor necrosis factor-alpha-, IL-1β—interleukin 
1-beta-, NFκB2—nuclear factor NF-kappa-B p100 subunit- 
and IL-10—interleukin 10-), apoptosis markers (Bcl-2—B-
cell lymphoma-, BAD—Bcl-2-associated death promoter-, 
BAX—Bcl-2-associated X protein, AIF—apoptosis-induc-
ing factor- and caspase 3), oxidative stress intermediaries 
(eNOS, iNOS, and HO-1), proliferating messenger PCNA 
and sirtuin 1 was measured in liver tissue.

Blood chemistry

Plasma samples were flash frozen and stored at − 20 °C until 
liver functional tests were performed. A non-hemolyzed 
sample was used by treating plasma with EDTA. Liver func-
tion tests (LFT) included the measurement of total bilirubin 
(TBIL), triglycerides (TG), alcaline phosphatase (ALP), 
aspartate aminotransferase (AST), alanine aminotransferase 
(ALT), gamma-glutamyl transferase (GGT) and lactate 
dehydrogenase (LDH).
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RNA isolation and RT‑PCR quantification

mRNA expression of TNF-α, IL-1β, NFκB2, BAD, 
BAX, AIF, Bcl-2, eNOS, HO-1, PCNA and sirtuin 1 was 
measured using real time (RT)-PCR. RNA was isolated 
from liver samples according to the method described by 
Chomczynsky and Sacchi [18] using the TRI Reagent Kit 
(Molecular Research Center, Inc., Cincinnati, OH) follow-
ing the manufacturer’s protocol. The purity of the RNA 
was estimated using 1–1.5% agarose gel electrophore-
sis, and the RNA concentrations were determined using 
spectrophometry (BioDrop™). Reverse transcription of 
2 mg of RNA for cDNA synthesis was performed using 
the Reverse Transcription System (Promega, Madison, 
WI, USA) and a pd(N)6 random hexamers. RT-PCR was 
performed using an Applied Biosystems 7300 apparatus 
with the SYBR Green PCR Master Mix (Applied Biosys-
tems, Warrington, UK) and 300 nM concentrations of spe-
cific primers (Table 1). Amplification of GAPDH mRNA 
was used as a loading control for each sample. Relative 
changes in mRNA expression were calculated using the 
2-∆∆CT method [19].

Protein extraction and Western blot analysis

Western blotting was used to measure levels of BAD, BAX, 
AIF, caspase-3, Blc-2, eNOS, iNOS, TNF-α, IL-1β, NFκB2, 
and IL-10. Briefly, after homogenization with lysis buffer 
(100 mmol/l NaCl, 10 mmol/l Tris–Cl [pH 7.6]), (1 mmol/l 
EDTA [pH 8], 1 µg/ml aprotinin, 100 µg/ml PMSF), all sam-
ples were diluted (1:1) with 2× buffer (100 mmol/l TrisHCl 
[pH 6.8], 4% SDS, 20% glycerol, bromophenol blue 0.1, 
200 mmol/l dithiothreitol) and were boiled for 10 min at 
100 °C. To correct possible variations in the size of samples, 
protein concentration by the Bradford method was determined. 
Equivalent amounts of protein were subjected to electropho-
resis on SDS polyacrilamide gel (10%) and transferred onto 
PVDF membranes. After blocking with 5% milk in TBS-
Tween 20 (20 mmol/l TRIS, 150 mmol/l NaCl, 0.2% Noninet 
P 40, 5% skim milk) for 60–90 min to prevent nonspecific 
binding and washing, the membranes were probed overnight 
at 4 °C with primary antibodies. The membrane was incu-
bated with a rabbit polyclonal antibody (Table 2) (1:1000) 
for 12 h at 4 °C, followed by incubation with an anti-rabbit 
horseradish peroxidase conjugated antibody (#12–348 Mil-
lipore Billerica, Massachusetts, USA) (1:7000). Detection was 
performed using an ECL Plus assay kit (Amesham Life Sci-
ence Inc., Buckinghamshire, UK). The blots were re-probed 
with antibodies against β-actin (#A5316 Sigma–Aldrich Co., 
St. Louis, MO, US) to ensure equal loading and transfer of 
proteins. After membrane washing, proteins were visualized 
by chemiluminescence (ECL system, Amersham, Oakville, 
Ontario, Canada). Densitometric measurement of protein level 
was performed using Quantity One 1-D Analysis Software 
(Bio-Rad GS 800). The optical density of the bands was nor-
malized to β-actin levels, the loading control.

The same procedure was used to measure NF-κB p52 and 
NF-κB p65 in nuclear and in cytoplasmic fractionations previ-
ously separated thorough selective centrifugation.

Representative images of the Western blot results are shown 
in Table 3.

Statistical analysis

Data are expressed as mean ± standard deviation of the number 
of determinations. Results were analyzed using ANOVA fol-
lowed by a post hoc Tukey HSD test to find out which specific 
group’s means were different. Pair of means were compared 
by Student’s t-test. Statistical significance was set at p < 0.05.

Results

Liver functional tests showed overall stability with the 
exception of AST where a significant increase was observed 
in SAMP8 old mice in comparison with SAMP8 young 

Table 1  Primers used in real-time PCR experiments

GAPDH was used as a housekeeping gene to compare the samples

Primers Sequence (5ʹ–3ʹ)

GAPDH Forward TGG TAT CGT GCA AGG ACT CAT GAC 
Reverse ATG CCA GTC AGC TTC CCG TTC AGC 

IL-1β Forward TGT GAT GAA AGA CGG CAC AC
Reverse CTT CTT CTT TGG GTA TTG TTTGG 

TNF-α Forward ATG AGA AGT TCC CAA ATG GC
Reverse CTC CAC TTG GTG GTT TGC TA

Bcl-2 Forward TGA GTA CCT GAA CCG GCA TCT 
Reverse GCA TCC CAG CCT CCG TTA T

NF-κB2 Forward TGG AAC AGC CCA AAC AGC 
Reverse CAC CTG GCA AAC CTC CAT 

BAX Forward GTG AGC GGC TGC TTG TCT 
Reverse GGT CCC GAA GTA GGA GAG GA

BAD Forward GCC CTA GGC TTG AGG AAG TC
Reverse CAA ACT CTG GGA TCT GGA ACA 

eNOS Forward CCA GTG CCC TGC TTC ATC 
Reverse GCA GGG CAA GTT AGG ATC AG

AIF Forward AGT CCT TAT TGT GGG CTT ATC AAC 
Reverse TTG GTC TTC TTT AAT AGT CTT GTA GGC 

Sirtuin 1 Forward TCG TGG AGA CAT TTT TAA TCAGG 
Reverse GCT TCA TGA TGG CAA GTG G

PCNA Forward GGC GTG AAC CTA CAG AGC AT
Reverse CAC AGG AGA TCA CCA CAG CA

HO-1 Forward GTC AAG CAC AGG GTG ACA GA
Reverse ATC ACC TGC AGC TCC TCA AA
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mice. This rise was significantly reduced in the 5 mg XN-
treated group (Table 4).

While no significant alteration was observed in TNF-α 
mRNA expression (Fig. 1a), increased levels of its protein 
expression were observed in both SAMR1 and SAMP8 old 

mice compared to young animals. Both 1 mg and 5 mg 
XN-treated groups showed significantly lower levels than 
those observed in old animals in SAMR1 and SAMP8 
groups. Also, the levels of 5 mg XN-treated animals were 

Table 2  Source of primary 
antibodies

Antibody Catalog number Company

TNF-α 500-P72 PeproTech EC, Ltd. London, UK
IL-1β 500-P80
IL-10 500-P139
BAD 21062 Signalway antibody, Maryland USA
iNOS 33261
BAX 2772 Cell Signaling Technology Massachusetts, USA
Bcl-2 2870
eNOS 32027
AIF 5318
Caspase 3 9665
NFκB p52-100 14-6733 eBioscience, California USA
NFκB p65 14-6731
HO-1 AB1284 Chemicon Intenrational, California USA

Table 3  Representative images of the Western blot results

SAMR1 SAMP8

2m 10m XN 1mg XN 5mg 2m 10m XN 1 mg XN 5mg

β actin

TNF-α

IL-1β

IL-10

AIF

BAD

BAX

Caspase 3

eNOS

iNOS

NF-κB2

Bcl-2
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significantly lower than those administered with 1 mg XN 
(Fig. 1b).

Both mRNA and protein expressions of IL-1β were 
increased in old SAMP8 animals compared to young ani-
mals and to SAMR1 group. These increases were signifi-
cantly counteracted in animals treated with XN. In addi-
tion, mRNA expression in 5 mg XN-treated group was 
significantly lower than that in 1 mg XN-treated mice 
(Fig. 1c, d).

NF-κB2 mRNA expression was significantly lower in 
SAMR1 young mice compared to SAMP8 young animals. In 
SAMR1 old group, significantly higher levels were observed 
in comparison with their younger counterparts. Significantly 
lower levels were observed in both SAMR1 and SAMP8 
5 mg XN-treated animals when compared to their respective 
non-treated old groups (Fig. 1e). However, NF-κB2 protein 
levels did not show any significant changes when the total 
fraction was measured (Fig. 1f).

Likewise, age-related changes were not seen in the pro-
tein expression of anti-inflammatory marker IL-10 (Fig. 1g).

When the nuclear-cytoplasmic fractionation of liver 
homogenates was analyzed, no significant alterations were 
observed in NF-κB p52 (Fig. 2a). However, NF-κB p65 lev-
els were significantly reduced when treating with 5 mg XN 
in comparison to the values observed in old SAMP8 group 
(Fig. 2b).

Regarding pro-apoptotic molecules, old SAMP8 mice 
showed elevated BAD mRNA expression in comparison 
with young SAMP8 mice and old SAMR1 mice (Fig. 3a). 
BAD mRNA expression of SAMP8 animals administered 
with 5 mg was significantly lower than that observed in old 
non-treated animals (Fig. 3a).

BAX protein expression of both SAMR1 and SAMP8 
old non-treated mice was significantly higher than the one 
observed in young animals. Also, SAMP8 group showed 
significantly higher levels than SAMR1. While in SAMR1 
animals only 5 mg XN-treated group showed significantly 
lower levels than old non-treated animals, in SAMP8 ani-
mals both doses of XN significantly reduced the expression 
of this marker compared to old non-treated SAMP8 mice 
(Fig. 3d).

Both mRNA and protein levels of apoptosis-inducing fac-
tor AIF were higher in old SAMP8 mice when compared to 
young SAMP8 and old SAMR1 mice. While for the mRNA 
expression, both 1 and 5 mg XN-treated SAMP8 groups 
showed significantly lower expressions than old non-treated 
animals, AIF protein expression of SAMP8 old animals was 
significantly reduced only when mice were given 5 mg XN 
(Fig. 3e, f).

Old SAMP8 non-treated animals showed significantly 
higher levels of caspase 3 than those in young animals and 
old SAMR1 mice. The treatment with both 1 and 5 mg XN 
significantly reduced caspase 3 levels (Fig. 3g).

Considering Bcl-2, age-related changes were not seen in 
the levels of this anti-apoptotic marker (Fig. 4a, b).

eNOS and iNOS protein levels experienced opposite 
changes with aging. While iNOS levels were enhaced in 
old SAMP8 mice in comparison with their younger coun-
terparts and the control animals, eNOS levels were reduced 
with age significantly (Fig. 5b, c). eNOS protein expression 
of SAMP8 group treated with 5 mg XN was significantly 
higher than the one observed in old non-treated animals 
(Fig. 5b), whereas its mRNA levels did not show any signifi-
cant change (Fig. 5a). Treatment with both 1 and 5 mg XN 

Table 4  Liver functional tests

TBIL total bilirubin, TG triglyceride, ALP alcaline phosphatase, AST aspartate aminotransferase, ALT alanine aminotransferase, GGT  gamma-
glutamyl transferase, LDH lactate dehydrogenase

SAMR 1 SAMP 8

Young Old XN
1 mg

XN
5 mg

Young Old XN
1 mg

XN
5 mg

TBIL (mg/100) 0.936 (0.05) 1.013 (0.1) 0.903 (0.03) 0.863 (0.04) 1.00 (0.03) 1.063 (0.11) 0.87 (0.05) 0.855 (0.05) NS
TG (mg/100) 117 (10.6) 114 (12.9) 91.3 (16.3) 135 (6.4) 143 (12.1) 186.6 (4) 149.6 (7.6) 119.3 (27.4) NS
Cholesterol 

(mg/100)
73 (5.6) 81.3 (14.9) 89.3 (16.7) 81.6 (19.1) 78 (6.5) 88 (17.3) 103 (9.5) 87.2 (16) NS

ALP (U/l) 78 (9.1) 81.3 (5.9) 76.6 (7.8) 71 (6.2) 82.3 (12) 96.3 (2.5) 80.3 (3.6) 73.5 (9.1) NS
AST (U/l) 69.3 (11) 94.7 (4.8) 80.3 (6) 78 (8.9) 66 (9.1) 122.6 (10.9)* 78 (8.5) 64.8 (9) # *p < 0.05

#p = 0.015 
vs 
SAMP8 
old

ALT (U/l) 16.6 (1.2) 16.1 (1.8) 15.9 (1) 16 (1.7) 15 (0.8) 18.6 (0.5) 16 (0.5) 16 (0.2) NS
GGT (U/l) 7.6 (1.21) 5 (0) 5.3 (0.58) 4.6 (0.22) 4.6 (1.09) 6.6 (1.15) 5.6 (0.58) 5.2 (0.49) NS
LDH (U/l) 58.9 (1.3) 75.7 (6.5) 57.3 (1.8) 55.8 (5) 60.1 (3.2) 77.6 (3.3) 70.6 (2.5) 63.8 (2.9) NS
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resulted in significantly lower levels of iNOS in SAMP8 ani-
mals, when compared to the old non-treated group (Fig. 5c).

Age-related changes were also found in the mRNA 
expression of HO-1 (Fig. 5d). Significantly higher levels 

were found in the old SAMP8 group in comparison with 
SAMR1 animals. HO-1 mRNA expression of SAMP8 ani-
mals treated with 5 mg XN was significantly lower than the 
one observed in old non-treated animals (Fig. 5d).

Fig. 1  mRNA and protein expressions of TNF-α (a, b), IL-1 β (c, d), 
NFκB2 (e, f), and protein expression of IL-10 (g) in liver of young 
and old SAMR1 and SAMP8 mice non-treated and treated with 1 mg 
or 5  mg/kg/day XN. Data are expressed as mean ± standard devia-
tion of the number of determinations. *p < 0.05 with respect to values 

obtained in their respective SAMR1 group; $p < 0.05 with respect to 
values obtained in the young group; £p < 0.05 with respect to values 
obtained in the 1 and 5 mg XN-treated groups; #p < 0.05 with respect 
to values obtained in the 1  mg XN-treated group; §p < 0.05 with 
respect to values obtained in the 5 mg XN-treated group
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Finally, no age-related effect was found in the levels of 
the proliferation messenger PCNA and sirtuin 1 (Fig. 6a, b). 
XN did not provoke any change in the mRNA expression of 
both molecules.

Discussion

To determine whether XN exerted anti-inflammatory effects 
on age-related liver alterations, liver functional tests were 
performed. No significant alterations were observed sug-
gesting that, in our study, the age-related hepatic alterations 
are not causing a hepatic dysfunction.

However, in our study, aging was responsible for a sig-
nificant increase in TNF-α protein expression. TNF-α is a 
protein known to be critically involved in the regulation of 
infectious, inflammatory and autoimmune processes. Mac-
rophages, such as the Kuppfer cells, and T cells activate the 
production of TNF-α [20]. XN has been shown to inhibit 
inflammatory responses through the attenuation of nitric 
oxide (NO) release, or up-regulation of iNOS, IL-1β and 
TNF-α itself [21]. As stated earlier, XN was not able to 
diminish the transcription of the TNF-α gene, as no sig-
nificant changes were shown after the mRNA amplification, 
but it did reduce the translation of the genetic material and, 
therefore a marked decrease was exhibited after the quanti-
fication of the protein expression by Western blotting, i.e., 
XN returned TNF-α levels to young mice values in both 
SAMP8 and SAMR1 groups. IL-1β, another pro-inflamma-
tory mediator, is expressed in response to tissue damage. In 
our study, its protein and mRNA levels were increased in 
old SAMP8 animals. A well-known hypothesis establishes 
the capacity of IL-1β to induce liver fibrosis through the 
activation of HSCs [22].

The current study supports the idea of a decrease in 
TNF-α and IL-1β protein levels following XN treatment 
by inhibiting NF-κB protein expression. NF-κB survival 

functions are accomplished through the activation of anti-
apoptotic proteins and antioxidant genes. TNF-α and IL-1β 
act as negative regulators of NF-κB pathways.

While no significant differences were seen in NF-κB 
protein expression, it was observed that in SAMP8 old 
mice, the nucleus/cytosol ratio of NF-κB p65 was signifi-
cantly reduced when treating with 5 mg XN [23]. Hence, 
an increase in pro-inflammatory mediators in aging may 
occur as a result of the increase in the two pro-inflamma-
tory proteins analyzed (TNF-α and IL-1β) and of NF-κB 
translocation. Increased hepatic injury leads to stimulation 
of regenerative responses in progenitor cells and activation 
of Kupffer cells and the release of mediators such as IL-1β 
and TNF that intensify the hepatic injury. As it has been seen 
in previous studies with flavonones [16, 24], XN is thought 
to decrease levels of pro-inflammatory intermediaries and 
therefore, it could be helpful to reduce liver fibrosis and 
hepatic carcinoma due to aging.

While IL-1β and TNF-α are pro-inflammatory mediators, 
the function of IL-10 is predominantly anti-inflammatory. 
Reduced levels of IL-10 cytokine have been related to an 
increase in these other pro-inflammatory mediators. No signif-
icant changes in IL-10 were observed in this study, suggesting 
that the absence of IL-10 was associated with higher TNF-α 
and IL-1β levels, as it has been reported elsewhere [25–27].

Pro-apoptotic markers have been shown to increase with 
age. In this study, caspase 3 protein expression was seen to 
increase with aging showing an early activation of effector 
caspases. After XN treatment, its expression was dimin-
ished to young mice levels in SAMP8 group. This suggests 
an inhibition of aging-induced apoptosis by XN. Apoptosis 
plays an important role in the aging process. The rate of 
apoptosis is enhanced in most types of aging cell popula-
tions and organs as a protective mechanism against the 
accumulation of defective cells. However, the over-acti-
vation of the apoptosis pathway seems to be involved in 
most age-associated diseases [28]. Although apoptosis has 

Fig. 2  Ratio of nucleus/cytosol fraction of NFκB p52 (a) and NFκB 
p65 (b) in liver of young and old SAMR1 and SAMP8 mice non-
treated and treated with 1 mg or 5 mg/kg/day XN. Data are expressed 
as mean ± standard deviation of the number of determinations. 

#p < 0.05 with respect to values obtained in the 1  mg XN-treated 
group; §p < 0.05 with respect to values obtained in the 5  mg XN-
treated group
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been recognized as one of the main processes to prevent 
cancer cells from growing in young subjects, its enhance-
ment in aging is thought to be related with diseases such 
as cirrhosis or liver dysfunction [6].

BAX mRNA levels exhibited no remarkable change either 
with aging or after XN treatment. However, BAX protein 
expression was increased in old animals and XN exerted 
a protective effect. On the other hand, BAD mRNA levels 

Fig. 3  mRNA and protein expressions of BAD (a, b), BAX (c, d), 
AIF (e, f), and protein expression of caspase-3 (g) in liver of young 
and old SAMR1 and SAMP8 mice non-treated and treated with 1 mg 
or 5  mg/kg/day XN. Data are expressed as mean ± standard devia-
tion of the number of determinations. *p < 0.05 with respect to values 

obtained in their respective SAMR1 group; $p < 0.05 with respect to 
values obtained in the young group; £p < 0.05 with respect to values 
obtained in the 1 and 5 mg XN-treated groups; #p < 0.05 with respect 
to values obtained in the 1  mg XN-treated group; §p < 0.05 with 
respect to values obtained in the 5 mg XN-treated group
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did change with aging, i.e., its expression was increased but 
not its protein levels. This may be due to several processes 
including not only transcription and translation, but also 
RNA silencing, and the rate of RNA and protein degrada-
tion. XN, at a dose of 5 mg/kg/day, was able to reduce BAD 
mRNA levels. It is noticeable that while in old SAMP8 mice, 
the transcription of BAD became affected after XN treat-
ment, only translation of BAX was reduced following the 
administration of the drug. Regarding, Bcl-2, and its closest 
relatives, Bcl-xL and Bcl-w, it has been reported that they 
induce survival instead of apoptosis. With age, a reduction 

in its expression levels may be expected; however, this was 
not seen in this research work, pointing out the possibility 
of an imbalance between pro-apoptotic and anti-apoptotic 
Blc-2 family members that leads either to apoptosis or sur-
vival. AIF is a flavoprotein that is normally located in the 
mitochondrion. After death stimuli, AIF translocates to the 
cytosol and to the nucleus where it participates in the induc-
tion of apoptosis. Nuclear chromatin condensation and DNA 
fragmentation are among its main functions [29]. Here, 
both AIF transcription and translation were up-regulated 

Fig. 4  mRNA (a) and protein (b) expressions of Bcl-2 in liver of young and old SAMR1 and SAMP8 mice non-treated and treated with 1 mg or 
5 mg/kg/day XN. Data are expressed as mean ± standard deviation of the number of determinations

Fig. 5  mRNA (a) and protein (b) expressions of eNOS, protein 
expression of iNOS (c) and mRNA expression of HO-1 (d) in liver 
of young and old SAMR1 and SAMP8 mice non-treated and treated 
with 1 mg or 5 mg/kg/day XN. Data are expressed as mean ± stand-
ard deviation of the number of determinations. *p < 0.05 with respect 
to values obtained in their respective SAMR1 group; $p < 0.05 with 

respect to values obtained in the young group; £p < 0.05 with respect 
to values obtained in the 1 mg and 5 mg XN-treated groups; #p < 0.05 
with respect to values obtained in the 1  mg XN-treated group; 
§p < 0.05 with respect to values obtained in the 5  mg XN-treated 
group
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with aging and showed a marked reduction following XN 
treatment.

To investigate the involvement of XN in cellular oxida-
tive stress, eNOS, iNOS and HO-1 were tested as mediators 
of this process. Vascular function mainly depends on the 
balance between synthesis/degradation of NO, which is sup-
ported by the normal activity of eNOS. An increase in the 
synthesis of NO is due to an enhanced production by iNOS 
which causes vascular dysfunction. While NO produced by 
eNOS is a result of a normal metabolic response and regu-
lates blood flow and blood cell interactions, iNOS activation 
has some detrimental effects for the liver function [30]. This 
background may explain why eNOS mRNA levels showed 
no significant change with increasing age despite the fact 
that protein expression was reduced with aging. Opposite to 
this, iNOS protein levels increased with aging, suggesting 
an induction in vascular dysfunction, and they diminished 
after XN treatment.

It has been demonstrated that HO-1, a stress protein 
whose aim is to degrade heme, is up-regulated by IL-1 and 
TNF-α as a consequence of hypoxia, oxidative stress, etc., 
and it is thought to contribute to the anti-proliferative and 
anti-apoptotic effects mediated by NO [31]. Hypoxia and 
oxidative stress become more important in liver aging, there-
fore, HO-1 increases to prevent progression of liver fibrosis. 
In our study, XN was able to decrease the HO-1 levels in old 
SAMP8 mice but only at the dose of 5 mg/kg/day.

Finally, the possible relationship between XN, prolifera-
tion and survival was addressed. PCNA plays an important 
role in nucleic acid metabolism being essential for DNA rep-
lication, DNA excision repair, as well as chromatin assem-
bly [32]. PCNA analysis showed no significant differences 
between age groups either in SAMP8 or in SAMR1 animals 
suggesting that XN might not affect cell cycle pathways. 
Sirtuin 1 has been found to have a large number of functions 
apart from deacetylating histones that confers resistance to 
cellular stress: it acts as a life-extender by decreasing ROS 
levels as well [33]. In spite of this, in our study, sirtuin 1 
showed no significant change.

In conclusion, liver from old SAMP8 mice showed a sig-
nificant augmentation in its pro-oxidative, pro-inflammatory 
and pro-apoptotic state, in contrast with young SAMP8 mice. 
A similar effect was observed in old SAMR1 mice but to a 
lesser extent. XN was able to revert most of these effects, 
significantly reducing apoptosis, inflammatory and oxidative 
markers. This molecule may contribute to the counteraction 
of age-related changes in the liver and therefore may act as 
a protective compound in liver alterations.
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