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INTRODUCTION 
 
Liver fibrosis results from a sustained wound healing 
response due to chronic liver injury and occurs when 
extracellular matrix (ECM) production exceeds ECM 
degradation. Activated hepatic stellate cells (aHSCs) are 
the main cells involved in fibrogenesis as the key source 
of ECM compounds and a major modulator of hepatic 
inflammation. Next to aHSCs, the hepatic macrophages 
also promote fibrosis progression by driving HSCs 
activation, by releasing pro-inflammatory and pro-
fibrogenic factors and by supporting the infiltration of 
pro-fibrogenic immune cells [1].     
 
Liver fibrosis reversibility has been documented for 
several years.  In animal models, liver damages  reverse  

 

and fibrotic scar degradation occurs when the 
hepatotoxic agent is removed or when a normal biliary 
outflow is restored after common bile duct ligation 
[2,3]. Evidences of fibrosis regression come also from 
clinical practice, especially after the arrival of new anti-
viral therapies enabling high rate of hepatitis C virus 
(HCV) eradication [4,5]. During fibrosis resolution, 
aHSCs disappear by senescence, inactivation or 
apoptosis [6-8] while inflammatory and pro-fibrogenic 
macrophages differentiate into pro-resolution cells able 
to secrete large quantities of fibrolytic matrix metallo-
proteinases (MMP) and anti-inflammatory cytokines 
[9;10]. Thick and paucicellular fibrotic septae, collagen 
cross-linking and reduced production and/or activity of 
MMPs render the fibrotic liver less amenable to 
remodeling and repair [11].       
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ABSTRACT 
 
Clinical data identify age as a factor for severe liver fibrosis. We evaluate whether and how aging modulates the
fibrotic response in a mouse model. Liver fibrosis was induced by CCl4 injections (thrice weekly for 2 weeks) in 7
weeks‐ and 15 months‐old mice (young and old, respectively). Livers were analyzed for fibrosis,  inflammation
and remodeling 48 and 96 hours after the last injection.  Old mice developed more severe fibrosis compared to
young ones as evaluated by sirius red morphometry. Expression of pro‐fibrogenic genes was equally induced in
the two age‐groups but enhanced fibrolysis in young mice was demonstrated by a significantly higher Mmp13
induction  and  collagenase  activity.  While  fibrosis  resolution  occurred  in  young  mice  within  96  hours,  no
significant  fibrosis  attenuation  was  observed  in  old  mice.  Although  recruitment  of  monocytes‐derived
macrophages was  similar  in young and old  livers, young macrophages had globally a  remodeling phenotype
while old ones, a pro‐fibrogenic phenotype. Moreover, we observed a higher proportion of  thick  fibers and
enhanced expression of enzymes involved in collagen maturation in old mice. 
Conclusion:  Impaired  fibrolysis  of  a  matrix  less  prone  to  remodeling  associated  with  a  pro‐inflammatory
phenotype of infiltrated macrophages contribute to a more severe fibrosis in old mice.  



www.aging‐us.com  99  AGING (Albany NY) 

The human liver is affected by aging. It manifests by a 
reduced volume and blood flow as well as by cellular 
changes such as increased oxidative stress, decreased 
number and dysfunction of mitochondria, accelerated 
cellular senescence and decreased regenerative ability 
[12]. Aging is also a risk factor for several specific 
hepatic diseases.  In non-alcoholic fatty liver disease 
(NAFLD), evolution from simple steatosis to steato-
hepatitis and fibrosis occurs more frequently in old 
patients [13]. In HCV chronic infection, age at time of 
infection is a strong determinant of fibrosis progression 
while liver graft from older donors is associated with a 
more rapid progression of HCV-related cirrhosis in the 
recipient [14,15].  Although those data emphasize the 
susceptibility due to aging to develop more severe 
disease and significant fibrosis, the mechanisms 
underlying this propensity are not fully understood. In 
viral hepatitis, an impaired immune response against 
foreign antigens may explain a different immuno-
pathogenesis in the elderly and more sustained hepatic 
fibrotic process [16]. In rodents, a more severe fibrosis 
is also observed in older animals but mechanisms 
remain debated. Aging-dependent hepatic susceptibility 
to toxic agents, reduced ECM proteins degradation and 
variation in inflammatory cells infiltrating the injured 
liver are discussed [17-19] as differences in rodent 
genetic strains may explain at least partially divergent 
results. Interestingly, Karsdal et al measured specific 
fragments of selected ECM proteins in the serum of 
normal animals and concluded to a quantitatively 
different ECM turnover according to the age of rats. 
Indeed, type I and II collagen turnover was significantly 
reduced in old compared to young animals, while type 
IV and V collagen and biglycan degradation biomarkers 
were significantly upregulated in old rats [20] .   
 
In this work, as previously described in other studies 
[17,18], we reproduced a higher susceptibility to 
fibrosis in old mice compared to young mice after 
repetitive administrations of carbon tetrachloride 
(CCl4). We provide explanations for mechanisms 
contributing to age-related fibrosis.  
 
RESULTS 
 
Liver fibrosis is more severe in old mice 
independently of profibrogenic processes 
 
No difference was observed in terms of body weight, 
liver to body weight ratio and hepatic macroscopic and 
microscopic aspect between young (aged 7 weeks) and 
old (aged 15 months) mice (data not shown). Fibrosis 
was induced by CCl4 injections (3x/week for 2 weeks) 
in young and old mice (Figure 1A). Liver damages were 
evaluated two days after the last CCl4 injection, a time 
point known to correspond to the peak of fibrosis [21].  

In response to CCl4, fibrosis was significant in both age-
groups compared to matched control animals but old 
mice developed more severe fibrosis compared to 
young ones as evaluated by sirius red quantification 
(Figure 1B). While Transforming growth factor beta 
(Tgfbeta) mRNA was more expressed in the old group 
compared to the young one, the expression of the main 
genes related to pro-fibrogenic processes such as 
Collagen I and alpha Smooth muscle actin (alphaSMA) 
was equally induced by CCl4 injections (Figure 1C). 
Moreover, alphaSMA positive cells were similarly 
distributed around portal area and fibrotic bands in both 
age-groups (Figure 1D). These results suggest that the 
more severe fibrotic scar observed in old mice was not 
due to enhanced matrix deposition.   
 
Impaired fibrolysis precludes fibrosis reversal in old 
mice 
 
Liver fibrosis is a dynamic process resulting from an 
imbalance between ECM production (fibrogenesis) and 
degradation (fibrolysis). As we showed that fibrogenic 
processes were unlikely to account for the difference in 
intensity of fibrosis observed between groups, we 
studied the gene expression of matrix remodeling 
enzymes. CCl4 induced similarly Mmp2, Mmp3, Mmp8, 
Mmp9, Mmp14 and MMP inhibitors Tissue inhibitor 
metalloproteinase 1 (Timp1) and Timp2 in the two age-
groups but we observed a significantly higher induction 
of Mmp13 in young mice than in old ones. In addition, 
Chemokine (C-X-C motif) ligand 9 (Cxcl9), a potent 
MMP-13 inducer, is upregulated in young fibrotic livers 
but not in old ones (Figure 2).  
 
MMP-13 is a matrix metalloproteinase chiefly involved 
in fibrosis regression, acting against numerous ECM 
components, and in particular fibrillar collagens [22]. 
The lower expression of this enzyme in old mice 
supports a less dynamic matrix remodeling in this group 
and could thereby contribute to a reduced fibrosis 
clearance. To confirm this hypothesis, we repeated the 
same experiment but mice were sacrified 4 days after 
the last injection leaving two extradays for fibrosis 
resolution (Figure 3A). At this time point and compared 
with liver harvested at peak of fibrosis (48h post last 
CCl4 injection), remodeling was significant in young 
mice with only some residual collagen deposition. By 
contrast, there was no significant attenuation of liver 
fibrosis between the 48- and the 96-hour time points in 
old mice (Figure 3B). In both groups, alphaSMA 
positive cells started to redistribute through the lobule 4 
days after the last injection (Figure 3C). These results 
confirmed the impaired fibrolysis in old mice. 
Moreover, Mmp13 and Cxcl9 gene expression levels 
remained low at all times while being strongly induced 
in young mice (Figure 3D). We then performed collage- 
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Figure 1.   More severe liver fibrosis in old mice independently of profibrogenic processes. (A) CCl4 was  injected three
times a week for two weeks to young and old mice (n=6/group). Livers were harvested two days after the last injection. (B) Sirius
red stained liver sections in CCl4‐treated mice (magnification 80x). Scale bare 100µm. Collagen fibers were evaluated as percentage
of  stained  area  in  the  section  (n=6/group).  (C)  Hepatic  gene  expression  of  Collagen  I,  alphaSma  and  Tgfbeta  (Mean  ±  SEM)
(n=6/group).  (D) Activated  stellate  cells were  identified by alphaSMA  immunohistochemistry  staining  in  young and old mice 48
hours after the last CCl4 injection (magnification 80x) (n=6/group). Scale bare 100µm. Statistical analysis was performed by two‐way
ANOVA for repeated measures (boxes) followed by Bonferroni’s post‐hoc correction. **P<0.01 for differences between age groups.  



www.aging‐us.com  101  AGING (Albany NY) 

nase assay on liver homogenates in all age-groups to 
evaluate the ability of our samples to cleave collagen, the 
main substrate of MMP-13. We observed a significantly 
reduced collagenase activity in old mice 48 and  96 hours  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

after the last injection of CCl4 (Figure 3E). These results 
demonstrated that a low stimulation of the CXCL9-
MMP-13 axis associated with a reduced collagenolytic 
activity and impaired fibrosis remodeling in old mice.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Gene expression of matrix remodeling enzymes in young and old livers. Hepatic gene expression
of Mmp2, Mmp3, Mmp8, Mmp9, Mmp13, Mmp14, Timp1, Timp2 and Cxcl9 in control and CCl4‐treated young and old
mice  (Mean  ±  SEM)  (n=6/group).  Statistical  analysis was  performed  by  two‐way  ANOVA  for  repeated measures
(boxes) followed by Bonferroni’s post‐hoc correction. **P<0.01; ***P<0.001 for differences between age groups.     
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Figure 3. Impaired fibrolysis precludes fibrosis reversal in old mice. (A) CCl4 was injected three times a week for two weeks to young
and old mice (n=6/group). Livers were harvested 48h or 96h after the last injection. (B) Sirius red stained liver sections in CCl4‐treated young
and old mice (magnification 80x). Collagen fibers were evaluated as percentage of stained area in the section (n=6/group). Scale bare 100µm.
(C) Activated stellate cells were identified by alphaSMA immunohistochemistry staining in young and old mice 48 and 96 hours after the last
CCl4 injection (magnification 80x) (n=6/group). Scale bare 100µm. (D) Hepatic gene expression of Mmp13 and Cxcl9 (Mean ± SEM) (n=6/group).
(E) Collagenase activity was measured in controls and CCl4‐treated groups (Mean ± SEM) (n=6/group). Results are expressed in units/ml. One
unit of collagenase activity is defined as the cleavage of 1 mg of collagen per minute.  Statistical analysis was performed by two‐way ANOVA for
repeated measures (boxes) followed by Bonferroni’s post‐hoc correction. *P<0.05; **P<0.01 for differences between age groups.     
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Pro-resolutive macrophages infiltrate young livers 
and support a more dynamic matrix remodeling 
compared to old mice   
 
CXCL9 is produced by macrophages and stimulates 
macrophages in an autocrine or paracrine manner to 
produce MMP-13 [9,23]. We used F4/80 immunohisto-
chemistry and gene expression to assess liver 
macrophages infiltration. In young mice, F4/80 positive 
cells agglomerated in pericentral area and fibrotic bands 
at peak fibrosis (48h) and homogenously redistributed 
through the entire lobule upon fibrosis resolution (96h). 
By contrast, in old mice, enlarged macrophages persisted 
in the central area and around the fibrotic septa at 96h 
post last CCl4 doses (Figure 4A). Moreover, F4/80 gene 
expression was higher in the liver of old mice compared 
to young mice (Figure 4B). This suggests distinct 
macrophages populations and activities in relation to 
aging. Macrophages involved in liver fibrosis are mainly 
derived from circulating monocytes. Initially pro-
inflammatory pro-fibrogenic cells, they switch then to a 
tissue restorative phenotype to participate in ECM 
clearance [10,24]. We evaluated the expression of 
CD11b, a marker of freshly infiltrating monocyte-derived 
macrophages, as well as the expression of Chemokine (C-
C motif) ligand 2 (Ccl2), Vascular endothelial growth 
factor (Vegf) and Macrophages migration inhibitor 
factor (Mif), all soluble factors involved in tissue 
recruitment of monocytes [25]. While Mif was 
significantly more expressed in old mice compared to 
young ones, no difference of Ccl2, Vegf or CD11b gene 
expression was observed between age-groups suggesting 
similar inflammatory cells recruitment in young and old 
livers (Figure 4C). We then asked the question: is the 
liver macrophages phenotype different between young 
and old mice following CCl4-induced injury? We used 
the M1/M2 dichotomy and observed a M1 phenotype in 
young mice while old mice expressed more M2 markers 
(Supplementary Figure 1). We then checked the expres-
sion of both pro-fibrogenic and pro-resolutive macro-
phages markers in both groups at peak of fibrosis 
compared to untreated controls. In the young group, 
macrophages had globally a higher expression of resolu-
tive genes, especially Mmp13 and Cxcl9 as described 
above, while old mice have prominent liver expression of 
Tgfbeta, a major pro-fibrogenic marker (Figure 4D).  
 
Collagen cross-linking limits reversibility of liver 
fibrosis in old mice 
 
Post-translational processing of pro-collagen molecules 
and covalent cross-linking of collagen fibrils 
participates in the development of a mature and 
stabilized ECM and is an important limitation factor of 
fibrosis reversibility. Lysyl oxidase (LOX), LOX like 2 
(LOXL2), a disintegrin and metalloproteinase with 

thrombospondin type I motif (ADAMTS2) and, while 
more controversial, tissue transglutaminase 2 (TG2) 
mediate ECM stabilization [26-29]. We evaluated the 
mRNA expression of these enzymes in our groups. In 
young mice, CCl4 caused a modest upregulation of Lox 
and Loxl2 while levels of Tg2 and Adamts2 were 
unchanged (Figure 5A). By contrast, expression of Lox, 
Tg2, and Adamts2 was significantly induced in old 
animals at time of peak fibrosis suggesting that in the 
aged liver cross-linking of the matrix proteins was more 
prominent. Moreover, the proportion of thick and dense 
red collagen fibers as visualized under polarized light 
was significantly higher in old mice at peak of fibrosis 
(Figure 5B). More pronounced cross-linking process in 
old mice would promote excess accumulation of thicker 
fibrotic septa and confer resistance to ECM proteolytic 
degradation even after the cessation of liver injury.  
 
DISCUSSION 
 
The worldwide increasing proportion of elderly people 
leads to an increasing incidence of some hepatic 
disorders and complications for which age is a risk 
factor, among them fibrosis. Moreover, liver disease 
related treatments are more and more frequently 
proposed to elderly people, such as HCV-infected 
patients. Therefore, the impact of aging on liver 
fibrosis, the main adverse effect of chronic liver 
disorders, is of major interest. 
 
In this animal study, we applied the same profibrotic 
regimen to young and old mice and we observed a more 
severe fibrosis in old mice compared to young ones at 
the peak of fibrosis. These results are in concordance 
first with clinical observations suggesting that 
susceptibility to fibrosis increases with age in many 
liver diseases [13-15] and, second with animal studies. 
Indeed, several works describe a more severe fibrosis in 
old animals (mice and rats) after repeated exposure to 
CCl4 [17,18].   
 
A single dose of CCl4 disrupts centrilobular hepatocytes 
integrity that wound healing processes tend to restore. 
In case of repeated exposures, recurrent profibrotic 
stimulation occurs prior to the resolution of the previous 
healing round [30].  In our study, Collagen I and 
alphaSma mRNA were significantly upregulated in 
treated groups compared to controls but no difference 
was observed between age-groups, mitigating the role 
of variable fibrogenic processes in the severity of ECM 
deposition. Rather, this is in favor of an equal 
propensity to initiate profibrotic events in response to a 
toxic injury. Moreover, here, as in previous works [31], 
acute CCl4-induced hepatotoxicity was similar in young 
and old animals suggesting that CCl4 was transformed 
in toxic species in a same way independently of the age.      
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Figure  4.  Pro‐resolutive  macrophages  infiltrate  young  livers. (A)  Kupffer  cells  were  identified  by  F4/80
immunohistochemistry  staining  in  young  and  old  mice  48  and  96  hours  after  the  last  CCl4  injection  (magnification  80x)
(n=6/group).  Scale  bare  100µm.      Hepatic  gene  expression  of  F4/80  (B)  and,  CD11b,  Ccl2, Mif  and  Vegf  (C)  (Mean  ±  SEM)
(n=6/group). (D) Hepatic genes expression of Mmp13, Cxcl9, Cx3cr1, Il12beta, Il10 and Tgf beta (n=6/group). Induction compared
to untreated  liver appears  in  red and  repression  in green. Statistical analysis was performed by  two‐way ANOVA  for  repeated
measures (boxes) followed by Bonferroni’s post‐hoc correction. *P<0.05; ***P<0.001 for differences between age groups.         
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Figure 5. More pronounced collagen cross‐linking process in old mice. (A) Hepatic genes expression of Lox, Loxl2,Tg2
and Adamts2 (Mean ± SEM) (n=6/group). (B) Sirius red stained sections were observed under polarized light microscopy (200x
magnification) to evaluate fiber thickness according to their color. The four different colored collagen fibers were quantified by
morphometrical  analysis  (see methods)  (n=6/group).  Statistical  analysis  was  performed  by  two‐way  ANOVA  for  repeated
measures (boxes) followed by Bonferroni’s post‐hoc correction. *P<0.05; **P<0.01 for differences between age groups.     
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Long time described as a static and irreversible 
phenomenon, fibrotic scar deposition is now recognized 
as a dynamic and bidirectional process emphasizing the 
role of ECM remodeling enzymes [4]. MMPs are zinc-
dependent endopeptidases forming a family of over 20 
enzymes. They are involved both in fibrosis progression 
and resolution through their ability to degrade virtually 
all compounds of the ECM [32,33]. The capacity of the 
liver to resorb scar or in the contrary to “preserve” the 
pathologic matrix accumulated after injury will depend 
on the balance between MMPs and their respective 
inhibitors. Among all MMPs, MMP-13 is the main 
interstitial collagenase in rodents and largely involved 
in fibrosis resolution [9,23,34,35]. We observed a 
strong induction of Mmp13 gene expression in young 
mice at peak of fibrosis while old mice expressed 
significantly less Mmp13 mRNA. No difference was 
noticed concerning TIMPs expression suggesting that 
the balance MMP/TIMP was overtly tilted in favor of 
matrix degradation in young mice but less so in old 
ones. This was confirmed by the nearly complete 
clearance of scar matrix in young animals 4 days after 
the last toxic injection while virtually no remodeling 
occurred in old mice, and by the reduced collagenolytic 
activity in this last group. In addition, CXCL9, a 
canonical inducer of MMP-13 [23], was also reduced in 
aged fibrotic liver.    
 
Fibrosis and inflammation are closely linked and 
immune cells are strongly involved in all steps of the 
fibrotic process from the inflammatory response 
following initial injury to fibrosis regression [36]. At 
steady state, the bulk of hepatic macrophages derive 
from resident Kupffer cells while monocyte-derived 
recruited cells are in minority. In chronic hepatic injury, 
bone marrow-derived immune cells are intensively 
recruited by Kupffer cells in a CCL2/CCR2- and MIF-
dependent manner [37-39] and VEGF regulates 
sinusoidal permeability to facilitate monocytes 
infiltration in the liver [23]. Those recruited macro-
phages are increasingly seen as major contributors of 
the response to hepatic damages, through the release of 
a wide range of soluble factors driving HSCs activation 
and ECM synthesis, as well as having a key role in 
tissue architecture restoration through MMPs 
production [10,24,35]. Ramachandran and colleagues 
demonstrated that restorative macrophages derive from 
recruited pro-fibrotic macrophages thereby indicating a 
phenotypic switch [10].  These two different macro-
phages populations were initially classified according to 
the simple dichotomous M1/M2 nomenclature. With 
time, it has become evident that in liver diseases, it was 
difficult to assign hepatic macrophages to the M1 
activated group or to the M2 alternatively activated 
group and that a functional classification was more 
adequate. Pro-fibrotic macrophages support HSCs 

activation and ECM synthesis through the release of 
TGFbeta while pro-resolutive macrophages are 
identified by the expression of matrix-degrading 
enzymes [9], chemokines such as CXCL9 that 
stimulates macrophages to produce MMP-13 and 
reduces stellate cells activation [40,41] and other factors 
such as CX3CR1, IL10 and IL12β [42-44]. Collectively, 
our results suggested that macrophages recruitment was 
quantitatively similar in young and old mice at peak 
fibrosis but that an impaired phenotypic and functional 
switch may contribute to reduced fibrolysis and 
persistent fibrosis. In addition, parenchymal re-
localisation of macrophages was also impaired in old 
mice, perhaps due to the maintenance of a scarring 
environment. Interestingly, several works report 
variable macrophages activity in relation to age. Hilmer 
et al. described an increased basal phagocytic activity in 
Kupffer cells while Yang and colleagues reported  
enhanced inflammatory cytokine secretion and 
mesenchymal stem cells attraction by old primary 
Kupffer cells compared to young ones [45,46]. 
Dynamic changes in the monocytes/macrophages 
lineage occur during ageing in humans also [47].  
Whether the nature of the injurious stimulus for fibrosis 
(toxic like here, cholestatic or chronic inflammation) 
may differentially influence the age-associated 
plasticity of macrophages has not yet been investigated.  
 
Next to the variable inflammatory response, we 
demonstrated a higher proportion of thick and dense 
fibers in old mice as well as an enhanced expression of 
the enzymes involved in collagen maturation changes. 
Septal features limit fibrosis remodeling:  old, pauci-
cellular, thick and heavily cross-linked septae resist to 
proteases degradation [11]. ADAMTS2, LOX, LOXL2 
and TG2 activity mainly contributes to fibers 
maturation by processing immature collagen precursors 
and by mediating the irreversible cross-link of collagen 
and elastin fibers [26-29]. Data are quite controversial 
for TG2 as Tg2 deletion in mice does not promote 
fibrosis reversal in a model of advanced liver fibrosis 
[48]. More than biochemical impact on matrix fibrils, 
cross-linking enzymes support also HSCs activation by 
maintaining a stiff environment and may have immuno-
modulatory functions in liver fibrosis influencing the 
changes in balance between fibrogenesis and fibrolysis 
[28]. As they are mainly expressed by HSCs, one may 
ask the question of the impact of aging on HSCs 
function/reactivity in case of chronic liver injury. HSC 
hyperplasia is observed in the normal liver of old mice 
and rats, and old human HSCs have reduced telomere 
length [49;50] but no data exist concerning the activity 
of old HSC compared to young ones.   
 
To date, no antifibrotic therapy exists besides the 
suppression of the causative agent. Our work, 
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demonstrating that liver fibrosis is less prone to reverse 
in old animals, has several clinical implications. First, 
as already pointed by Karsdal et al [20], impact of aging 
on reduced ability for fibrosis degradation may partially 
explain some disappointing results of antifibrotic agents 
in clinical trials while promising when preclinically 
tested [51]. Indeed, pre-clinical studies usually use 
young animals (6-8 weeks old) while patients concerned 
by treatment classically suffer from fibrosis that has 
developed over decades rather than weeks in animals. 
Secondly, our study highlights the importance to target 
the correct underlying processes in the perspective of an 
effective therapy. Based on our results, this target may 
be different according to the age of the patients, and 
therapies supporting the fibrolysis or opposing the 
cross-linking of the matrix might be of particular 
interest in an old population.      
 
MATERIALS AND METHODS 
 
Animal model and sample preparation 
 
Male 7-weeks-old (the young mice) and 15-months-old 
(the old mice) C57BL/6J mice were purchased from 
Elevage Janvier, Le-Genest-St-Ile, France. They were 
exposed to a 12h light/12h dark cycle, were maintained 
at a constant temperature of 20°C–22°C and received 
food and drink ad libitum. Young and old animals were 
maintained in parallel in the same facility for a total 
duration of one month until sacrifice. Animal care was 
provided in accordance to the guidelines for humane 
care for laboratory animals established by the 
Université catholique de Louvain in accordance with 
European regulations and in conformity with ARRIVE 
guidelines. The study protocol was approved by the 
university ethics committee (2012UCLMD026).  
 
A fibrotic regimen (CCl4 intra-peritoneal injection 
750µl/kg body weight of CCl4 diluted in corn oil, 3 
times a week for 2 weeks) was applied to young and old 
mice and started one week after their arrival in the 
facility.  Control animals received injections of the 
same volume of corn oil (n=6 in the young group and 
n=6 in the old group). Mice were sacrificed 48 hours 
(n=6 in the young group and n=6 in the old group) or 96 
hours (n=6 in the young group and n=6 in the old 
group) after the last injection. At the time of sacrifice, 
mice where anesthetized and the blood was drawn by 
cardiac puncture. The liver was rapidly dissected out. A 
part of the liver was immediately immersed in 4% 
formalin for histological analyses and the rest snap-
frozen in liquid nitrogen and kept at -80°C until analyses.  
 
Histology 
 
Sirius red staining was performed on formalin-fixed and  

paraffin-embedded tissue. Liver fibrosis quantification 
(percentage of stained area in the section) was 
performed using Tissue IA software (Leica Biosystems, 
Dublin, Ireland) after digitalization with a SCN400 slide 
scanner (Leica Biosystems, Wetzlar, Germany). The 
same stained sections were then observed under 
polarized light microscopy to evaluate fiber thickness 
according to their color as previously described: thin 
fibers range from green to yellow while thick fibers 
range from orange to red [52-54]. The four different 
colored collagen fibers were quantified by morpho-
metrical analysis using FRamework for Image Dataset 
Analysis (FRIDA) software (bui3.win.ad.jhu/ frida/) on 
5 images focused on a fibrotic septae per liver section 
(20xmagnification). The proportion of each color was 
expressed as the percentage of all colored pixels. The 
percentage of stained pixels for each color in each 
image was then averaged to give a mean score for each 
liver section.  
 
Kupffer cells were identified by F4/80 immunostaining 
using a primary rat anti-mouse F4/80 monoclonal Ab 
(1:200; AbD Serotec, MCA497G, Clone A3-1; Oxford, 
UK), a rabbit anti-rat immunoglobulin (1:100; Vector 
Laboratories, AI-4001, Burlingame, USA), and then a 
goat anti-rabbit streptavidin horseradish peroxidase-
conjugated Ab (En Vision K4003; Dako). Peroxidase 
activity was revealed with diaminobenzidine (DAB) and 
slides counterstained with hematoxylin. Activated 
stellate cells were identified by alphaSMA immuno-
staining using a primary mouse anti-mouse alphaSMA 
monoclonal Ab (1:200; Dako, M0851; Santa Clara, 
USA) and a goat anti-mouse streptavidin horseradish 
peroxidase-conjugated Ab (En Vision K4001; Dako). 
Peroxidase activity was revealed with diaminobenzidine 
(DAB) and slides counterstained with hematoxylin. 
Immunostaining quantification (percentage of stained 
area in the section) was performed using Tissue IA 
software (Leica Biosystems, Dublin, Ireland) after 
digitalization with a SCN400 slide scanner (Leica 
Biosystems, Wetzlar, Germany). 
 
RNA extraction, reverse transcription, RT-qPCR 
  
Total RNA was extracted from frozen liver samples 
using TRIzol Isolation Reagent (Life Technologies, 
Belgium). cDNA was synthesized from 1µg RNA using 
High-Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems, Lennik, Belgium). Real time PCR 
analysis was performed in duplicate with the 
StepOnePlus real-time PCR System (Applied Bio-
systems, Lennik, Belgium) using SYBRgreen. Primer 
pairs for transcripts of interest were designed using 
primer express design software (Applied Biosystems, 
Lennik, Belgium) and are listed in Supplementary Table 
1. RPL19 mRNA was chosen as an invariant standard. 
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Results are expressed as fold expression relative to 
expression in the control group using the ∆∆Ct method. 
 
Collagenase assay 
 
100 mg of frozen liver tissue samples were 
homogenized in ice-cold lysis buffer (50 mM HEPES, 
150 mM NaCl, 1.5 mM MgCl2, 10% glycerol, 0.1% 
Triton X-100, 1 mM DTT, 1 mM NaF, 1 mM PMSF, 
0.1 mM Na3VO4, 2 µg/ml aprotinin, 100 µg/ml 
leupeptin). The homogenates were centrifuged at 
10,000 × g for 5 min at 4°C and the supernatant was 
stored at −80°C.  
 
Collagenase activity of 100µl of liver homogenate was 
evaluated using FITC-labeled telopeptide-free soluble 
bovine type I collagen (Collagenase Assay Kit; 
Chondrex Inc, Catalog 3001, Redmond, USA) and 
following the manufacturer instructions. 
 
Statistical analysis  
 
All the data are presented as means ± standard error of 
the mean (SEM). Statistical analysis was performed by 
two-way ANOVA for repeated measures followed by 
Bonferroni’s post-hoc correction. Statistical 
significance was assumed for p values <0.05 (*p<0.05; 
**p<0.01; ***p<0.001). GraphPad Prism software (San 
Diego, CA, USA) was used for graphs and statistics. 
 
Abbreviations 
 
ECM: extracellular matrix; (a)HSC: (activated) hepatic 
stellate cell; HCV: hepatitis C virus; MMP: matrix 
metalloproteinase; NAFLD: non-alcoholic fatty liver 
disease; CCl4: carbon tetrachloride; FRIDA: 
FRamework for Image Dataset Analysis; SEM: standard 
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Supplementary Figure 1. Hepatic genes expression of M1 and M2 markers in young and old mice at
peak of  fibrosis.  Induction  compared  to untreated  liver appears  in  red and  repression  in green.  Statistical
analysis  was  performed  by  two‐way  ANOVA  for  repeated  measures  followed  by  Bonferroni's  post‐hoc
correction. *P<0.05; **P<0.01 for differences between age groups. 
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Supplementary Table 1. Sequences of quantitative RT‐PCR primers. 

Genes Forward sequence primer Reverse sequence primer 

Collagen I TTCACCTACAGCACGCTTGT TCTTGGTGGTTTTGTATTCGATGA 

alpha Sma TCCTGACGCTGAAGTATCCGATA GGTGCCAGATCTTTTCCATGTC 

Tgf beta CCTGCAAGA CCATCGACATG GAGCCTTAGTTTGGACAGGATCTG 

Mmp2 GGACCCCGGTTTCCCTAA CAGGTTATCAGGGATGGCATTC 

Mmp3 TGGAGCTTCTGCAGAAATA ATCTTTTGCAAGGCCATAG 

Mmp8 GTCCCAAGTGGACACACACT TCACTTCAGCCCTTGACAGC 

Mmp9 TGAATCATAGAGGAAGCCCATTACA CGGAGTCCAGCGTTGCA 

Mmp13 CCAGAACTTCCCAACCATGT GTCTTCCCCGTGTTCTCAAA 

Mmp14 AGTCAGGGTCACCCACAAAGA TTTGGGCTTATCTGGGACAGA 

Timp1 CGCCTACACCCCAGTCATG TGCGGTTCTGGGACTTGTG 

Timp2 CATTACCCTCTGTGACTTCATTGTG CTGTGGTTCAGGCTCTTCTTCTG 

Cxcl9 TCTTGGGCATCATCTTCCTGG GAGGTCTTTGAGGGATTTGTAGTGG 

CD11b GGGTCATTCGCTACGTAATTGG TGTTCACCAGCTGGCTTAGATG 

Ccl2 CCACTCACCTGC TGCTACTCAT CTGCTGGT GATCCTCTTGT 

F4/80 GATGAATTCCCGTGTTGTTGGT ACATCAGTGTTCCAGGAGACACA 

Vegf TTACTGCTGTACCTCCACC ACAGGACGGCTTGAAGATG 

Mif GCCAGAGGGGTTTCTGTCG GTTCGTGCCGCTAAAAGTCA 

Cx3cr1 ATCAGCATCGACCGGTACCT CTGCACTGTCCGGTTGTTCAT 

Il12beta AGTGACATGTGGAATGGCGT CAGTTCAATGGGCAGGGTCT 

Il10 GATGCCCCAGGCAGAGAA CACCCAGGGAATTCAAATGC 

Il1beta AGTTGACGGACCCCAAAAGA GGACAGCCCAGGTCAAAGG 

Il6 CTGCAA GAGACTTCCATCCAGTT GAAG TAGGGAAGGC CGTGG 

CD163 CAGGTGTTATCTGCTCCGAGTTC CCATGTACCATTGTAAAACACTTCAA 

Chil3 CATTGGAGGATGGAAGTTTGGA GAATATCTGACGGTTCTGAGGAGTAGA 

Arginase TGGGTGGATGCTCACACTGA CAGGTTGCCCATGCAGATT 

Msr1 GAGGATGCTGACTGCAGTTCAG GGGCCATTTTTAGTGCTGTGA 

Mcr1 GCATGGGTTTTACTGCTACTTGATT CAGGAATGCTTGTTCATATCTGTCTT 

Fizz ACTGCCTGTGCTTACTCGTTGA TCCACCTCTTCATTCTTAGGACAGTT 

Tg2 CCACGACCAGAACAGCAACC GTATGTCCCTTCGCTCTTCTCC 

Lox CTACATCCAGGCTTCCAGG GCGGAAATCGTAGCAGTA 

Loxl2 GCTATGTAGAGGCCAAGTCCTG CAGTGACACCCCAGCCATTG 

Adamts2 CAGCCGCTACCTGCATTCCTATGA CAGGCGCACACATAGTACCATCCA 


