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Abstract: Background & aims

Inflammation has been recognized as essential for restorative regeneration. Here we
analyzed the sequential processes during onset of liver injury and subsequent
regeneration based on time-resolved transcriptional regulatory networks (TRNs) to
understand the relationship between inflammation, mature organ function and
regeneration.Methods

Genome-wide expression and TRN analysis were performed time-dependently in
mouse liver after acute injury by CCl  4  (2h, 8h, 1, 2, 4, 6, 8, 16 days) as well as
lipopolysaccharide (LPS, 24h) and compared to publicly available data after
tunicamycin exposure (mouse, 6h), hepatocellular carcinoma (HCC, mouse), and
human chronic liver disease (non-alcoholic fatty liver, HBV infection and HCC). Spatio-
temporal investigation differentiated lobular zones for signaling and transcription factor
expression.Results

Acute CCl  4  intoxication induced expression of gene clusters enriched for
inflammation and stress signaling that peaked between 2 and 24h, accompanied by a
decrease of mature liver functions, particularly metabolic genes. Metabolism
decreased not only in pericentral hepatocytes that underwent CCl  4  induced necrosis
but extended to the surviving periportal hepatocytes. Proliferation and tissue
restorative TRNs occurred only later reaching a maximum at 48h. The same upstream

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



regulators (e.g. inhibited RXR function) initiated increased inflammation and
suppressed metabolism. The concomitant inflammation/metabolism TRN occurred
similarly after acute LPS and tunicamycin challenges, in chronic mouse models and
also in human liver diseases.Conclusions

Downregulation of metabolic genes occurs concomitantly to induction of inflammation-
associated genes as an early response and appears to be initiated by similar upstream
regulators in acute and chronic liver diseases in humans and mice. In the acute setting,
proliferation and restorative regeneration associated TRNs peak only later when
metabolism is already suppressed.
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Abstract  
 
Background & aims: Inflammation has been recognized as essential for restorative 

regeneration. Here we analyzed the sequential processes during onset of liver injury and 

subsequent regeneration based on time-resolved transcriptional regulatory networks 

(TRNs) to understand the relationship between inflammation, mature organ function and 

regeneration.  

Methods: Genome-wide expression and TRN analysis were performed time-dependently 

in mouse liver after acute injury by CCl4 (2h, 8h, 1, 2, 4, 6, 8, 16 days) as well as 

lipopolysaccharide (LPS, 24h) and compared to publicly available data after tunicamycin 

exposure (mouse, 6h), hepatocellular carcinoma (HCC, mouse), and human chronic liver 

disease (non-alcoholic fatty liver, HBV infection and HCC). Spatio-temporal investigation 

differentiated lobular zones for signaling and transcription factor expression.  

Results: Acute CCl4 intoxication induced expression of gene clusters enriched for 

inflammation and stress signaling that peaked between 2 and 24h, accompanied by a 

decrease of mature liver functions, particularly metabolic genes. Metabolism decreased 

not only in pericentral hepatocytes that underwent CCl4 induced necrosis but extended to 

the surviving periportal hepatocytes. Proliferation and tissue restorative TRNs occurred 

only later reaching a maximum at 48h. The same upstream regulators (e.g. inhibited RXR 

function) were implicated in increased inflammation and suppressed metabolism. The 

concomitant inflammation/metabolism TRN occurred similarly after acute LPS and 

tunicamycin challenges, in chronic mouse models and also in human liver diseases. 

Conclusions: Downregulation of metabolic genes occurs concomitantly to induction of 

inflammation-associated genes as an early response and appears to be initiated by 

similar upstream regulators in acute and chronic liver diseases in humans and mice. In 

the acute setting, proliferation and restorative regeneration associated TRNs peak only 

later when metabolism is already suppressed.  
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Introduction  

 

Inflammation serves to initiate tissue repair by elimination of the causes of injury, 

such as infectious agents and necrotic cells (Karin et al., 2016; Campos et al., 2014). In 

recent years, computational modeling of transcriptional regulatory networks (TRNs) as 

regulatory interactions among transcription factors and their target genes has been used 

to gain insight into genome-wide expression patterns associated with inflammation and 

have established a link between inflammatory and regenerative responses (Karin et al., 

2014; Michalopoulos, 2013). However, a time-resolved genome-wide analysis of acute 

inflammation of the liver and a comparison to chronic liver diseases in mouse and human 

has not yet been performed. To gain deeper insight, we generated time-resolved genome-

wide expression data using the well-established protocol of acute injury and inflammation 

induced by CCl4 in mouse liver. TRNs obtained in this mouse model were compared to 

chronic liver inflammation in mouse and human liver tissue, including NAFLD, cirrhosis, 

HBV infection and HCC. We report a common feature in all acute and chronic liver 

conditions, namely upregulation of inflammation associated genes that is accompanied 

by strong downregulation of a large set of genes responsible for mature parenchymal 

functions, predominantly metabolism. Inflammation-associated downregulation of mature 

tissue functions is mediated by a similar set of upstream regulators in mouse and human.  
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Materials and methods 
 

A detailed description of all methods including data processing and visualization, fuzzy clustering 

and gene set enrichment analysis, ingenuity pathway analysis, immunostaining and microscopy, 

western blot, RNA isolation, cDNA synthesis, real time quantitative PCR, and mouse experiments 

are described in Supplement 1. Briefly, differentially expressed genes in mouse liver after acute 

CCl4 intoxication with 1.6 g/kg (intraperitoneal) were determined using Affymetrix A450 2.0 gene 

chips, (Array Express E-MTAB-24445). Liver tissue specimens were collected from five 

C57BL6/N male mice 2h, 8h, day 1, 2, 4, 6, 8 and 16 after CCl4 intoxication. Control liver tissue 

was obtained from mice on day 1 after receiving vehicle (olive oil) intraperitoneal injections. 

Inflammation-dependent differentially expressed genes were identified by analysis of mouse liver 

tissue 24h after intraperitoneal administration of lipopolysaccharide (750 ng/kg). Moreover, the 

following expression data sets were used: mouse liver tissue 6h after intraperitoneal 

administration of tunicamycin (1 mg/kg) (GSE29929); pericentral (PC) and periportal (PP) 

enriched hepatocytes; hepatocellular carcinoma (GSE30485); gene array data from human liver 

tissue: non-alcoholic fatty liver disease (NAFLD, score 0-1, 3-4) (GSE49541); liver tissue infected 

with hepatitis B (GSE14668); liver cirrhosis and human hepatocellular carcinoma (GSE17548). 

An overview of the expression data used in the present study is given in Fig. 1. Tables containing 

differentially expressed genes and biostatistical raw data of all data sets are available in 

Supplements 2-17. Legends giving an overview over all Supplements are given in Supplement 1.  

 

Clusters of correlated genes based on similar time-dependent fold change after CCl
4
 intoxication 

were generated by fuzzy c-means clustering with the fuzziness m=2. To cluster the gene 

expression profiles of DEGs, their profiles were logarithmised and scaled between the values -1 

and 1. The optimal number of clusters was estimated using the ‘Separation index’. A gene is 

assigned to the cluster with the highest degree of membership and if the maximum degree of 

membership is less than 0.3, the gene is regarded as unassignable and assigned to the group of 

outliers. A list with the genes contained in each cluster and the respective expression change can 

be found in the supplemental section.  
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Results 

Inflammation-associated suppression of mature liver functions 

To understand the TRNs activated in acute liver injury, we performed a time-resolved 

Affymetrix gene array study on mouse liver after acute intraperitoneal administration of 

CCl4 (1.6 g/kg in olive oil) (Campos et al., 2014) (Fig 1A;B; Suppl. Fig. 1 in Supplement 

1). In total, 3,750 differentially expressed genes were identified (1.5 fold, p < 0.05; FDR 

adjusted) (Supplement 2). Principal component analysis (PCA) showed clear differences 

to controls and good clustering of time-matched liver tissue replicates at 2h, 8h, and on 

days 1, 2 and 4 after CCl4 administration; at days 6, 8 and 16, expression data were 

similar to controls again (Fig 1B). The high reproducibility between replicates offered 

good conditions for a time-resolved bioinformatics analysis. Consequently, the fuzzy-c 

means algorithm was applied which revealed eight time-dependent gene clusters 

including 3,655 genes (Fig. 2) (Supplement 3).   

Overrepresented Gene Ontology (GO) and KEGG pathway annotations were used 

to identify biological motifs associated with time-dependent progression of transcriptional 

alterations (Fig 2 and Supplement 4). Because similar genes and enriched GO/KEGG 

terms were present in some of the eight gene clusters, we joined them into three cluster 

groups. Cluster group 1 included upregulated genes that peaked between 2 and 24h 

(Fig. 2, clusters 1a-d). This cluster group contained genes associated with inflammation, 

cell stress, and the unfolded protein response (UPR). The earliest induced genes 

(maximal expression at 2h; cluster 1a) were enriched for the MAPK and TNF pathways, 

while subsequent clusters were mostly enriched in inflammation and ER 

stress/proteostasis associated genes. Cluster group 1 included multiple intracellular 

signaling components and transcription factors (e.g. Gadd45g, Jun, Atf4, Maff) as well as 

growth factors and cytokines (e.g. Fgf21, Cxcl1, Ccl2, Ccl6) (Fig 2).  

Cluster group 2 included downregulated genes that reached a minimum of 

expression at 8 and 24h upon CCl4 administration, thereby responding in the same time 

interval as the upregulated genes of cluster group 1 (Fig. 2; clusters 2a-b). Cluster group 

2 was enriched in genes associated with mature liver function, particularly metabolism; it 

included the GO annotations “Small molecule metabolic process”, “Organic acid 

metabolic process”, and the KEGG pathways “Valine, leucine and isoleucine 
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degradation”, “Steroid hormone biosynthesis” and “Drug metabolism-cytochrome P450”. 

Selected individual genes from the different cluster groups were validated by qRT-PCR 

(Suppl. Fig. 2 in Supplement 1). Together, cluster groups 1 and 2 showed a time-resolved 

transient induction of genes associated with stress signaling, inflammation and ER stress 

that occurred simultaneously with a massive downregulation of genes associated with 

metabolism and further functions of the mature liver. 

Cluster group 3 genes responded later than the genes of cluster groups 1 and 2, 

showing maximal expression not before day 2 after CCl4 intoxication (Fig. 2, clusters 3a-

b). These clusters represent genes associated with proliferation, wound healing and 

immune cell infiltration. They correspond to GO terms such as “Cell cycle”, “ECM 

organization” and “Immune response”, and the KEGG terms “DNA replication”.  

 

 

Identification of TRNs in acute liver injury and regeneration   

Having identified the most significant biological motifs activated during liver injury and 

regeneration, we sought to establish the TRNs controlling the aforementioned time-

dependent gene clusters. KEGG pathway enrichment analysis provided only little insight 

into the critical TRNs controlling the deregulated genes. Therefore, a more accurate 

representation of TRNs was established by identifying 1) deregulated transcription 

factors, 2) overrepresented transcription factor binding sites (TFBS) in the 

promoter/enhancers (Supplement 4), and 3) upstream regulator inference using ingenuity 

pathway analysis (IPA) (Supplement 5). These approaches revealed tremendous details 

of TRNs components in each cluster group (Fig 2). For example, TFs upregulated in 

Cluster group 1 included well-known stress regulators, such as Fos, Jun, Cebpb, and 

Egr1, as well as TFs that have not yet been associated with acute liver injury, including 

Klf10, Klf6, Ybx3 and Sox9. Cluster group 2 contained downregulated TFs with known 

roles in metabolic functions of healthy liver, such as Nr0b2 (SHP), Nr1h4 (FXR), Nr1l2 

(PXR) and Cebpa, and TFs with no known function in liver metabolism, for example Esr1, 

Zfp871 and Nr1d1 (Supplement 5).  

TFBS enrichment and IPA analysis provided additional information on 

transcriptional regulators whose expression is not transcriptionally altered during acute 
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liver injury. For example, TFBS overrepresented in Cluster groups 1 included HIF-1, 

AHR/HIF, Foxp1, ETF and Elk-1 (Fig 2 and Supplement 5). Cluster group 2 was enriched 

in HNF4 and HNF1 TFBS. Further TRN modulators were identified in Cluster groups 1 by 

IPA, including ER stress signaling members Xbp1 (activated by splicing), Eif2AK3 (PERK) 

and ERN1 (IRE1a) (activated by phosphorylation), Ikbkb and Nfe2l2 (activated by 

proteolytic cleavage) and Nr1l3 (CAR) (activated by ligand engagement) in (Fig 2 and 

Supplement 5). In Cluster group 2 IPA revealed well-known regulators of liver metabolism 

(e.g. HNF4, PPARA, SREBF1 and 2, and PPARG), and regulators associated with 

upregulated gene clusters, such as TNF and MAP4K4 (Fig 2 and Supplement 5).  

 

Characterization of spatio-temporal signaling during CCl4-induced liver injury 

To investigate the spatio-temporal relationships of signaling in liver parenchyma, 

immunohistochemical analysis of transcription factors in liver sections of CCl4 treated 

mice was performed. First, we focused on Cluster group 1 factors c-Jun and CEBPD. c-

Jun expression was not detected in control tissues, but increased in hepatocyte nuclei, 

particularly in PC hepatocytes 2h after CCl4 administration (Fig 3A; Suppl. Fig. 3 in 

Supplement 1). On day 1, when the dead cell area is clearly discernible, c-Jun staining 

slightly exceeded the PC dead area, but never reached periportal hepatocytes (Fig 3A). 

This is comparable to the PC expression of the ER-stress associated transcription factor 

CHOP after CCl4 intoxication (Suppl. Fig. 4 in Supplement 1 and [2]). The inflammation-

associated transcription factor CEBPD from Cluster group 1A exhibited a different 

response (Fig 3A). At 2h, nuclear staining was already evident in both the PC and PP 

hepatocytes. To assess control mechanisms of Cluster group 2 genes, we analyzed 

expression of HNF4, which showed an inverse expression pattern to the stress and 

inflammation markers c-Jun and CEBPD. HNF4 was expressed in all hepatocytes of 

control mice (Fig 3A). After 8h CCl4 treatment it decreased in the PC region and after 24h 

reached a similarly low level all over the liver lobule. In summary, stress signaling by c-

Jun and CHOP occurred predominantly in pericentral hepatocytes, while CEBPD and 

HNF4, regulatory factors of inflammation and metabolism, were altered in all lobular 

zones.  
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The suppression of HNF4 in all lobular zones suggests that metabolic liver 

functions were not only affected in pericentral hepatocytes, which will undergo necrosis, 

but also PP hepatocytes. To systematically assess this hypothesis, we analyzed genes 

from PP and PC enriched hepatocytes (Braeuning et al., 2006) (Supplement 6). Venn 

diagram analysis of the zonated genes (either expressed in PP or in PC hepatocytes) 

indicated the largest overlaps with clusters 2a and 2b (Fig. 3B; Supplements 7, 8). 

Noteworthy, the genes with the highest PP-to-PC ratio were among those overlapping 

with Cluster group 2 genes. CCl4 does not cause cytotoxicity to PP hepatocytes, because 

in contrast to PC cells, they do not express Cyp2e1, which is required for metabolic 

activation of CCl4. Therefore, the strong expression alterations in the PP cells may 

represent an adaptation to PC hepatocyte death. In contrast to the genes downregulated 

in response to CCl4, zonal genes minimally overlap with upregulated genes in cluster 

groups 1 to 3 (Fig 3B). In conclusion, spatiotemporal analysis reveals zonated (stress) 

versus non-zonated (inflammation and metabolism) signaling motifs during acute liver 

injury. 

 Since cluster 1a (Fig. 2) suggested increased stress signaling, e.g. via Fos, Jun, 

STAT and MAPK, Western blot analyses were performed. A transient increase in 

pSTAT3, pAkt, pJNK and pERK was evident already 2h after CCl4 injection (Fig. 3C). A 

biphasic behavior for pAkt and pERK was observed, with a second peak on day 1 for pAkt 

and day 2 for pERK (Fig 3C; quantifications: Suppl. Fig 3 in Supplement 1). These results 

correspond to the aforementioned Cluster group 1 stress signaling networks. Similarly, 

the proliferation marker PCNA peaked on days 2 and 4 (Fig 3C), in agreement with the 

timing of the wound healing gene networks (Cluster group 3). Cell stress is often 

accompanied by increased autophagy. To assess possible alterations in autophagy 

during CCl4 intoxication, the autophagosome factors LC3 and p62 were analyzed. 

Conversion of LC3-I to LC3-II was observed between 2h and day 1 after CCl4 

administration (Fig 3D); concurrently the cargo protein p62 and poly-ubiquitinated 

proteins accumulated between 2 and 24h after CCl4, suggesting an altered autophagic 

flux.   
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Inflammation/ER stress and metabolic gene networks are influenced by the same 

upstream regulators 

When all genes were plotted time-dependently, an almost mirror-inverted pattern was 

obtained for up- and downregulated genes up to approximately 4 days after CCl4 

administration (Fig 4A). Downregulation (similar as upregulation) occurred already at the 

earliest tested time period of 2h, when pericentral hepatocytes are not yet necrotic. 

Therefore, decreased gene levels during this time period are unlikely to result from 

degradation of pericentral liver tissue but rather are due to an active process. To identify 

possible transcriptional regulatory motifs controlling the up and downregulation of these 

genes, we first analyzed individual time points during the early phase of stress and injury 

(2h till day 1) using all differentially expressed genes at each time point. The top ten 

pathways detected by IPA were related to inflammation, unfolded protein response and 

metabolism (Fig 4B). The most significantly enriched pathway identified at 8h and day 1 

was “LPS/IL-1 mediated inhibition of RXR function” (Supplement 9). Similarly, analysis of 

upstream regulators showed a strong activated score for regulators of inflammation and 

ER-stress while regulators of liver metabolic functions were estimated as highly inactive 

(Fig. 4C and Supplement 10).  

 A key result was that the strongest enriched canonical IPA pathway, “LPS/IL-1 

Mediated Inhibition of RXR Function” included both highly upregulated inflammation 

associated gens and downregulated genes associated with mature liver functions (Fig. 

4D). For example, the inflammation mediating pathway c-Jun was the strongest up and 

the apical bile salt export carrier BSEP, representing a function of the mature liver, was 

among the strongest downregulated genes both triggered by the same canonical 

pathway. Similar principles were also obtained for other canonical pathways, e.g. 

“Unfolded protein response” triggered upregulation of the hepatocyte transcription factor 

CEBPB, while CEBPA and SREBF1 were downregulated (Fig. 4D). Therefore, activation 

of inflammation- (and/or ER stress) and suppression of metabolism genes after CCl4 

intoxication may be caused by the same upstream regulators and canonical pathways 

(Fig. 4B-D).  

To study if the observations made in CCl4 intoxicated mice apply also to further 

models of hepatotoxicity, we analyzed in vivo interventions with LPS (inflammation) and 
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tunicamycin - Tm (ER stress) under conditions where (in contrast to the CCl4 protocol) 

only little necrosis is induced, using previously reported gene array studies (Supplement 

11). A highly significant overlap of downregulated genes in LPS and Tm versus CCl4 

treated livers (Fig. 4E) was observed, which were enriched in KEGG pathways and GO 

terms representing metabolism, such as “small molecule catabolic process”, “Steroid 

metabolic process”, “Drug metabolism-cytochrome P450”, and “PPAR signaling pathway” 

(Fig 4F and Supplement 12). These results indicate that gene networks activated by 

inflammation (LPS) and/or ER-stress (Tm) trigger downregulation of genes responsible 

for metabolic functions in the liver, similar to the CCl4 model.  

 

Inflammation-dependent suppression of metabolic networks in chronic liver 

disease in mice and human 

The presented gene network analysis suggests that inflammation and ER stress may 

simultaneously induce upregulation of inflammation-associated and downregulation of 

metabolic gene networks in an injured liver. Noteworthy, during acute injury hepatocytes 

express markers of embryonic development, such as alpha-fetoprotein (Supplement 2). 

These features are also observed in immature hepatocytes, such as hepatoblasts and 

stem cell-derived hepatocytes (Godoy et al., 2015). Because dedifferentiation towards a 

more immature phenotype is also a feature of hepatocellular carcinoma – HCC, we 

assessed whether similar inflammation (and ER stress)-induced suppression of metabolic 

networks occurs in HCC. For this, we analyzed previously generated data of HCC that 

was induced in mouse livers by a single injection of diethylnitrosamine (DEN) followed by 

repeated injections of CCl4 (Liu et al., 2015) (Supplement 13). Spearman correlation 

analysis of HCC and liver tissue after CCl4 for all genes showed a high correlation, 

particularly on days 1 and 2 after CCl4 (Fig 5A). The strong overlap between the chronic 

and acute liver injury model was observed for up- and downregulated genes (Fig. 5B). 

To identify possible commonalities in gene regulatory networks in both models, we 

analyzed HCC and acute-injured liver gene expression by IPA (Supplement 14 and 15). 

The top scoring canonical pathway for HCC and acute CCl4 intoxication was “LPS/IL-1 

mediated inhibition of RXR function” (Fig 5C and Supplement 14), with highly significant 

pathways representing inflammation and liver metabolic networks. Upstream regulators 
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and their active/inactive states were also similar for HCC and acute CCl4 intoxication, and 

known regulators of liver metabolic functions, such as ACOX1, TSC2, mir-122 SCAP, 

HNF4 and SREBF1 were strongly suppressed (Fig 5D and Supplement 15). Activated 

ER-stress pathways were not detected in experimental HCC, suggesting that 

inflammation rather than ER stress promotes the suppression of metabolic gene networks 

in this model.  

 To establish whether the aforementioned upregulation of inflammation/ER stress 

and concomitant downregulation of metabolism associated genes also occurs in human 

liver disease, we analyzed pathways and upstream regulators by IPA in previously 

reported gene array studies on nonalcoholic fatty liver disease (NAFLD) (Moylan et al., 

2014), hepatitis B infection (HBV) (Farci et al., 2010) and HCC (Arai et al., 2010) (Fig 6 

and Supplement 16 and 17). Similar to the acute injury/HCC situation, the most significant 

IPA pathways in chronic human liver disease were related to liver metabolism (e.g. 

‘FXR/PXR activation’, ‘LXR/RXR activation’), as well as inflammation (e.g. ‘coagulation 

system’, ‘LPS/IL-1 Mediated Inhibition of RXR function’) (Fig 6A and Supplement 16). 

These scores were higher in HBV and HCC compared to NAFLD. The pathways were 

composed of up and downregulated genes. For example, among the top upregulated 

genes were cytokines (IL-18, IL-33), while downregulated genes included P450 enzymes 

(e.g. Cyp7a1, Cyp2c8), transporters (e.g. Slco1b3), and TFs (e.g. CAR) (Fig. 6B-C). 

Similar to the mouse models, upstream regulator analysis demonstrated a decrease in 

mature liver function factors, such as HNF4, HNF1A and PXR (Fig 6D and Supplement 

17). Conversely, regulators associated with inflammation (e.g. Interferon alpha, TGFB1, 

IL2 and CD44) were highly activated in all human liver disease conditions. Altogether, the 

analysis revealed an inflammation-associated suppression of metabolic gene networks in 

acute and chronic liver injury of human and mouse.   
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Discussion  

Liver damage leads to the activation of numerous signaling and transcriptional regulatory 

networks, whose functions in tissue injury and regeneration are not fully understood 

(Forbes et al., 2014). Here, we applied time-resolved transcriptomics of mouse liver after 

acute intoxication with CCl4 combined with bioinformatics to unravel the sequential 

processes during early onset of injury and subsequent regeneration. The most significant 

biological motifs upon CCl4 administration are upregulated gene clusters representing 

stress signaling (i.e. endoplasmic reticulum stress) and inflammation, which is 

accompanied by downregulation of genes representing mature liver functions particularly 

endogenous as well as xenobiotic metabolism. This concomitant 

inflammation/metabolism response peaks between 1 and 24h after CCl4 intoxication. In 

contrast, genes associated with proliferation and tissue restoration peak only 48h after 

intoxication. Analysis of lobular zonation showed that stress signaling is limited to PC 

hepatocytes; whereas, increased expression of inflammation and reduced expression of 

metabolism associated genes occurs throughout the liver parenchyma. Thus, 

suppression of metabolic functions occurs not only in PC hepatocytes that will undergo 

necrosis upon CCl4 exposure but also in PP hepatocytes that will survive intoxication. All 

lobular zones respond already within the first two hours to intoxication, although CCl4 is 

metabolically activated to its toxic metabolites, the trichloromethyl and the 

trichloromethylperoxy radicals, only by approximately 40% of most central hepatocytes of 

liver lobules, because only these cells express the toxifying enzyme cytochrome P450 

2E1 (Godoy et al., 2013).  

The significance of suppressing mature liver functions during inflammatory 

conditions is not fully understood. One possibility is that this response is necessary for 

efficient regeneration upon acute liver injury. In support, suppressing HNF4 expression in 

adult mouse liver with a tamoxifen-controlled system decreased multiple genes related to 

metabolic liver functions, while concomitantly increasing expression of proliferation 

genes, thus linking HNF4 to hepatocyte proliferation (Bonzo et al., 2012). HNF4 

downregulation is also observed in hepatocellular carcinoma (Lazarevich et al., 2004; 

2010), and its inhibition leads to epithelial-to-mesenchymal transition in mature 

hepatocytes and hepatoma cell lines (Santangelo et al., 2011), which may also be 
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necessary for reestablishment of tissue architecture after massive injuries (Hoehme et 

al., 2010). Furthermore, only a relatively small fraction of the metabolic capacity of the 

normal liver is sufficient for survival. Therefore, inflammation-mediated downregulation of 

metabolic enzymes and mature liver functions will not lead to major pathophysiological 

consequences. It may, however, support the regeneration process by transiently focusing 

more resources on proliferation and re-establishment of a functional microarchitecture.  

An interesting observation is that Cluster group 2 genes (associated with mature 

liver functions downregulated after CCl4) are enriched in PP hepatocytes. This 

downregulation overlaps with the upregulation or nuclear accumulation of the 

inflammatory transcription factor CEBPD which not only occurs in Cyp2E1 positive PC, 

but also expands to most PP hepatocytes. Ingenuity pathway analysis provides support 

that the same upstream regulators are responsible for both the upregulation of 

inflammatory genes and the downregulation of genes associated with metabolism and 

mature liver functions. For example, the most enriched IPA pathway ‘LPS/IL-1 mediated 

inhibition of RXR function’ comprises upregulation of the pro-inflammatory signaling factor 

c-Jun and downregulation of the bile salt export carrier BSEP, a typical function of mature 

livers (Fig. 4D). Similarly, MRP4, a gene known to be upregulated in inflamed and 

cholestatic livers to export bile acids to blood (Jansen et al., 2017) is increased while 

CYP7A1, the gene responsible for a key step in bile acid synthesis is downregulated. 

Further triggers of the coordinated inflammatory response are cytokines, such as TNF, 

IL5, IL6 and SPP1 and signal transducers, including JUNB, MAPK1, and NFKBIN; 

however, the underlying mechanisms coupling increased expression of inflammatory 

genes to reduced expression of genes responsible for mature liver functions remain 

unknown. Hypotheses, include cytokines released into the circulation that influence the 

entire liver, signals mediated by cell types sensing damage and releasing inflammatory 

cytokines, such as LSEC (Ding et al., 2010), or cytokines rapidly diffusing from the PC 

wound to the non-injured PP tissue.  

 IPA and GSEA showed high overrepresentation of ER stress pathways throughout 

early stages of acute liver injury. Recently, it was reported that hepatocyte death by CCl4 

is mediated by the ER adapter stimulator of interferon genes (STING) via interferon 

regulatory factor 3 (IRF3) (Iracheta-Vellve et al., 2016), suggesting that transient ER 
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stress may funnel subsequent inflammatory pathways towards hepatocyte death. 

However, further studies have revealed protective roles for ER stress signaling in liver 

pathophysiology. For example, we did not observe a reduction in CCl4-induced liver 

damage in a knockout mouse model of CHOP, a transcription factor activated in response 

to ER stress (Campos et al., 2014). Also, hepatocyte-specific deletion of the ER-stress 

sensor IRE1a resulted in enhanced liver injury by CCl4 which was associated with 

dampened STAT3 activation (Liu et al., 2015). Similarly, activated IRE1a protected 

against acetaminophen hepatotoxicity via the downregulation of Cyp2e1 mRNA due to its 

RNAse activity (Hur et al., 2012). Furthermore, ER stress can affect the functions of non-

parenchymal cells, for example by promoting activation of stellate cells (Kim et al., 2016). 

Due to this complexity, the pathophysiological consequences of ER-stress are not yet 

fully understood in the context of liver disease.  

The detailed identification of TRNs mediating liver damage and regeneration is 

fundamental to establish risk, diagnosis and therapeutic intervention. Our findings provide 

a detailed, time-resolved description of gene networks in mouse liver upon acute injury 

and regeneration. Coordinated induction of inflammation/cell stress associated genes 

accompanied by down regulation of metabolic genes are controlled by the same upstream 

regulators and represent a pattern that occurs similarly in acute and chronic liver diseases 

in humans and mice.   
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Figure legends  

 

Fig. 1. Experimental design, principal component and cluster analysis of time-

resolved expression data after CCl4 intoxication. (A) Overview of the experimental 

setup for acute intoxication with CCl4. Liver tissue sections were collected at the indicated 

time points after a single intraperitoneal injection of CCl4 (1.6 g/kg). N = 5 mice per time 

point. (B) Principal component analysis of the top 1,000 differentially expressed genes in 

the combined time series after CCl4. The different blue tones denote the time points of 

each biological replica (mouse) for liver tissue after CCl4 administration. Control liver 

tissues (day 1 treated with olive oil) are indicated in dark green. (C-F) Published genome-

wide data from mouse models used for comparison in the present study. (G) Genome-

wide data from human liver tissue used for comparison with the mouse data.  

 

Fig 2. Grouping of time-resolved gene clusters in mouse liver after CCl4 

intoxication. Time-dependent fuzzy clustering was performed with deregulated genes in 

mouse liver tissue after CCl4 intoxication. Dots represent mean scaled values of all genes 

in each cluster. Error bars represent standard deviations. The three cluster groups were 

formed based on similarities in overrepresented gene ontology (GO), KEGG motifs and 

pathways identified by Ingenuity Pathway Analysis (IPA). The figure shows the most 

significantly enriched GO and KEGG annotations, and representative deregulated genes 

for each cluster. Representative transcription factors (TF) include the strongest 

deregulated genes with known function as transcriptional regulator identified in each 

cluster. The representative transcription factor binding sites and representative pathways 

(IPA) correspond to those with highest statistical significance (p<10-5).  

 

Fig. 3. Spatiotemporal zonation of signaling and gene expression during CCl4 

intoxication. (A) Immunostaining analysis of c-Jun, CEBPD and HNF4 during acute liver 

injury. Control tissues correspond to mouse liver on day 1 after injection of vehicle (olive 

oil). Representative of at least three biological replicas per time point and condition. (B) 

Venn diagrams showing overlap between PP or PC-enriched genes and the three CCl4-

cluster groups. Red and blue circles represent PP or PC genes, respectively. Dark green 
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circles represent genes contained in each CCl4-cluster (C-D). Western blot analysis of 

whole liver extracts after CCl4 intoxication. Blots are representative from at least three 

biological replicas. 

 

Fig. 4. Inflammation and ER-stress dependent suppression of metabolism-

associated genes. (A) Graphical representation of all differential genes after CCl4 

intoxication. Dots represent mean scaled values of all genes at each time point. Light red 

and blue areas represent standard deviation. (B-C) Heatmap representation of the top 40 

canonical pathways (B) and upstream regulators (C) significantly altered during CCl4 

intoxication. (D) Heatmap representation of the top 10 up and downregulated genes in 

the two strongest overrepresented pathways identified by IPA. (E) Overlap between 

downregulated genes after LPS or tunicamycin administration, and after CCl4 intoxication 

(i.e. genes in Cluster group 3). Both overlaps were highly significant (<10-5). (F) Selected 

overrepresented GO and KEGG terms in the overlapped genes from (E).   

 

Fig. 5. Identification of inflammation-dependent suppression of liver metabolism 

gene networks in experimental HCC. (A) Spearman correlation analysis between 

differentially expressed genes in HCC vs acute intoxication with CCl4 (2h to day 16). (B) 

Venn diagrams showing overlap between upregulated or downregulated genes at the two 

time points of highest correlation (days 1 and 2) between acute CCl4 intoxication and 

HCC. All overlaps are highly significant (p<0.001). (C-D) Heatmap representation of the 

top 40 canonical pathways (C) or activated/inactivated upstream regulators (D) identified 

as significantly altered by IPA in HCC and in acute CCl4 intoxication.  

 

Fig. 6. Identification of an inflammation-dependent suppression of liver metabolism 

gene networks in human liver disease. A) Heatmap representation of the top 30 

canonical pathways identified as significantly altered by IPA in nonalcoholic fatty liver 

disease (score 0-1; 3-4), hepatitis B infected liver (HBV) and hepatocellular carcinoma 

(HCC). (B-C) Heatmap representation of the top 10 up and downregulated genes in the 

pathways ‘FXR/RXR activation’ and ‘LPS/IL-1 mediated inhibition of RXR function’ 
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identified by IPA. (D) Heatmap representation of the top 30 upstream regulators identified 

as significantly activated or deactivated by IPA in human liver disease.  
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Point-by-point letter 

 

Reviewer 1: The authors investigated time-dependent gene expression 

changes (gene networks) after CCl4-induced liver injury and recovery. 

 

1. The authors provide a substantial amount of data on gene expression 

changes during injury and regeneration. Although this is a very 

comprehensive data collection, the results (early induction of stress- and 

inflammation-related genes and later upregulation of recovery genes) are not 

totally unexpected or new. The down-regulation of metabolism genes 

throughout the liver lobules is interesting. However, the study is certainly 

descriptive, and all conclusions rely mainly on correlations. It would be useful 

to include a paragraph at the end of the discussion that outlines some of the 

limitations including the fact that many of the gene changes may be of 

limited relevance for the overall pathophysiology and that specific 

interventions to modulate individual genes need to be applied to go beyond 

correlations and establish causality. 

 

Response: We thank the reviewer for the helpful comments. As suggested a 

corresponding paragraph was added to the discussion. 

 

2. A few minor issues need to be corrected: 

a. P.14, line43 and p.15, line 35: references need to be numbered. 

b. Figure 2: under biological motifs "pathway" is misspelled 

 

Response: These errors were corrected. 

 

 

Reviewer 2: The study done by Campos et al. presents the results of a 

trancriptomics analysis of mouse liver at eight time points after acute CCl4 

intoxication. Their results were compared to others public studies 

(tunicamycin exposure, hepatocellular carcinoma, human chronic liver 

disease). Interestingly, a time-resolved transcriptional regulatory network 

(TRN) was performed, showing that CCl4 induced expression of genes for 

inflammation and stress signaling and concomitantly down regulated 

metabolic genes. In addition, the study showed that TRNs involved in the 

proliferation and restorative regeneration appear only later when metabolism 

is already suppressed. 

 

The manuscript is well written and the study well established. All the data 

and analysis are accessible in the supplementary files, which is good. 

Therefore I recommend the manuscript for publication in archives of 

toxicology. 

 

Authors' Response to Reviewers' Comments Click here to access/download;Authors' Response to
Reviewers' Comments;Point-by-point letter, Oct 20, 2019.docx

https://www.editorialmanager.com/atox/download.aspx?id=154453&guid=35119a87-5848-4922-a363-8c859219c296&scheme=1
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I have only minor comments that are described below: 

 

P5 l17- Time series analysis on DILI chemicals have already been reported in 

previous studies and could be referred in the introduction (PMID:30279702; 

PMID:29085386). P6 l7- The author is using fuzzy clustering. If I am correct 

with a fuzzy clustering, a gene can belong to several clusters. So it means 

that high genes overlap can appear between clusters. Do the authors have an 

idea about the genes overlap between clusters? May be a small explanation 

on fuzzy clustering could be included on materials and methods. 

 

Response: We thank the reviewer for this comment. The genes overlap 

between clusters is shown in the following table: 

 

We added to materials and methods: 

“Clusters of correlated genes based on similar time-dependent fold change after 
CCl

4
 intoxication were generated by fuzzy c-means clustering with the fuzziness 

m=2. To cluster the gene expression profiles of DEGs, their profiles were 
logarithmised and scaled between the values -1 and 1. The optimal number of 

clusters was estimated using the ‘Separation index’. A gene is assigned to the 
cluster with the highest degree of membership and if the maximum degree of 

membership is less than 0.3, the gene is regarded as unassignable and assigned 
to the group of outliers. A list with the genes contained in each cluster and the 
respective expression change can be found in the supplemental section.”  

 

 

P6 l29- The authors mentioned "NAFLD, score 0-1, 3-4". What means these 

scores? 

Response: These are the clinically used standard scores to describe the 

severity of non-alcoholic fatty liver disease with 1 as the lowest and 4 the 

highest degree of steatosis. 

 

P7 l15- If I understand correctly the PCA has been performed on 3750 genes. 

Do the authors see a similar trend using the full arrays? 



Response: A pre-selection of genes is necessary to remove noise from the data 

set and to identify only relevant data matching the biological problem. A possible 
disadvantage of PCA is that by using the correlation matrix nonrelevant variables 

with low variance get a high impact on the analysis result. 
Nevertheless, the PCA has been performed with higher and with lower numbers 

of probesets resulting in similar trends. 

 

P7 l53- expression 8 and 24h -> expression at 8 and 24h 

 

Response: The error was corrected; Thank you very much for making us 

aware. 

 

 

 

 


