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Abstract: Gadolinium chloride (GD) attenuates drug-induced hepatotoxicity by selectively 

inactivating Kupffer cells. The effect of GD was studied in reference to postnecrotic liver 

regeneration induced in rats by thioacetamide (TA). Rats, intravenously pretreated with a 

single dose of GD (0.1 mmol/Kg), were intraperitoneally injected with TA (6.6 mmol/Kg). 

Hepatocytes were isolated from rats at 0, 12, 24, 48, 72 and 96 h following TA 

intoxication, and samples of blood and liver were obtained. Parameters related to liver 

damage were determined in blood. In order to evaluate the mechanisms involved in the 

post-necrotic regenerative state, the time course of DNA distribution and ploidy were 

assayed in isolated hepatocytes. The levels of circulating cytokine TNF was assayed in 

serum samples. TNF was also determined by RT-PCR in liver extracts. The results 

showed that GD significantly reduced the extent of necrosis. The effect of GD induced 

noticeable changes in the post-necrotic regeneration, causing an increased percentage of 

hepatocytes in S phase of the cell cycle. Hepatocytes increased their proliferation as a result 

of these changes. TNF expression and serum level were diminished in rats pretreated with 

GD. Thus, GD pre-treatment reduced TA-induced liver injury and accelerated postnecrotic 

liver regeneration. No evidence of TNF implication in this enhancement of hepatocyte 

proliferation and liver regeneration was found. These results demonstrate that Kupffer cells 
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are involved in TA-induced liver damage, as well as and also in the postnecrotic 

proliferative liver states. 

Keywords: gadolinium chloride; kupffer cells; thioacetamide hepatotoxicity; cell cycle 

 

1. Introduction 

Gadolinium chloride (GD) is a selective Kupffer cell toxicant that completely eliminates large 

Kupffer cells from the liver and has been extensively used in mechanistic studies of hepatotoxic 

processes [1]. Kupffer cells, as the macrophages residing in the sinusoids of the liver, are the first 

macrophage population to come into contact with drugs. These cells are anchored to the endothelium in 

the lumen of the sinusoids [2]. Kupffer cells exhibit intraacinar heterogeneity, since those located in 

the periportal area are larger and exhibit higher phagocytic activity compared with those located in the 

perivenous area [3]. It is well known that the function of these cells (release of cytokines and proteases, 

superoxide anion production, etc.) plays an important role in the pathogenesis induced by hepatotoxic 

compounds [4]. GD, most likely, is protective because it prevents the release of inflammatory 

cytokines and toxic oxygen radicals produced by activated Kupffer cells [5,6]. 

Thioacetamide (TA) is a potent hepatotoxic agent which, when administered at doses of 500 mg/Kg 

to rats, initiates a severe hepatocellular perivenous necrosis [7,8]. The selective destruction of 

perivenous hepatocytes and the proliferative state of liver cells that immediately follows have been 

used as an experimental model by which to study the hepatic response against the aggressive attack of a 

hepatotoxic drug. Thus, this response presents a double aspect: the hepatocellular necrosis and the 

post-necrotic hepatocellular regeneration linked to the restoration of liver function [9,10]. 

Kupffer cells are also the major source of mitogens, such us tumor necrosis factor  (TNF), in the 

liver [11,12]. TNF is a multifunctional cytokine [13] that acts as a mediator of the acute phase 

response in the liver and is a cytotoxic agent in many types of hepatic injury. Some authors have 

suggested that TNF may be necessary for hepatocyte proliferation [13]. The observation that TNF is 

required for liver regeneration is surprising because TNF is a proinflammatory cytokine and a 

mediator of the acute phase response. The proliferative and anti-apoptotic effect of this cytokine seems 

to take place only under special conditions, such as those existing after partial hepatectomy. Although 

TNF appears to be beneficial and required for liver regeneration after partial hepatectomy, the 

necessity of this factor has not been as clearly established after liver injury (a more common 

regenerative stimulus.) In fact, a number of studies have suggested that TNF increases liver injury 

after toxic damage [14]. Moreover, [15] demonstrated that the absence of TNF does not impair  

liver regeneration. 

The role of GD in TNF expression by Kupffer cells has been widely debated. The depletion of 

Kupffer cells, the major source of TNF production in the liver, should initiate a decrease in serum 

TNF and mRNA TNF level in the liver, a fact that has been described and corroborated by several 

authors [6,16–19]. However, other authors have reported opposite data [1,20,21] after partial 

hepatectomy in rats pretreated with GD. Moreover, depletion of Kupffer cells with GD seems to 
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increase hepatocyte proliferation and liver regeneration following partial hepatectomy [20,22]; 

however, the mechanism responsible remains unknown.  

As it is generally accepted that the Kupffer cell function is involved in the severity of liver damage 

induced by drugs, and that GD induces a selective blockade of Kupffer cell function when administered 

intravenously, the purpose of the present study is to elucidate the role of Kupffer cells in regeneration 

after liver injury, blocking specifically Kupffer cell function by GD. The effect of GD was assayed on 

an experimental model of liver injury induced by a single necrogenic dose of TA which results in 

necrosis in the perivenous acinar area. Groups of rats were pre-treated or not intravenously with GD  

24 h before TA. The proliferative post-necrotic response was assayed by evaluating the ploidy and 

DNA distribution in the cell cycle phases in isolated hepatocytes by flow cytometry. 

2. Materials and Methods 

2.1. Reagents 

Enzymes were obtained from Boehringer Mannheim (Mannheim, Germany). Substrates and 

coenzymes were from Sigma (St Louis, MO, USA). Standard analytical grade laboratory reagents were 

obtained from Merck (Darmstadt, Germany). Antibodies for Western-blot analysis were obtained from 

Santa Cruz Biotechnology.  

2.2. Animals and Treatment 

Two months old male Wistar rats (200–220 g) were obtained from PANLAB (Barcelona), and 

acclimated to our animal room for two weeks during which time rats were supplied with food 

(SanderSA) and water ad libitum, exposed to a 12 h light-dark cycle and given intraperitoneally a 

single necrogenic dose of thioacetamide (6.6 nmol/Kg body weight) freshly dissolved in 0.9% NaCl. 

The dose of thioacetamide was chosen as the highest dose with survival above 90% [23,24]. GD  

pre-treatment was performed 24 h before thioacetamide. GD was dissolved in 0.9% NaCl and injected 

in a tail vein (0.1 mmol/Kg body weight). Untreated animals received 0.5 mL of 0.9% NaCl. 

Hepatocytes were isolated from rats by the classic perfusion method [25] at 0, 12, 24, 48, 72 and 96 h 

following thioacetamide. Samples of blood and liver were also obtained. Experiments were performed 

on two different groups: rats treated with a single dose of thioacetamide (TA) and rats pre-treated with 

GD and treated with a single dose of thioacetamide (GD + TA). Each experiment was performed in 

duplicate from four different animals and followed the international criteria for the use and care of 

experimental animals outlined in The Guiding Principles in the use of Animals in Toxicology adopted 

by the Society of Toxicology in 1989. 

2.3. Processing of the Samples 

In order to clarify the sequential changes during the different stages of liver injury and the  

post-necrotic regenerative response, samples were obtained from controls at 12, 24, 48, 72,and 96 h of 

TA intoxication from both GD pre-treated or non pre-treated animals. Rats were cervically dislocated 

and samples of liver were obtained and processed as previously described [26]. Blood was collected 

from hearts and kept at 4 ºC for 24 h, centrifuged at 3000 rpm for 15 min, and serum was obtained as 
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the supernatant. Hepatocytes were isolated by the collagenase perfusion technique as previously 

described [25]. The viability of isolated hepatocytes (>90%) was assessed by trypan blue exclusion as 

previously described [27]. 

2.4. Determination of Parameters of Injury and TNF in Serum 

As a marker of necrosis, serum aspartate aminotransferase (AST, EC 2.6.2.1) activity was 

spectrophotometrically measured at 340 nm in the presence of a-ketoglutarate, aspartate [28]. TNF 

was assayed in serum using the Biotrak 
TM

 [(r)TNF] ELISA system (Amersham Pharmacia Biotech). 

2.5. RT-PCR Analysis of TNF 

For RT-PCR, total RNA (1 g) was subjected to random primed first-strand cDNA synthesis in 

40 L reactions composed of 50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl2, 10 mM DTT, 1 mM 

dNTPs (each), 50 ng of random hexamer, 0.5 IU/L Mo-Mu-LV reverse transcriptase (Super-Script 

Pre-Amplification System; Gibco-BRL, Life Technologies). The reactions were incubated for 60 min 

at 42 ºC and terminated at 65 ºC for 15 min. The first-strand cDNAs were subsequently amplified by 

PCR; -actin cDNA was used as an internal control. The sequences of the primers were as follows: 

TNF sense: 5’-TGG CCC AGA CCC TCA CAC TC-3’; TNF antisense: 5’-CTC CTG GTA TGA 

AAT GGC AAA TC-3’; -actin sense: 5’-TAC AAC CTC CTT GCA GCT CC-3’; -actin antisense: 

5’-GGA TCT TCA TGA GGT AGT CAG TC-3’. The PCR reaction mixture contained PCR buffer  

(20 mM Tris-HCl [pH 8.4], 50 mM KCl), 1.5 mM MgCl2, 100 M dNTPs (each), 0.4 M primers and 

0.0025 U/LTaq polymerase in a final volume of 50 L. The number of PCR cycles was adjusted to 

avoid saturation of the amplification system (94 ºC for 1 min, at 59 ºC for 1 min and 72 ºC for 1 min 

(35 cycles) for TNF and 94 ºC for 30 s, 58 ºC for 45 s and 72 ºC for 30 s (24 cycles) for  

-actin) with a final elongation at 72 ºC for 10 min. Amplification products were visualized on 1.8% 

agarose gels containing ethidium bromide (1 g/mL): TNF product, 281 bp; -actin product 630 bp.  

A 100 bp DNA ladder was used as marker. The products were quantified by laser densitometer. 

2.6. Flow Cytometry Analysis of DNA Content 

10
6
 isolated viable hepatocytes were stained with propidium iodide following the multistep 

procedure of [29]. The emitted fluorescence of the DNA-propidium iodide complex was assayed in a 

FACScan flow cytometer (Becton-Dickinson) in the FL2-A channel. A double discriminator module 

was used to distinguish between signals coming from a single nucleus and those products of nuclear 

aggregation. Data analysis was carried out by means of evaluation of single inputs (10
4
 nuclei/assay) 

and was expressed as percent of DNA distribution in the cell cycle phases G0/G1 (2C), S1, G2 + M (4C), 

S2, (G2 + M)2 (8C), and hypodiploid peak (<2C). 

2.7. Statistical Analysis 

The results were calculated as the means  SD of four experimental observations in duplicate (four 

animals). Differences between groups were analyzed by an ANOVA following Snedecor F ( = 0.05). 
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Student’s t test was performed for statistical evaluation as follows: (a) all values against their control; 

(b) differences between two groups GD + TA versus TA. 

3. Results 

3.1. Effect of GD on Parameters of Liver Necrosis 

Liver damage induced by xenobiotics is characterized by the release of hepatic enzymes in serum 

due to necrosis of hepatocytes. AST is randomly distributed in the hepatic acinus, and is the enzyme 

activity used as a marker of necrosis. An increase in AST was detectable at 12 h after TA 

administration and reached maximum at 24 h (Figure 1). The extent of necrosis induced by TA was 

detected by a peak of 30-times the basal values, for AST activity. When rats were pretreated with GD 

the 24 h peak was reduced to 15%. However, at 48 hours of intoxication, the difference due to GD was 

56% for this enzyme activity, indicating that GD delays TA-induced liver injury, since the maximum 

necrosis appeared at 48 h of intoxication. No effects were detected on serum activities when GD was 

administered without TA (data not shown). 

Figure 1. Effect of GD pre-treatment on aspartate aminotransferase (AST) activity in 

serum of rats intoxicated with one sublethal dose of thioacetamide (TA). Samples were 

obtained at 0, 12, 24, 48, 72 and 96 h following TA. The results, expressed as nmol per min 

per ml of serum, are the mean  SD of four determinations in duplicate from four rats. 

Differences against the respective control are expressed as (a) and differences due to GD 

are expressed as (b) p < 0.05. 

 

3.2. Effect of GD Pretreatment on the Time Course of Genomic DNA Ploidy and Distribution in 

Hepatocytes Isolated from TA-Treated Rats 

Figure 2 shows representative histograms of the DNA content determined on the basis of 

fluorescence emission at 623 nm by the DNA-propidium iodide complex. These histograms are 
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expressed as the relative number of cells (vertical axis) plotted against the fluorescence (horizontal 

axis) that represents the DNA content. The quantitative values of Figure 2 appear in Table 1, which 

also shows the percentages of cell cycle populations related to ploidy and DNA content. 

Following TA, liver cells exhibited marked variations in the pattern of DNA distribution which can 

be summarized as a sharp decrease at 48 h in tetraploid population parallel to an increase in diploid 

population, followed by restoration to close to normal values at 96 h. The S1 population also increased 

from 24 h reaching a maximum at 48 h. When rats were pretreated with GD, the variations in the 

pattern of DNA distribution was very similar to that observed in TA group, however, with an important 

difference: the highest increase in S1 population was reached at 24 h (17.17% versus 10.01%) instead 

of at 48 h, so the proliferative state in the hepatocytes was reached 24 h before that obtained in the rats 

treated with the single dose of TA. 

Figure 2. Representative histograms of the DNA content determined on the basis of 

fluorescence emission at 623 nm by the DNA-propidium iodide complex. These histograms 

are expressed as the relative number of cells (vertical axis) plotted against the fluorescence 

(horizontal axis) that represents the DNA content. The quantitative values of Figure 2 

appear in Table 1 which also shows the percentages of cell cycle populations related to 

ploidy and DNA content. 
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Table 1. Quantitative analysis of DNA ploidy. 

 
Hypodiploid 

(2C) 

Diploid 

(2C) 

S1 Phase 

(2C  4C) 

Tetraploid 

(4C) 

S2 Phase 

(4C  8C) 

Octoploid 

(8N) 

Control 0.54 13.0 1.1 78.35 2.62 4.35 

Control Gd 0.70 17.86 0.9 72.17 4.60 3.72 

TA 24 2.80 42.76
a
 10.01

a
 40.2ª 6.72ª 0.30 

TA-Gd 24 1.36 26.15
ab

 17.17
ab

 50.96
ab

 4.32 0.32 

TA 48 1.66 50.86
a
 14.45

a
 23.66

a
 9.18

a
 0 

TA-Gd 48 2.35 42.77
a
 14.92

a
 28.0

a
 10.25ª 1.70 

TA 72 4.08ª 46.11
a
 6.89

a
 36.32ª 4.49ª 2.12 

TA-Gd 72 2.86ab 47.98
a
 1.74

b
 40.61ª 6.26 0.53 

TA 96 1.17 23.94
a
 4.98

a
 60.56 9.06ª 0.29 

TA-Gd 96 1.15 28.56
a
 0 63.65 6.62 0.02 

The values are expressed as the percentage of DNA in: hypodiploid population (<2C),  

G0/G1 diploid population (2C), S1 population (2C  4C), G2 + M tetraploid population (4C),  

S2 population (4C  8C) and (G2 + M)2 octoploid population. Data are reported as the mean  SD 

of four different observations (four animals). Differences between groups were analyzed by an 

ANOVA following Snedecor F ( = 0.05). Student’s t test was performed for statistical evaluation 

as follows: (a) all values against their control; (b) differences between two groups GD + TA  

vs. TA.  

3.3. Effect of GD Pretreatment on Serum TNF Level and TNF Expression in Rat Liver Following 

Intoxication with TA 

TNF is a multifunctional cytokine that acts in the liver as a mediator of the acute phase response 

and is a cytotoxic agent in many types of hepatic injury. In serum of rats intoxicated with TA, with or 

without GD pretreatment, TNF was assayed. Figure 3 shows the levels of serum TNF. Following 

TA, the level of this cytokine increased markedly in serum at 12 h after intoxication, and when GD was 

preadministrated, TNF was significantly lowered and appeared at 24 h following TA. 

Figure 4 shows the levels of TNF mRNA assayed by RT-PCR. As shown in serum TNF, the 

levels of mRNA follow the same pattern, which corroborates the results obtained by ELISA in serum. 
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Figure 3. Effect of GD pre-treatment on the levels of TNF in serum of rats intoxicated 

with thioacetamide. The results, expressed as pg/mL of serum, are the mean ± SD of four 

determinations in duplicate from four rats. Differences between GD pre-treated or  

non-pretreated rats are expressed as *p < 0.05. 

 

Figure 4. Effect of GD pre-treatment on the levels of TNFα assayed by RT-PCR analysis in 

liver homogenates of rats intoxicated with a sublethal dose of thioacetamide. Samples were 

obtained at 0, 12, 24, 48 and 72 h. The results are the mean ± SD of four determinations 

from four rats (in arbitrary units). Differences against the respective control are expressed 

as (a) and differences due to GD are expressed as (b), p < 0.05. 
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4. Discussion 

TA-induced liver injury is a well established area of considerable pharmacological interest, since 

reactive oxygen species and free radicals, generated in the microsomal drug oxidation, participate in 

the mechanisms of cell death [26,30,31]. In the present study, TA-induced hepatotoxicity was used to 

investigate the effect of a single dose of GD, previously administered, on the multistep events involved 

in liver regeneration. Previous reports described that when TA was intraperitoneally administered to 

rats, necrosis developed and peaked at 24 h of intoxication, and that a synchronous proliferative 

response was immediately initiated reaching a peak of DNA synthesis at 48 h [26]. The postnecrotic 

proliferative response, after experimental liver cell death, constitutes an interesting area in which to 

study the factors involved in the regulation of hepatocyte proliferation. The results obtained in the 

present paper provide evidence that GD, when administered intravenously prior to TA, significantly 

enhances liver regeneration. 

The study of enzyme systems in serum obtained at different times after administration of 

thioacetamide to rats pretreated or not with GD, shows that the hepatocellular necrosis induced by 

thioacetamide changes significantly by the effect of pretreatment with gadolinium. One of these 

enzymatic systems in serum, the aspartate aminotransferase, marker of hepatocellular necrosis, showed 

a maximum at 24 h after administration of hepatotoxic (30-times the control). However, pretreatment 

with GD not only delayed the peak of the injury, but had significantly lower values. The variations 

observed by effect of pretreatment with GD were significant in the enzyme assayed at 24 and 48 hours 

of intoxication. It should be noted that the maximum necrosis in the liver pretreated with GD was 

detected at 48 h; 24 h after the maximum peak of damage produced by thioacetamide. The activity of 

this enzyme decreased showing, at 96 hours of treatment, values close to control. 

Otherwise, it is well known that flow cytometry offers an important tool to evaluate the genomic 

DNA cell populations whose proliferation is impaired, as in tumor tissues or in hepatocytes which have 

suffered necrogenic damage. By this means, one can detect different populations of hepatocytes 

according to their ploidy and distribution of cell cycle phases, remaining hepatocytes, hepatocytes 

dedifferentiated proliferating and newly divided hepatocytes. In the model of necrosis-regeneration of 

this work, the changes we have observed provide evidence on the following phenomena: 

(A) That pretreatment with GD increases the cellular dedifferentiation induced by thioacetamide, 

(B) That the analogy with the fetal pattern in hepatocellular injury is more severe in the group 

pretreated with GD.(A) The liver of mammals contains polyploid hepatocytes, whose number depends 

on the species and age of the animal [32]. Fetal rat hepatocytes are mostly diploid with an allocation of 

85.3% of cells involved in this phase (diploid), 7.3% in DNA synthesis phase and 7.4% polyploid  

(tetraploid + octoploid) [9]. Fetal liver cells of animals have a greater number of cells in S (S1 and S2) 

and diploid phases and fewer diploid and polyploid (tetraploid + octoploid). In adult animals, the 

polyploidization increases and the synthesis is reduced to values of approximately 1%.  

So far, there is no clear explanations regarding the physiological significance of ploidy increase by 

effect of age, but it is suspected to be a reflection of increasing degrees of cell differentiation and the 

requirement of hepatocytes with large amounts of gene product for its multifunctional metabolic role. 

Polyploid cells may be mononuclear and binucleated; the mononuclear being the most differentiated in 

development.  



Int. J. Mol. Sci. 2010, 11             

 

 

4435 

(B) The necrosis-regeneration process is characterized by a change in the distribution of different 

populations of hepatocytes and that while normal hepatocytes have stability in their DNA content and 

chromosome organization, proliferative state of hepatocytes (regenerating) are involved in the 

replication process through the cell cycle including DNA synthesis programmed to duplicate the 

genomic material of the cell before its division. Regenerating cells, therefore, have a higher DNA 

content than quiescent cells (resting phase) and this content can vary in each cycle according to the 

progression of DNA synthesis.  

The process of liver regeneration has been, for several decades, the subject of intense studies by 

which it is known that the liver responds to an attack that involves an hepatocellular necrosis, inducing 

liver cell division on remaining hepatocytes. Thus, the damaged liver can recover as much mass as the 

initial cell number in a short period of time. For many years it was believed that the loss of 

hepatocellular mass was the agent that triggered the remaining cells division, but several  

authors [33–35] have observed that there may be hepatocellular regeneration without any loss in mass 

or number of liver cells, indicating that the precipitating agent has to be an indicator of liver function 

and only when this feature is satisfied there is a cessation of cell proliferation and ends regeneration. 

Although hepatocytes are highly differentiated cells that are in quiescent phase, they have the ability 

to divide to replace cells that have been damaged. Under normal conditions the proliferative capacity of 

the liver is very low and the hepatocytes are in G0/G1 phase of the cell cycle, however, the liver is one 

of the body's most transcriptionally active tissues. The proliferation of the liver parenchyma begins in 

the periportal areas and then moves toward perivenous areas. Thus, within two to three weeks, the 

remaining liver segment retrieves the number of cells and the original weight of the liver. In the course 

of this compensatory hyperplasia, 90% of hepatocytes are divided between 24 and 48 hours after 

hepatectomy [34,35]. The regional selectivity of necrosis must necessarily influence the regeneration 

process, in fact, it has long been known that the periportal region is the most qualified in the 

proliferative process [36], and, therefore, in the case of thioacetamide-induced necrosis, proliferation 

occurs through a dedifferentiation of adult hepatocytes that acquire the characteristics of fetal 

hepatocytes [9]. 

In this paper, we used a classic necrosis-regeneration model, as is induced by thioacetamide 

administration, widely studied and known by our group, to which we added a variation: pretreatment 

with GD, an inhibitor of Kupffer cells, allowing us to establish the degree of contribution of these cells 

in the complex process of injury and liver regeneration. To study the regenerative process, the flow 

cytometry technique was used in order to determine the distribution of genomic DNA in different cell 

cycle phases and ploidy; in control hepatocytes population, hepatocytes in which division is induced by 

thioacetamide (TA) and in hepatocytes pretreated with GD and subsequently treated with thiacetamide 

(GD + TA). 

The results obtained by this technique, show that in the group of rats treated with thioacetamide the 

population of hepatocytes with diploid chromosome at the time of necrosis (24 h) increased, peaking at 

48 hours (50.86% versus 13.0% of control), to decrease at 72 and 96 hours. The population of 

tetraploid hepatocytes evolves as opposed to that the diploid population, so that it reaches a minimum 

at 48 hours (23.66% versus 78.35% of control) in order to increase population at 72 and 96 hours. 

These data are in total agreement with previous results from our group [9,10], as well as with data on 
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the DNA synthesis phase of S1, resulting in significant increases from 24 h and reaching the maximum 

at 48 h for later return to values near control. Interestingly, the increase in DNA replication coincides 

with a sharp decline in the polyploid population, which may be indicative of an even more accelerated 

mitotic DNA synthesis. Despite the decline in this population may also be due to necrosis mainly 

affects the cells located in G2/M cell cycle.  

On the other hand, an increase in liver cells of diploid chromosome is accompanied by a decrease in 

tetraploid and octoploid hepatocytes. The increase in the diploid fraction in mature hepatocytes 

indicates a regression to less differentiated states typical of developing or neoplastic cells, in which the 

ploidy profile of characteristics acquired fetal hepatocytes [8]. 

Moreover, the data belonging to the group of rats pretreated with GD, to suppress the activity of 

Kupffer cells, show a similar profile to that shown in rats treated with thioacetamide alone. However, 

there is a higher significant increase in the population of cells that are undergoing DNA synthesis at  

24 h (17.17% versus 10.01% in rats treated with thioacetamide), which coincides with the maximum 

value, so it is after 24 h when the population in S1 phase starts to decline, whereas in the case of rats 

treated with thioacetamide it is at 48 hours when this phase starts to descent. This apparent 

advancement in the initiation of cell proliferation in rats pretreated with GD seems to agree with results 

reported by other authors in models of liver regeneration induced by partial hepatectomy [1,20]. 

However, the mechanisms responsible for these changes in liver regeneration remain unknown. Several 

theories have been proposed to explain this fact, including that proposed by Rai et al. [21] which 

exposed that GD would lead to an altered balance between pro-mitogenic and anti-mitogenic 

cytokines in the liver. In this section there is a point of controversy about the role GD can play on the 

expression of tumor necrosis factor alpha (TNF).  

TNF is a multifunctional cytokine [37] that signals through two distinct receptors TNFR-1 and 

TNFR-2. In the liver, TNF mediates acute phase response and is a cytotoxic agent in various types of 

liver damage [13]. However, it has been shown [38], that the administration of TNF antibodies 

inhibits liver regeneration after partial hepatectomy in rats, suggesting that TNF may be necessary in 

the proliferation of hepatocytes. The observation that TNF is necessary in liver regeneration is 

surprising, since it is a proinflammatory cytokine and a mediator of acute phase response [39]. It 

appears that the proliferative effect of TNF occurs only under special conditions such as those that 

occur in the event of partial hepatectomy [13]. When high doses of TNF injected in rats induces cell 

replication in the liver, however, low doses of the same cytokine have no proliferative effect [13]. 

These considerations lead to the hypothesis that TNF does not have a full mitogenic capacity, but acts 

as an agent and starts preparing hepatocytes for cell replication and starts making these cells more 

responsive to the effect of growth factors [13]. Kupffer cells are the main source of TNF production 

in the liver [12,40,41], so it would assume that the inhibition of Kupffer cell function by GD would 

result in a decrease in the expression levels of TNF. Several authors have published results that 

corroborate this hypothesis in vivo [16–18,40], however, other authors, using different experimental 

models in vivo, as well as in vitro, have found completely opposite results, such as treatment with GD 

causes induction of TNF expression and increased plasma levels [1,20,21]. According to these 

authors, the increased expression of TNF was responsible for the advancement in the initiation and 
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completion of cell proliferation detected in the experiments of this study in rats pretreated with the 

inhibitor of Kupffer cells.  

The hypothesis proposed by other authors who assigned a crucial role in the advancement of TNF 

and acceleration of cell proliferation, is ruled out in our experimental model, since the release of this 

cytokine decreases significantly by inhibiting the function of Kupffer cells, the main source of TNF in 

the liver. It is also proposed that metallothionein may play an important role in the regeneration pattern 

observed in this study. However, the effects observed in the regeneration cannot be attributed 

exclusively to the changes seen in the proteins studied in this work, as the complexity of the process of 

liver regeneration, which involve numerous cytokines whose signaling pathways are not completely 

understood at present.  

On the other hand, several authors [42,43] have assigned an important role in liver regeneration 

after partial hepatectomy or after necrosis induced by hepatotoxic agents to metallothionein; a finding 

that the maximum levels of metallothionein match with the peak of hepatocellular proliferation and 

concluding that the differences in the distribution of metallothionein after liver injury are directly 

reflected in the proliferation capacity of the liver. Previous studies have shown that indeed there is an 

increase of metallothionein levels during liver necrosis and regeneration induced by TA. Moreover, 

studies from our group [6] have shown that pretreatment with GD per se increases MT levels as seen in 

the control of GD. So that higher levels of metallothionein in rats treated with GD may explain the 

higher regeneration and acceleration in the growth observed in these rats after necrosis induced by 

thioacetamide. All this suggests that induction of metallothionein expression by GD may be part of the 

mechanisms by which this inhibitor of Kupffer cells accelerates liver regeneration. 

In summary, the results show that thioacetamide hepatotoxicity enhances the activity of Kupffer 

cells, which is reflected in an increase in the degree of hepatocellular necrosis and oxidative stress and 

increase of the expression of stress proteins like metallothionein. It was also found that thioacetamide 

induces expression and release of TNF, and myeloperoxidase activity in serum. These cytokines and 

myeloperoxidase activity are mainly produced by Kupffer cells and are involved in the programming of 

liver damage product of the inflammatory response. Blocking the function of Kupffer cells by GD 

apparently interrupted a step in the sequence of events leading to hepatotoxicity.  

5. Conclusion 

We conclude that gadolinium pre-treatment significantly enhances liver regeneration after 

thioacetamide-induced hepatotoxicity. The mechanism by which this attenuation is verified is both by 

direct inhibiting of Kupffer cell function and through inhibiting thioacetamide biotransformation, thus 

reducing the ability of this hepatotoxic compound to activate phagocytic cells. In our experimental 

conditions, the degree of this attenuation is close to 50%. The modulation of Kupffer cell function by 

GD may serve as a potential target for therapeutics and could be useful for preventing liver damage 

induced by drugs. 
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