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Abstract
Background and Aims: Resolution of pathways that converge to induce 
deleterious effects in hepatic diseases, such as in the later stages, have po-
tential antifibrotic effects that may improve outcomes. We aimed to explore 
whether humans and rodents display similar fibrotic signaling networks.
Approach and Results: We assiduously mapped kinase pathways using 
340 substrate targets, upstream bioinformatic analysis of kinase pathways, 
and over 2000 random sampling iterations using the PamGene PamStation 
kinome microarray chip technology. Using this technology, we characterized 
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INTRODUCTION

Liver fibrosis serves as a critical prognostic indica-
tor and correlative of severe hepatic disease,[1] which 
drives death and morbidity.[2] The proliferating fibrotic 
network that occurs during liver dysfunction happens 
from the activation of HSC proliferation, which sheds 
their extracellular matrix (ECM) components that even-
tually cause the liver to harden.[3] If left unchecked, 
the accumulation of ECM components facilitates liver 
disease progression to hepatic cirrhosis and life-
threatening liver failure.[4] It is currently thought that 
liver fibrosis is a deleterious event that is irreversible. 
However, our current knowledge of the in-depth sig-
naling mechanisms that encourage these insults is 
limited.

Numerous factors activate hepatic fibrosis, one 
being damage to the liver. The normal healing proce-
dure commences with an integrated network of pro-
tein kinases (PKs) that drives “repair” of the wounded 
liver.[4] The accumulation of fat in the liver (simple ste-
atosis) may be a precursor that can initiate hepatic 
fibrosis.[4] Long-term high-fat diets or genetic factors 
can cause fat accumulation in the liver to the level that 
leads to the metabolic-associated fatty liver disease 
(MAFLD) that induces hepatic insulin resistance and 
type 2 diabetes.[5–11] MAFLD can progress to NASH, 
which also consists of hepatic fibrosis and inflamma-
tion.[12] For this reason, the treatment of MAFLD with 
insulin sensitizers is thought to be a preventive mea-
sure that protects hepatocytes. If untreated, signals 
in NASH eventually induce hepatocyte death and ac-
tivate HSCs that cause a rearrangement of liver cells 

that can worsen and progress to cirrhosis.[12] Other 
injurious events induce fibrosis without fat accumula-
tion by activating HSC proliferation, such as carbon 
tetrachloride (CCl4).

[13] CCl4 drives HSCs to proliferate 
and activates genes for collagen and ECM that com-
mence fibrotic episodes.[14]

There is an imbalance in signaling mechanisms in 
fibrosis and cirrhosis for the liver cell types, in which 
hepatocytes are dying (necrosis and apoptosis) and 
stellate cells are actively growing and shedding ECM. 
PKs regulate the activity of target proteins through 
the transference of phosphate groups, which often 
leads to downstream signaling that induces gene ac-
tivation and epigenetic changes.[3,4] These circum-
stances can lead to whole-genome and physiological 
changes that might be permanent, such as making 
the disease irreversible, which is present in patients 
with cirrhosis with severe fibrosis, and the buildup of 
collagen in the liver that causes scarring. Increased 
knowledge of the molecular pathways involved in 
the progression of hepatic fibrosis is needed, which 
might open therapeutic targets for reversing liver 
damage.

Although numerous studies on pathways show sig-
naling mechanisms, no studies have analyzed these 
events concomitantly. The comprehensive pathways 
and their interconnectivity that might control these in-
verse situations are mostly unknown. This study lev-
eraged the PamGene kinome technology with multiple 
bioinformatic pipelines and validation studies to identify 
altered kinase pathways. Our strategy was to compre-
hensively map the active kinome of hepatic fibrosis in 
humans and rodents and determine whether they had 
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a large number of kinases with altered activity in liver fibrosis of both species. 
Gene expression and immunostaining analyses validated many of these ki-
nases as bona fide signaling events. Surprisingly, the insulin receptor emerged 
as a considerable protein tyrosine kinase that is hyperactive in fibrotic liver 
disease in humans and rodents. Discoidin domain receptor tyrosine kinase, 
activated by collagen that increases during fibrosis, was another hyperac-
tive protein tyrosine kinase in humans and rodents with fibrosis. The serine/
threonine kinases found to be the most active in fibrosis were dystrophy type 
1 protein kinase and members of the protein kinase family of kinases. We 
compared the fibrotic events over four models: humans with cirrhosis and 
three murine models with differing levels of fibrosis, including two models of 
fatty liver disease with emerging fibrosis. The data demonstrate a high con-
cordance between human and rodent hepatic kinome signaling that focalizes, 
as shown by our network analysis of detrimental pathways.
Conclusions: Our findings establish a comprehensive kinase atlas for liver 
fibrosis, which identifies analogous signaling events conserved among hu-
mans and rodents.
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similar signaling mechanisms. We meticulously per-
formed high-throughput kinomic activity assays capa-
ble of simultaneously quantifying the enzymatic activity 
corresponding to over 350 unique kinases, covering 
most of the kinome. We show that the overactive sig-
naling pathways in humans with fibrosis were also con-
served and primarily changed in mice. Interestingly, 
we found that the insulin receptor (INSR) and discoidin 
domain receptor tyrosine kinase 1 (DDR1) were the 
primary tyrosine kinases, and dystrophy type 1 (DM1) 
protein kinase (DMPK) and the PK family (PKA, PKB/
AKT, PKC, and PKG) were the major serine/threonine 
kinases that contributed to fibrosis, and these were 
analogous in humans and rodents. In the kinome atlas 
presented here, we show the most extensively com-
bined map of kinase families and subfamilies that have 
been currently assembled, which provides a conglom-
eration of signaling pathways that are hyper-active and 
hypo-active in fibrosis.

METHODS

Human subjects

All studies using human samples were approved by 
the Human Subjects Committee of the University of 
Kansas Medical Center.

Animal experimentation

All animal procedures were approved by the Cleveland 
Clinic Institutional Animal Care and Use Committee 
(IACUC) for the CCl4 administration to mice and mouse 
feeding with choline-deficient L-amino acid–defined 
diet. The mouse fed with high fat supplemented with 
fructose diet were approved by the IACUC committee 
at the University of Kentucky.

Statistical and correlation analyses

The kinome array and upstream kinase identifica-
tion, interaction network analysis, pathway and anno-
tation enrichment analysis, and correlation analysis 
are described further in the Supporting Methods. The 
Student’s t tests were performed on quantitative real-
time PCR data to detect statistical differences between 
control and liver fibrosis groups, with p values adjusted 
for multiple testing corrections within each human and 
mouse using the Benjamain-Hochberg method.[15] 
Adjusted p alpha (false discovery rate) ≤ 0.05 was con-
sidered statistically significant.

All of the procedures, methods, and analysis are de-
scribed in more detail in the Supporting Methods.

RESULTS

Interrogation of kinase pathways in 
humans and mice with fibrosis

To identify kinases that might drive fibrotic pathways 
among humans and rodents, we quantified the activity 
of 196 tyrosine (protein tyrosine kinase [PTK]) peptide 
substrates and 144 serine/threonine kinase (STK) pep-
tide substrates in liver samples from humans with fibro-
sis/cirrhosis or healthy control and livers from rodents 
with fibrosis or healthy control. To visually represent 
the kinase activity demonstrated in the phosphorylation 
level of these 340 kinase peptide substrates that were 
changed with fibrosis relative to their healthy control, and 
an upstream analysis performed with the data deconvo-
luted into a kinase tree for humans (Figure 1A) and mice 
(Figure 1B). The higher mean final kinase scores deter-
mine a more substantial role in the observed phospho-
rylation changes between fibrosis and normal control 
samples. Mean final scores for all identified PTK and 
STK kinases were mapped according to paralogy. The 
kinase activity results were charted as bubble plots with 
node size based on Z scores in red (highest changed Z, 
mean node = 4), pink (mean node = 2), or gray (mean 
node = 1) circles to visually indicate potential clusters 
of kinase families that are changed with fibrosis in hu-
mans or rodents. The kinase tree data show significant 
clusters for the tyrosine kinase (TK) and the serine/
threonine AGC kinase families. There was also some 
clustering in the CAMK and CMGC kinase families but 
to a lesser extent. The Tyrosine Kinase-Like, STE, Cell 
Kinase 1, and atypical kinase families were primarily 
unchanged, but some specific targets in these families 
were changed. Next, we systematically analyze each 
kinase family and subfamilies to determine which path-
ways change most in humans and rodents with fibrosis.

Concordance between human and 
mouse data

Shapiro-Wilk normality tests and quantile-quantile 
plots indicate that the kinase activity data sets are 
not normally distributed (human kinase family data: 
W  =  0.84641, p value  =  8.825  ×  10−6, rodent kinase 
family data: W  =  0.82763, p value  =  2.822  ×  10−6, 
human individual kinase data: W  =  0.82247,  
p value  =  1.585  ×  10−12, mouse kinase family data: 
W  =  0.79478, p value  =  1.446  ×  10−13). Figure 2A,B 
shows a sample–sample correlation heatmap of log-
transformed peptide phosphorylation data from both 
human and mouse analytical replicates. This correla-
tion matrix analysis shows human and mouse fibro-
sis groups clustering closer together (0.89 median 
Information-Content-Informed Kendall-tau Correlation 
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[ICI-kt]) than either of the two humans (0.84 median 
ICI-Kt control vs. fibrosis) or mouse groups (0.88 me-
dian ICI-Kt correlation control vs. fibrosis), demon-
strating the high similarity between human and mouse 
liver elevated fibrosis kinase activity. Furthermore, 

all sample–sample correlations have a p value  
< 2.2 × 10−16 (i.e., below the machine precision limit).

Next, to visually compare and quantitate the level of 
fibrosis in the human and mouse livers, we did sirius 
red and trichrome blue staining of the human cirrhotic 

F I G U R E  1   Paralogous phylogenic relationships between differentially altered kinases in humans and rodents. (A) Human liver fibrosis 
compared with normal control samples. (B) mouse fibrosis compared with normal control samples. Node color and size are the mean final kinase 
score that corresponds to the bubble plot on the paralogous phylogenetic trees. Abbreviations: TK, tyrosine kinase; TKL, Tyrosine Kinase-Like.

F I G U R E  2   Data concordance heatmap. (A) Sample–sample correlation heatmap of analytical replicate samples from aggregate human 
and mouse control and fibrotic liver samples. Diagonal entries represent the percentage of non-missing values in each analytical sample. 
Correlations were calculated using Information-Content-Informed Kendall-tau Correlation (ICI-Kt) (available online: https://github.com/
Mosel​eyBio​infor​matic​sLab/ICIKe​ndallTau) using features that had nonzero values in at least one sample. Feature values < 30 were treated 
as missing. (B) Median ICI-Kt correlations among samples within a type (diagonal) and between types (off-diagonal). (C,D) Sirius red and 
trichrome blue staining (scale bar = 100 μm) in the livers from human cirrhotic and healthy control and chronic CCl4 and vehicle control–
treated mice, fibrosis score, and TGF-B1 or Tgf-b1 mRNA expression

https://github.com/MoseleyBioinformaticsLab/ICIKendallTau
https://github.com/MoseleyBioinformaticsLab/ICIKendallTau
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and healthy livers and the murine livers treated with 
chronic CCl4 or vehicle control. The results show that 
the healthy control human and vehicle control mouse 
livers had no fibrosis present and that cirrhotic human 
and chronic CCl4-treated mice had severe fibrosis to 
the level of a fibrosis score of 4.0 and 3.0, respectively 
(Figure 2C,D). Also, in comparison, both the human 
and murine livers with fibrosis had significantly higher 
TGF-β mRNA expression, which is an established 
marker of fibrosis.[16] These data indicate a closely re-
lated data concordance between human and murine fi-
brosis that has visual similarities among these models.

Therefore, we performed separate pathway and 
annotation enrichment analyses using the human and 
mouse differential kinase activity, respectively (Table 
S7). The ICI-Kt correlation between human and mouse 
enrichment-adjusted p values for Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathways, REACTOME 
pathways, and Gene Ontology Biological Process anno-
tations are 0.73 (p = 3.9 × 10−24), 0.62 (p = 7.7 × 10−26), 
and 0.78 (p = 4.3 × 10−165), respectively (see Supporting 
Information for correlation plots in Figure 1 and full path-
way enrichment tables in Table S6). This clearly shows 
that fibrotic versus control differential kinase activity in 
humans and mice is very similar at the pathway and 

biological process level. Moreover, the three most en-
riched KEGG pathways are the phosphatidylinositol-3-
kinase (PI3K)–Akt signaling pathway (human-adjusted 
p value = 5.9 × 10−17), Ras signaling pathway (human-
adjusted p value  =  2.5  ×  10−14), and EGF receptor 
tyrosine kinase inhibitor resistance pathway (human-
adjusted p value = 2.3 × 10−14). All three of these path-
ways have known associations with liver fibrosis.[17,18]

Tyrosine kinase families changed 
with fibrosis

To determine TK families that might change with fi-
brosis, we compiled data from substrate phosphoryla-
tion events from the PamGene analysis into heatmaps 
(Figure 3A,B). We used bioinformatic analyses (de-
scribed in Upstream Kinase Identification) from these 
data to identify upstream kinases responsible for the 
observed differential phosphorylation patterns of pep-
tide substrates (Table S3). An aggregation of the data 
according to the TK family waterfall plot showed that 
DDR1 and INSR were the most differential active 
kinases (Figure 3C,D). We next compared the ob-
served number of differentially phosphorylated peptide 

F I G U R E  3   Identification of tyrosine kinase families changed in fibrosis of humans and rodents. Heatmap of substrate phosphorylation 
levels for tyrosine kinases and waterfall plot of tyrosine family of kinases in humans (A) and mice (B) for fibrotic samples compared with 
their control. Upstream tyrosine kinase families were identified by peptide substrate phosphorylation in human (C), mice fibrotic (D), and 
normal samples. Quantification of discoidin domain receptor (DDR) and insulin receptor (INSR; Z > 2) by histogram peacock plots, mRNA 
expression measured via real-time PCR, and immunostaining with antibodies for phospho-DDR1 (pDDR1), phospho-INSR (pINSR), or 
α-smooth muscle actin (αSMA) (scale bar = 50 μm) in humans (E) and mice (F) for fibrotic samples compared with their control. Real-time 
PCR measurement of mRNA expression of midlevel differentially changed (Z = 2–1.5) tyrosine kinases in humans (G) and mice (H)
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substrates targeted by each kinase or kinase family 
against 2000 random sampling iterations, selecting the 
same number of peptide substrates from the pool of 196 
(PTK) or 144 (STK) (depending on whether TK or STK 
are being measured) peptide substrates found on the 
arrays. The number of experimentally determined differ-
entially phosphorylated peptide substrates targeted by a 
given kinase or kinase family in relation to the number of 
randomly selected peptide substrates targeted by that 
same kinase or kinase family in each of the thousands 
of random sampling events indicates the significance of 
the kinase or kinase family of interest to the differen-
tial phosphorylation patterns observed between fibrosis 
and normal samples. These data are represented here 
as annotated histograms, herein referred to as peacock 
plots. The peacock plots for the DDR and INSR kinase 
families indicate significantly differential kinase activity 
in humans (Figure 3E) and rodents (Figure 3F). To de-
termine whether DDR1 and INSR were changed at the 
gene level, we measured mRNA by real-time PCR and 
compared this with the peacock plot of the substrate 
analysis. The mRNA expression was significantly in-
creased for DDR1 (p = 0.0025) and INSR (p = 0.0392) 
in humans with cirrhosis/fibrosis (Figure 3E), but no 
statistically significant difference was detected in the 
mouse model of fibrosis (Figure 3F). The peacock 
plots indicate differential signaling of DDR and INSR 
kinase family activity on their substrates, which is rep-
resented by the number of kinase family peptide targets 
(x-axis; hits) experimentally identified as differentially 
phosphorylated in fibrosis (red line) or identified during 
thousands of random sampling events (gray bars). The 
number of instances in which a given number of kinases 
or the family of peptide targets were selected from 2000 
random sampling iterations is represented by the height 
of each gray bar (y-axis; count).

To validate the level of phosphorylation of DDR1 
(pDDR1) and INSR (pINSR) and to determine whether 
they are enhanced in a specific liver-cell type, we 
performed immunostaining using antibodies that are 
phosphorylation-specific and for α-smooth muscle 
actin (αSMA), a marker indicating hepatic stellate cells 
as previously identified.[19] The pDDR1 and pINSR had 
low immunostaining in normal healthy human livers and 
vehicle-treated mice livers, but the staining was much 
more pronounced in the human cirrhotic livers and mice 
with chronic CCl4 treatment (Figure 3E,F). The pDDR1 
and pINSR immunostaining were colocalized with the 
αSMA in human cirrhotic livers and the chronic CCl4 
treatment mice livers, indicating that this might be an 
effect that is specific to HSCs.

These data are presented above mRNA measures, 
demonstrating differential gene-expression levels be-
tween human fibrosis samples and normal human 
samples, or fibrosis rodent samples and normal rodent 
samples. The TK families that were partly altered, as 
indicated by light gray circles, were fyn related Src 

family tyrosine kinase (FRK), ABL, and Platelet-derived 
growth factor receptor. We therefore measured the 
mRNA levels of these genes to determine whether they 
were also changed. The PDGFRA, PDGFRB, and ABL1 
were all higher in humans with fibrosis at a statistically 
significant level (adjusted p value < 0.018), but not FRK 
(adjusted p value = 0.124) or any of these genes mea-
sured in the mouse model of fibrosis (Figure 3G,H).

To further interrogate the TK group, we analyzed in-
dividual kinases consisting of the TK tree branches that 
were identified as significantly changed among kinases 
in humans and rodents (Figure 4A,B). As indicated by 
the upstream analysis shown by the waterfall plots in 
Figure 4C,D, considerable changes were observed for 
the Src family kinases (LCK, FYN, SRC, YES1, BLK, 
LYN, and HCK), Abl family (ABL1), Syk family (SYK), 
and Met family (RON/macrophage stimulating 1 recep-
tor). To delve further into this evaluation, we performed 
random sampling analyses and quantification of gene-
expression changes for the kinases conserved among 
the two species. The peacock plots above each mRNA 
show the observed number of differentially phosphor-
ylated peptide substrates (indicated by the red line) 
compared with thousands of iterations of random pep-
tide selection (Figure 4E,F). The data for humans with 
fibrosis indicate that all TK assignments are not the re-
sult of chance, as indicated by the red line to the right, 
except one kinase, RON. These patterns were mostly 
conserved between humans and rodents. The human 
gene expression data for these targets showed altered 
Src family kinases (FYN, SRC, BLK, and HCK), ABL1, 
and SYK, which were all higher compared with human 
fibrosis. The analysis in mice showed that these kinases 
were also hyperactive, but no significant changes in 
gene expression were observed (Figure 4F).

Assimilation of STK families that are 
altered with fibrosis

The STK signaling events typically occur after a TK 
signaling event has been sent or by intracellular mecha-
nisms that activate signaling mechanisms. We interro-
gated the STKs that might be hyperactive or hypo-active 
in fibrosis. We organized the results of the substrate 
phosphorylation events in heatmaps to show how STK 
signaling events differ among humans (Figure 5A) and 
mice (Figure 5B) with fibrosis. Next, we compared the 
most differentially altered kinases in a waterfall plot 
based on the Z score for STKs that changed with fibro-
sis (Figure 5C,D). The highest families of STK events 
changed in our analysis were DMPK, PKA, and PKG. 
The peacock plots for DMPK and protein kinase cyclic 
adenosine monophosphate (cAMP)–activated catalytic 
subunit alpha (PRKACA/PKAα) in humans showed 
that their kinase activity was higher in humans and 
mice (Figure 5E,F). The mRNA expression levels of 



      |  7HEPATOLOGY 

DMPK but not PRKACA were higher in humans, with 
DMPK expression being statistically significant. Mice 
with fibrosis had no statistically significant difference 
between these two genes. Next, we performed im-
munostaining using antibodies for DMPK (no phospho 
antibody available), phosphorylation of PKA (pPKA), 
and αSMA to validate levels and localization of liver cell 
type. The DMPK showed strong expression in the nor-
mal healthy human livers and vehicle-treated mice livers 
(Figure 5E,F). The DMPK immunostaining was higher in 
the cirrhotic human livers but not the CCl4-treated mice 
livers. The DMPK was localized outside of the αSMA, 
indicating that it is likely expressed in hepatocytes. 
The pPKA had low immunostaining in normal healthy 
human livers and vehicle-treated mice livers, similar to 
the pINSR and pDDR1. The staining was higher in the 
human cirrhotic livers and mice with chronic CCl4 treat-
ment (Figure 5E,F). The pPKA immunostaining was 
colocalized with the αSMA in human cirrhotic livers and 
the chronic CCl4-treated mice livers, indicating that this 
might also be an effect specific to HSCs.

The STK events, unlike the PTK, also had some 
kinases that had negative Z scores. The kinase fam-
ilies with the most negative Z scores (DYRK, PDK1, 
ERK [mitogen-activated protein kinase 8 (MAPK8)], 

JNK [MAPK1]) are represented as expression levels 
(Figure 5G,H), and peacock plot analysis is shown for 
each in Figure S2. The results in humans show that 
gene expression for DYRK1A, PDK1, and MAPK1 was 
significantly higher. The gene expression for these 
four kinases was not significantly different for mice 
with fibrosis. However, there was a trend to be lower. 
Further analysis of the subfamily STKs revealed that 
some pathways were conserved between humans and 
rodents with fibrosis (Figure 6A,B). Comparing the 
most changes in the STK category among humans 
and mice with fibrosis, several kinases in the PK family 
were significantly enhanced (Figure 6C,D). The AGC 
group contains PKA, PKG, and PKC STKs, which is 
one of the highest bubble plot clusters in the paralog 
phylogenetic tree in Figure 1. The top-ranked STK ki-
nases include protein kinase C alpha (PRKCA/PKCα), 
protein kinase C beta (PRKCB/PKCβ), protein ki-
nase C delta (PRKCD/PKCδ), protein kinase C theta 
(PRKCQ/PKCθ), protein kinase B beta PKBβ/AKT2, 
protein kinase cGMP-dependent 1 (PRKG1/PKG1), 
protein kinase cGMP-dependent 2 (PRKG2/PKG2), 
protein kinase X-linked (PRKX), Pim1 and Pim2, which 
were the most differentially active STKs between hu-
mans and rodents (Figure 6E,F).

F I G U R E  4   Interrogation of individual tyrosine kinases in fibrosis of humans and rodents. Paralogous phylogenetic comparisons of 
differentially active (red text) tyrosine kinases in human liver fibrosis versus normal control samples (A) or mouse fibrosis versus normal 
control samples (B). The red dots of the log2 fold-change images indicate increased or decreased activity for each individual kinase in 
fibrosis compared with control. Differentially active individual kinases in human (C) or mouse (D) fibrosis compared with normal samples. 
Red coloring indicates higher specificity. Quantification of differentially changed individual kinases is shown as histogram peacock plots and 
mRNA expression measured via real-time PCR in humans (E) or mice (F)
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Comparison of animal models of fatty 
liver with emerging fibrosis

To validate our findings from the livers of humans with 
severe fibrosis from cirrhosis and the CCl4-induced ani-
mal model of fibrosis, we included two additional mouse 
models that have MAFLD with emerging fibrosis. As we 
show in Figure 2, we performed sirius red staining in 
mice fed a choline-deficient (CD) diet compared with 
chow control or a high-fat plus fructose (HFD+F) diet 
compared with chow control. As expected, the results 
show that both of the chow control groups had no fibro-
sis present (Figure 7A,B). The CD diet had a fibrosis 
score of 2.0 and a statistically significant induction of 
Tgfb1 (p  =  0.0392) (Figure 7A). The HFD+F diet had 
a lower fibrosis score of 1.0 and a near (but not sig-
nificant) induction of Tgfb1 (p  =  0.0503) (Figure 7B). 
These two models are indicative of hepatic steatosis 
with developing fibrosis, with the CD diet having more 
developed fibrotic events compared with the HFD+F 
diet model.

We next wanted to determine whether similar signal-
ing events to the humans with cirrhosis and the CCl4-
induced fibrosis mouse model were also occurring in 
these two MAFLD mouse models. The kinome analysis 

for the TK substrate phosphorylation levels was com-
piled into heatmaps for the CD and HFD+F diets and 
their chow controls. The upstream kinase results were 
aggregated to form the TK family waterfall plots as de-
scribed previously. We found that INSR was the most 
differential active kinase in the CD diet compared with 
chow and that DDR1 was the third highest (Figure 7C). 
However, the HFD+F diet compared with the chow-
fed group showed that INSR and DDR1 were lower in 
the livers (Figure 7D). The peacock plots of DDR1 and 
INSR showed that they had hyperactivity in the CD diet, 
but both had lower activity in the HFD+F compared 
with chow diets. The mRNA of Ddr1 was significantly 
reduced in the CD diet compared with chow-fed, and 
Insr had no significant difference. For the HFD+F diet 
compared with chow-fed, neither Ddr1 nor Insr mRNA 
levels were changed. The STK peptide substrate phos-
phorylation levels were quantitated for both models 
and prepared in heatmaps and waterfall plots as de-
scribed previously. Similar to the humans with cirrhosis 
and CCl4-induced fibrosis models, the CD diet com-
pared with chow control had higher DMPK and PKA 
kinase activity and no significant differences in Dmpk 
or Prkaca mRNA levels (Figure 7E). Interestingly, the 
HFD+F diet compared with chow control had enhanced 

F I G U R E  5   Assessment of serine/threonine kinase families changed in fibrosis of humans and rodents. Heatmap of substrate 
phosphorylation levels for serine/threonine kinases and waterfall plot of serine/threonine family of kinases in humans (A) and mice (B) for 
fibrotic samples compared with their control. Upstream serine/threonine kinase families identified by peptide substrate phosphorylation in 
humans (C) or mice (D) fibrotic and normal samples. Quantification of DM1 protein kinase (DMPK) and PKA (Z > 2) by histogram peacock 
plots and mRNA expression measured via real-time PCR and immunostaining with antibodies for DMPK, phospho-PKA (pPKA), or αSMA 
(scale bar = 50 μm) in humans (E) and mice (F) for fibrotic samples compared with their control. Real-time PCR measurement of mRNA 
expression of differentially changed (Z < 2) serine/threonine kinases (DRYK1A, PDK1, mitogen-activated protein kinase 1 [MAPK1] [ERK], 
and MAPK8 [JNK]) in humans (G) and mice (H)
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F I G U R E  6   Characterization of individual serine/threonine kinases in fibrosis of humans and rodents. Paralogous phylogenetic 
comparisons of differentially active (red text) protein tyrosine kinase (PTK) in human liver fibrosis samples versus normal control samples 
(A) or mouse fibrosis versus normal control samples (B). The red dots of the log2 fold-change images indicate increased or decreased 
activity for each individual kinase in fibrosis samples compared with control. Differentially active individual kinases in human (C) or mouse 
(D) fibrosis samples compared with normal samples. Red coloring indicates higher specificity. Quantification of differentially changed 
individual kinases is shown as histogram peacock plots and mRNA expression measured via real-time PCR in humans (E) or mice (F)

F I G U R E  7   Histological and kinomic analysis of additional animal models with fatty liver and emerging fibrosis. Sirius red staining (scale 
bar = 100 μm), fibrosis score, and Tgf-b1 mRNA expression in the livers of mice fed a choline-deficient (CD) diet and chow control (A) or a 
high-fat plus fructose (HFD+F) diet and chow control (B). Heatmap of substrate phosphorylation levels for tyrosine kinases, waterfall plot of 
tyrosine families, peacock plots, and mRNA expression for DDR and INSR in mice fed CD diet and chow control (C) or mice fed HFD+F diet 
and chow control (D). Heatmap of substrate phosphorylation levels for serine/threonine kinases, waterfall plot, peacock plots, and mRNA 
expression for DMPK and PKA in mice fed CD diet and chow control (E) or mice fed HFD+F diet and chow control (F)
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DMPK and PKA kinase activity (Figure 7E). The Dmpk 
mRNA expression was significantly (p = 0.0033) raised 
in the HFD+F group, and no difference in Prkaca mRNA 
levels.

DISCUSSION

Our studies here ascertained the ability of kinases to 
phosphorylate a substrate; hence, we measured kinase 
activity of a complex network of signaling pathways that 
occur in liver fibrosis (Figure 8), which was compared 
with the expression level and immunostaining to vali-
date the liver cell type and phosphorylation level. With 
the help of PamGene PamStation PTK and STK chip 
array technology, we delineated the critical signaling 
kinases that were altered in fibrosis of humans and ro-
dents and provided a comprehensive kinase atlas of 
signaling pathways. The comparisons of these data re-
veal that the signaling events in humans that cause fi-
brosis correspond to pathways in rodents with fibrosis. 
However, these events only corresponded with more 
advanced fibrosis, such as the finding of pINSR being 
hyperactive in HSCs of humans with cirrhosis (end-
stage fibrosis) with a fibrosis score of 4.0, CCl4-induced 
fibrosis in mice that had a fibrosis score of 3.0, and the 
CD-fed mice with a fibrosis score of 2.0. However, the 
mice fed a HFD+F diet had a fibrosis score of 1.0 and 
reduced pINSR activity. The HFD+F model was at the 
level of developing fibrosis, and this might change with 
the fibrotic events in the later stages. The vital aspect 
of this study is that we measured actual kinase activity 
compared with RNA sequencing of mRNA transcripts, 
which has no function.

Although perspectives on hepatic fibrosis have 
grown over the last two decades, this increase in knowl-
edge has yet to produce clinically viable therapies that 
directly treat hepatic fibrosis.[1,15,16] The primary obsta-
cle relates to the field’s incomplete understanding of 
the molecular mechanisms and signaling pathways in 
hepatic fibrosis. Techniques such as high-throughput 
RNA sequencing can monitor gene-expression levels 
to reveal interconnected relationships between liver 
disease and the mRNA levels of kinase pathway genes. 
Nevertheless, these techniques cannot achieve high-
throughput quantification of pathway activity. Our study 
reveals important relationships between previously 
published molecular factors such as INSR and DDR1 
PTKs and the PK family (PKA, PKB/AKT, PKC, and 
PKG) of STKs. It is not surprising that the DDR fam-
ily of transmembrane receptors had increased kinase 
activity in liver fibrosis, as the ligand for these receptor 
tyrosine kinases is collagen,[20] a critical element of the 
ECM that is shed during HSC proliferation. Although 
DDR has been investigated within the context of other 
fibrotic diseases such as in the lungs, pancreas, and 
kidney,[2,21,22] its position as a therapeutic target in 

hepatic fibrosis is newly emerging. Our results demon-
strate increased enzymatic DDR1 kinase activity in fi-
brosis but do not identify differential enzymatic DDR2 
kinase activity in fibrosis for humans or rodents.

The most perplexing finding is that the INSR kinase 
activity was significantly higher in the liver of humans 
and rodents with fibrosis. Also, the INSR mRNA ex-
pression was increased in humans with fibrosis, but 
the expression was not different in mice. Svegliati-
Baroni et al. demonstrated that insulin contributes to 
the activation of HSCs and stimulates collagen produc-
tion.[23] Peterson et al. found that insulin binding was 
greater in erythrocytes of patients with cirrhosis due 
to an increase in surface INSR numbers rather than 
from a change in receptor affinities.[24] Three indepen-
dent groups confirmed their findings of higher insulin 
responsiveness in erythrocytes of patients with cirrho-
sis.[25–27] Other studies have shown that humans with 
cirrhosis have reduced INSR activity in monocytes[28] 
and adipocytes,[29] which might cause the whole body 
to reduce insulin signaling that could indicate insulin 
resistance, as measured by glucose intolerance. We 
found that INSR kinase activity was reduced in mice fed 
a HFD+F diet. Current research on MAFLD therapeu-
tics is focused on insulin-sensitizers,[7,8,30] which brings 
into question whether the latter stages of liver disease 
(e.g., NASH, fibrosis, cirrhosis) will benefit from insulin-
sensitizing drugs. Based on our data from the livers of 
humans and rodents with fibrosis, there is the possi-
bility that these drugs may exacerbate HSC prolifera-
tion, thus worsening liver fibrosis. This concept might 
be accurate, as it was recently shown by Yen et al. that 
patients with insulin-resistant type 2 diabetes and liver 
cirrhosis who used insulin injections were associated 
with higher risks of death, liver-related complications, 
cardiovascular events, and hypoglycemia compared to 
those with the same ailments who did not use insulin.[31]

We also found that the INSR signaling cascade was 
significantly increased in mice with CCl4-induced fibro-
sis and mice fed a CD diet with higher fibrosis scores 
that was almost to the level of the human fibrosis, de-
spite sustained mRNA expression of INSR in the ani-
mal models. By quantifying kinase activity rather than 
kinase abundance, we can elucidate ostensible incon-
sistencies between reports describing insulin receptor 
functionality in fibrotic contexts as deficient[32] or im-
paired.[33] The increased INSR enzymatic activity de-
tected in our fibrotic samples also relates to the role the 
AKT kinases play in fibrotic signaling networks. Insulin 
stimulation of INSR kinase activity leads to down-
stream signaling events that activate AKT2,[34] which 
drives glucose uptake.[35–38] Enzymatic AKT2 activity 
was up-regulated in the livers of human and mouse 
fibrotic samples. Our observation that both INSR and 
AKT2 enzymatic activities are up-regulated in fibrosis 
adds weight to the previous hypothesis concerning the 
mechanism by which insulin signaling contributes to 
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fibrosis, that being INSR-mediated PI3K/AKT2 activa-
tion of HSCs.[39,40]

AKT is in the PK class of STKs. Several others in this 
class were also shown to be significantly higher in ki-
nase activity of humans and rodents with liver fibrosis. 
DMPK and PKA (represented as PRKACA) were the 
two highest kinase activities changed in fibrosis of hu-
mans and mice in the STK family. The DMPK gene en-
codes a protein named the DMPK, which is associated 
with myotonic DM1 and the degree of metabolic dys-
function in DM1 patients.[41] Dmpk knockout mice have 
reduced INSR-AKT signaling and develop glucose in-
tolerance.[42] Bhardwaj et al. suggested that DMPK may 
have a role in steatohepatitis,[43] but more studies are 
needed to clarify its function in fibrosis. One limitation 
in our study was that there are no phospho-specific 
DMPK antibodies, which would be useful for showing 

where DMPK is most active. Our results here indicated 
that DMPK might be expressed highest in hepatocytes, 
as the immunostaining showed very little colocalization 
with αSMA, a HSC marker.[19]

Many of the PK family members had hyperkinase 
activity, as measured by the PamGene technology. The 
PKA isoform was the most overactive in this group, with 
PKC and PKG also showing high responsiveness. PKA 
is a receptor for cAMP and elicits signaling actions that 
reduce lipid accumulation in the liver.[44] Hence, antag-
onizing PKA in the liver leads to hepatic fat accumula-
tion.[45] In MAFLD, the liver becomes larger due to the 
accumulation of fat in hepatocytes.[30] However, in the 
later stages, such as in the late stage of NASH with fi-
brosis or cirrhosis, the liver becomes smaller, and lipids 
are eliminated.[30] Interestingly, the mice that were fed a 
HFD+F diet had higher DMPK and PKA kinase activity 

F I G U R E  8   Human fibrosis molecular interaction network. Molecular interactions network of human kinomic data to indicate pathways 
that are changed in fibrosis samples versus control samples. Combined Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways 
from MAPK, phosphatidylinositol-3-kinase (PI3K), RAS, and EGF receptor (EGFR). Gene nodes were kept if they formed edges with genes 
in at least three of the four pathways and genes that were noted as differential peptides from humans and mice. Genes from complexes 
or where multiple genes have very similar symbols were collapsed to single entries, noted with an asterisk (*). Genes from the differential 
peptides list are green. The network was generated in R using ggraph, visualized in Cytoscape, and laid out using yfiles layouts
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compared with chow control, which might indicate that 
these could be early events that drive some of the fi-
brotic events that cause progression and worsening of 
the liver disease. Whether the hyperactive PKA can re-
duce lipid levels in the latter stages of liver diseases or 
whether the other PK isoforms may be involved has yet 
to be explored.

In conclusion, we present a kinomic atlas of hepatic 
fibrosis that may help resolve potential contradictions in 
the field while deepening our mechanistic understand-
ing of therapeutically targetable liver fibrosis pathways. 
The overactive INSR finding was unexpected and may 
shift the current thinking of the therapeutics for liver 
fibrosis and cirrhosis in which MAFLD is treated with 
insulin sensitizers, but this brings into question whether 
the same treatment might be pernicious for the latter 
stages of liver dysfunction. This could likely occur from 
the cell-type rearrangement that happens in the later 
stages of liver disease, such as hepatocyte death and 
growth of HSCs. Agents that weaken the fibrotic pro-
cesses by attenuating HSC activation are promising 
antifibrotic candidates. Here, the kinome atlas may re-
flect unknown kinase targets or ones underappreciated 
that may provide more treatment options. Furthermore, 
the kinase technology may serve as a better diagnostic 
tool for determining causes and therapeutics.
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