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Background: The activation of hepatic stellate cells (HSCs) plays a crucial role in liver fibrosis, however the role of
HSCs is less understood in hepatic insulin resistance. Since in the liver cGMP-dependent protein kinase I (cGKI)
was detected in HSC but not in hepatocytes, and cGKI-deficient mice that express cGKI selectively in smooth
muscle but not in other cell types (cGKI-SM mice) displayed hepatic insulin resistance, we hypothesized that
cGKI modulates HSC activation and insulin sensitivity.
Materials andMethods: To study stellate cell activation in cGKI-SMmice, retinol storage and gene expressionwere
studied. Moreover, in the human stellate cell line LX2, the consequences of cGKI-silencing on gene expression
were investigated. Finally, cGKI expression was examined in human liver biopsies covering a wide range of
liver fat content.
Results: Retinyl-ester concentrations in the liver of cGKI-SM mice were lower compared to wild-type animals,
which was associated with disturbed expression of genes involved in retinol metabolism and inflammation.
cGKI-silenced LX2 cells showed anmRNA expression profile of stellate cell activation, alteredmatrix degradation
and activated chemokine expression. On the other hand, activation of LX2 cells suppressed cGKI expression. In
accordance with this finding, in human liver biopsies, we observed a negative correlation between cGKI mRNA
and liver fat content.
Conclusions: These results suggest that the lack of cGKI possibly leads to stellate cell activation, which stimulates
chemokine expression and activates inflammatory processes, which could disturb hepatic insulin sensitivity.
© 2018 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Hepatic inflammation is strongly associated with insulin resistance
[1], and it can progress to non-alcoholic steatohepatitis (NASH), hepatic
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fibrosis and cirrhosis [2]. Hepatic stellate cells (HSCs) are located in the
space of Disse adjacent to hepatocytes, Kupffer cells and endothelial
cells (ECs) and play a central role in liver fibrogenesis [3]. Under
quiescent conditions, HSCs contain most of the body's Vitamin A
(retinol) as retinyl-esters [4]. Upon activation, they lose the stored
retinyl-esters, express extracellular matrix proteins (ECMs) like
collagen as well as matrix remodeling enzymes like matrix
metallopeptidases (MMPs) and tissue inhibitor of metallopeptidases
(TIMPs) [5]. Activated HSCs are key drivers of liver fibrosis/cirrhosis
via ECM production [6] and they could also stimulate oncogenic path-
ways [7]. Recent studies showed, that in addition to fibrogenesis, HSCs
play a central role in inflammatory processes expressing inflammatory
cytokines [8]. Furthermore, HSCs were demonstrated to be involved in
the chemotactic recruitment of Kupffer cells,monocytes andmacrophages
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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from the circulation into the injured liver area through chemokineproduc-
tion [3]. The pathways triggering HSC activation, in particular in non-
alcoholic fatty liver disease (NAFLD) and insulin resistance are less clear.
In our previous study, we have found that mice expressing cGMP-
dependent protein kinase I (cGKI) selectively in smooth muscle but not
in other cell types (cGKI-SM mice) exhibit hepatic macrophage infiltra-
tion, which was postulated to elevate hepatic inflammation and in turn
led to insulin resistance [9]. Nitric oxide (NO) elevates cGMP levels,
which activates cGKI [10]. NO signaling was also shown to regulate
intrahepatic vascular resistance, which is a characteristic property of
NAFLD [11]. Furthermore, insulin resistance is associatedwith endothelial
dysfunction in young relatives of patients with type 2 diabetes (T2D) sug-
gesting a dysregulated NO signaling in patients with high liver fat [12]. In
the liver, immunostaining for cGKI was positive in stellate cells but not in
hepatocytes [9] suggesting that cGKI has a stellate cell specific function. To
prove the hypothesis that the lack of cGKI triggers HSC activation leading
to hepatic inflammation and insulin resistance, in this study the retinyl-
ester storage and expression of genes involved in retinol metabolism
and inflammation were studied in liver of cGKI-SM mice. To investigate
stellate cell metabolism, we used the human hepatic stellate cell line
LX2, which has been previously validated as a suitable model expressing
activation markers like alpha smooth muscle actin (α-SMA), MMPs and
TIMPs [13]. To explore the keymetabolic pathways disturbed by the abla-
tion of cGKI, we investigated the consequences of silencing cGKI by siRNA.
Furthermore, we studied cGKI mRNA expression in human liver biopsies
covering a broad range of liver fat content.
2. Materials and Methods

2.1. Materials

Chemicals were purchased from Sigma-Aldrich (Germany) unless
stated otherwise.
2.2. Animal Studies

Male and female mice that express cGKI selectively in smooth mus-
cle but not in other cell types (cGKI-SMmice [9])were analyzed at two–
three months of age as described previously [9,14]. Liver triacylglycerol
(TAG) and retinoid levels were measured as described previously
[15,16]. Total liver RNA was isolated from liver tissues using RNeasy
Mini Kit (Qiagen, Germany) with MagNA Lyser Green Beads (Roche,
Germany) according to the manufacturer's description. All animals re-
ceived humane care and mouse studies were approved by local
government authorities and performed according to GV-SOLAS (Society
for Laboratory Animal Science) in accordance with the German Animal
Welfare Act.
2.3. Microarrays

RNA integrity was determined with the Agilent 2100 Bioanalyzer
and Eukaryote Total RNA Nano Kit (Agilent Technologies, Germany).
cDNA synthesis and hybridization to Affymetrix GeneChip Mouse
Gene 2.0 ST arrays (Affymetrix, Inc., Germany) were conducted as de-
scribed by the manufacturer's specifications. Array images were ana-
lyzed using Affymetrix Expression Console 1.4.1 software. Signal
intensities were log-transformed and normalization was performed by
RMA (robust multi-array average) method. Array data were submitted
to the NCBI GEO database at NCBI (GSE111988). Statistical analysis
was performed in MultiExperiment Viewer (MeV, version 4.9.0) using
the Significance Analysis of Microarrays algorithmwith 1000 permuta-
tions and a local false discovery rate (FDR) of b10% [17]. Pathway
analysis was performed with Ingenuity Pathway Analysis (IPA) tool
(Qiagen).
2.4. Cell Culture

Primary human hepatocytes (PHH) were isolated by a two-step
EDTA/collagenase perfusion technique as described previously with
the following modifications: To stop the collagenase digestion, a solu-
tionwith 20% FBS in phosphate-buffered saline (PBS)was used. Tomin-
imize proteolytic enzyme activities, the collagenase solution wasmixed
1:1 with the perfusion solution II. Hepatocytes were cultivated for one
day in Williams Medium E containing 10% FBS [18]. Indications for the
surgery were hepatic hemangioma, curative resection of hepaticmetas-
tases of colorectal malignancies or hepatocellular carcinoma. Liver sam-
ples were taken from normal, non-diseased tissue during surgery.
Informed, written consent was obtained from all participants, and the
Ethics Committee of the University of Tübingen approved the protocol
according to the Declaration of Helsinki.

The human immortalized hepatic stellate cell line LX2 cells
(Millipore, Germany, #SCC064) were kept at humidified atmosphere
(at 5% CO2, 37 °C) and cultured in 2% FBS containing DMEM media
(Gibco, Germany) supplemented with penicillin/streptomycin. For ex-
periments, LX2 cells were seeded on the first day on 6-well plates and
transfected on the second day with ON-TARGETplus Human PRKG1
(5592) siRNA SMARTpool (Dharmacon, Germany, #L-004658-00-
0005) or with ON-TARGETplus Non-targeting pool siRNA (Dharmacon,
#D-001810-10-20) using Viromer Blue (Lypocalyx, Germany, #VB-
01LB-01) according to the manufacturer's description. On the third
and fourth days, LX2 cells were treated with human TGFβ1 (R&D Sys-
tems, Germany, #100-B-001) at the given concentrations and cells
were harvested on the fifth day. To keep LX2 cells quiescent for the in-
dicated experiments, cells were treated with 10 μM retinol, 100 μM
BSA-coupled palmitate, 500 μM isobutylmethylxanthine (IBMX), 1 μM
dexamethasone, and 167 nM insulin (MDI) as it was published previ-
ously [19,20]. Biological replicates represent three–four independent
experiments.

2.5. Human Liver Biopsies

In addition, data for the analysis of liver tissue samples, a cohort of 105
European descendent men and women (37 women/68 men, age 63 ±
12 years, weight 76±13 kg, BMI 25.2±4.1 kg/m2) undergoing liver sur-
gery at theDepartment of General, Visceral, and Transplant Surgery at the
UniversityHospital of Tübingenwas included in the present study. Indica-
tions for the surgery were hepatic hemangioma, curative resection of he-
patic metastases of colorectal malignancies or hepatocellular carcinoma.
Liver samples were taken from normal, non-diseased tissue during sur-
gery. Patients were fasted overnight before collection of liver biopsies.
Subjectswere tested negative for viral hepatitis and had no liver cirrhosis.
Informed, written consent was obtained from all participants, and the
Ethics Committee of the University of Tübingen approved the protocol
(239/2013BO1) according to the Declaration of Helsinki. Liver samples
were immediately frozen in liquid nitrogen, and stored at −80 °C. Liver
tissue samples were homogenized in PBS containing 1% Triton X-100
with a TissueLyser (Qiagen). To determine the liver fat content, TAG con-
centrations in the homogenate were quantified using an ADVIA XPT clin-
ical chemistry analyzer (Siemens Healthineers, Germany), and the results
were calculated as mg/100 mg tissue weight (%) as described previously
[21]. For RNA isolation frozen tissue was homogenized in a TissueLyser
(Qiagen) and total RNA was isolated as described below.

2.6. Real-Time PCR

Total RNA from LX2 cells or from human liver biopsies were isolated
with Allprep RNA/DNA/protein kit (Qiagen) or with RNeasy Mini Kit
(Qiagen), respectively according to the manufacturer's description and
500 ng total RNA was applied for cDNA synthesis (Transcriptor First
Strand cDNA synthesis kit, Roche). Real-time PCRs were performed
with LightCycler 480 Probes Master (Roche) with universal probe
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library (primer sequences and probe numbers are listed in Supplemen-
tary Tables 1 and 2) using LightCycler 480 (Roche) as published previ-
ously [15]. Delta-delta crossing-point (Cp) values were calculated and
values were normalized to the geometric mean of the housekeeping
genes ribosomal protein S13 (Rps13) and ubiquitin c (UBC) for LX2
cells. Three–four independent experiments of LX2 cells were normal-
ized to experimental averages, and then to untreated controls (shown
as one).

2.7. Western Blot

Proteins were isolated with Allprep RNA/DNA/protein kit (Qiagen) or
with RIPA buffer supplemented with proteinase and phosphatase inhibi-
tors [22]. Seven to fifteen micrograms of proteins was loaded on 10%
acrylamidegel andblottedonto anitrocellulosemembrane (GEHealthcare,
Germany). After 1 h saturation in NETG [22] the antigen was labeled with
the appropriate first antibody (cGKI: Cell Signaling, #3248; α-SMA: Cell
Signaling, #1945; albumin: Santa Cruz, #sc-271605; TIMP2: Biotechne/
R&D systems, #AF971; GAPDH: Abcam, #8245, Germany) in NETG for
overnight. After washingwith NETG, the appropriate secondary antibodies
(anti-rabbit HRP, anti-mouse HRP, anti-goat HRP; Santa Cruz, TX, USA)
wereused inNETGandafterfinalwashing theblotwasdevelopedwith en-
hanced chemiluminescence using ChemiDoc Touch Imaging System
(BioRad, Germany). Protein bands were evaluated by densitometry and
data for three–four independent experiments were normalized to loading
controls, then to experimental averages, and finally to untreated controls
(shown as one).

2.8. NFkB Promoter Activity

LX2 cells were cultured in 2% FBS and transfected with NFkB
promoter-Firefly vector (Clonetech/Takara, USA) and pRL-CMV-Renilla
control vector (Promega, USA) in the absence or presence of negative
siRNA or cGKI siRNA using Viromer Red (Lypocalyx, Germany). Luciferase
assay was measured 46 h after transfection using GloMaxMultidetection
System Luminometer (Promega) as described previously [23]. Values
were normalized to untransfected controls and NFkB promoter driven
Firefly values were divided by the constitutive cytomegalovirus (CMV)
promoter driven values. Finally, data were normalized to plasmid DNA
transfected conditions without siRNA (shown as one).

2.9. Statistics

Statistical evaluations were performed using GraphPad Prism 7.03.
To compare cGKI-SM with control mice, Students t-tests were per-
formed. To calculate statistical significance for LX2 cells in five different
conditions, ANOVA with post hoc Holm-Šídák's multiple comparison
tests were used. Statistical significance was assumed as p b 0.05, unless
otherwise stated.

3. Results

3.1. cGKI is Expressed in Stellate Cells but not in Hepatocytes

Our previous histological investigations inmice suggested that cGMP-
dependent protein kinase I (cGKI) expression in the liver is only detect-
able in stellate cells, but not in hepatocytes [9]. To verify this observation
in humans and to validate our cell culture model, we compared primary
human hepatocytes (PHH) with the human stellate cell line LX2. As ex-
pected, LX2 cells expressed the myofibroblast specific protein α-smooth
muscle actin (α-SMA) (Fig. 1A, upper panel) suggesting that this cell
line is partly activated as itwas publishedpreviously [13]. PHHdidnot ex-
press α-SMA (Fig. 1A, upper panel) but albumin was detected in these
cells (Fig. 1A, middle panel). cGKI antibody recognized a prominent
band in LX2 cells, however PHH did not show any signal for this antibody
(Fig. 1A, lower panel) indicating that cGKI is stellate cell specific.
3.2. cGKI-SM Mice Show Signs for Stellate Cell Activation

Since our previous study demonstrated that ablation of cGKI resulted
in elevated hepatic inflammation and insulin resistance,whichmight be a
consequence of stellate cell activation [9] we analyzed the livers of these
animals in more detail. In accordance with previous data, the hepatic
triacylglycerol (TAG) level of cGKI-SMmice was lower compared to con-
trol mice (Supplementary Fig. 1A). We next performed a transcriptomics
analysis of the global hepatic gene expression in these animals. Signifi-
cance analysis of microarray (SAM) analysis revealed 55 genes, which
were significantly changed in cGKI-SM mice compared to controls (Sup-
plementary Table 3). The most prominent genes are shown in Fig. 1B.
Many genes, which are involved in inflammatory processes and iron
metabolism, were significantly upregulated in cGKI-SM mice (Fig. 1B).
Genes responsible for lipid and retinol metabolism showed a significant
downregulation, however genes coding for extracellular matrix proteins
were upregulated in cGKI-SMmice (Fig. 1B). Selected significantly regu-
lated genes in the microarray were verified by quantitative real-time
PCR (Fig. 1C). In order to investigate, which pathways are changed in
the liver of cGKI-SMmice, the significantly regulated geneswere analyzed
using the Ingenuity PathwayAnalysis (IPA) tool. IPA could not only detect
significantly enriched pathways using p-values (significance is assumed
as p b 0.1000), but is also able to identify, whether the pathway is signif-
icantly upregulated by z-scores (z-score N 2). To determine the conse-
quences of the ablation of cGKI in the liver, different IPA pathways
including the Toxicity list, Upstream regulators and Canonical pathways
were analyzed. Among the Canonical pathways, the retinol biosynthesis
pathway was significantly enriched (p-value = 0.0490). IPA showed
that pathways responsible for cytochrome P450, oxidative stress, liver
necrosis, fatty acid metabolism and acute phase response protein path-
ways (Table 1, Toxicity list) were significantly enriched. Furthermore,
IPA demonstrated a significant enrichment of upstream regulators of in-
flammatory pathways and stellate cells activators (Table 1, Upstream
Regulators list, p-values), which were upregulated significantly (z-score
N 2) or by trend (z-score 1 b 2) (Table 1, Upstream Regulators list, z-
scores). To study the stored Vitamin A content in the liver of cGKI-SM
mice, we measured hepatic retinol and retinyl-ester content. cGKI-SM
mice showed significantly lower concentrations of all studied retinyl-
esters compared to control mice (Fig. 1D). The reduced retinyl-ester
storage and the upregulated inflammatory (interleukin 1, 6 and tumor
necrosis factor) and stellate cell activator (platelet-derived growth factor
B) pathways suggest that the absence of cGKI evokes an activation of
hepatic stellate cells in cGKI-SM mice.

3.3. cGKI Level Decreases During Activation of Stellate Cells

In order to study whether the absence of cGKI directly impacts on
stellate cell activation, we used the human hepatic stellate cell line
LX2. Since quiescent stellate cells store retinyl-esters,we have firstmea-
sured intracellular retinyl-palmitate (RP) levels in LX2 cells. To induce
intracellular RP storage, LX2 cells were treated with retinol and palmi-
tate. Furthermore, we applied a treatment protocol that has been
shown to induce a quiescent state in stellate cells containing
isobutylmethylxanthine (IBMX), dexamethasone, and insulin (MDI)
[19] in combination with retinol and palmitate. Intracellular RPwas de-
tected in LX2 cells treated with retinol and palmitate in the presence or
absence of MDI (quiet1 and quiet2 conditions, Fig. 2A), however un-
treated cells did not store RP (basal condition, Fig. 2A). Furthermore,
retinol and palmitate supplementation was essential for RP storage in
LX2 cells, since withdrawal of retinol and palmitate for one day led to
depletion of RP stores (“-ret + pal” condition, Fig. 2A). Since high
serum concentrations are known to activate stellate cells [20], the nor-
mal 2% FBS (used routinely for culture conditions keeping cells rather
in inactivated state) was exchanged to 10% FBS. As expected, LX2 cells
showed a trend to lower RP stores when cultured in 10% FBS (activated
condition, Fig. 2A) suggesting that LX2 cells are partly activated under



Fig. 1. cGKI is expressed in stellate cells and cGKI-SM mice show signs for stellate cell activation. A: The intracellular protein composition of primary human hepatocytes (PHH) was
compared to human stellate cell line LX2 using Western blot with the indicated antibodies. B: Important, differently expressed hepatic genes were chosen from microarray analysis of
cGKI-SM and control (Ctrl) mice shown as a heat map. Red color indicates upregulated genes, blue color indicates downregulated genes normalized to group averages (set as one).
The complete gene names are given in Suppl. Table 3. SM/Ctrl ratios indicate the group averages of cGKI-SM mice divided by the averages of control animals. Genes, which showed
lower expression in cGKI-SM mice, are shown as inverted ratios with minus; n:3. C: mRNA levels of hepatic genes were determined by real-time PCR from liver samples of cGKI-SM
and control mice. Valueswere normalized to the housekeeping gene RPS13; n:8–10. Number denotes p-value calculated by Students t-test. D: Hepatic retinoid levels of cGKI-SM and con-
trol mice measured by high-performance liquid chromatography. RP: retinyl-palmitate, RS: retinyl-stearate, RO: retinyl-oleate, RL: retinyl-linoleate; n:4. Columns represent averages ±
standard deviations; * denotes significant differences between cGKI-SM and control mice; *p b 0.05, **p b 0.01, ***p b 0.001.
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these conditions. To furthermimic stellate cell activation in vitro, LX2 cells
were activated with 10% FBS for two days in the presence of transforming
growth factor beta (TGFβ), a cytokine, which is known to induce stellate
cell activation [20] and liver fibrosis [6]. The gene expression profile of
keymarkers for stellate cell activationwas studied using real-time PCR. In-
creasing concentration of TGFβ led to elevated transcript levels of alpha
smooth muscle actin (α-SMA), collagen type I alpha 1 chain (COL1A1),
transforming growth factor beta induced (TGFβi), connective tissue
growth factor (CTGF),matrixmetallopeptidase 2 (MMP2) and tissue inhib-
itor ofmetallopeptidase 2 (TIMP2) in LX2 cells (Fig. 2B–G). TGFβ treatment
decreased the mRNA expression of peroxisome proliferator activated re-
ceptor gamma (PPARγ) (Fig. 2H), which is a marker of quiescent stellate
cells [3]. Since elevated expressions of α-SMA, COL1A1, CTGF, MMP2 and
TIMP2 are characteristic for activated stellate cells [5], these results suggest
that 10% FBS in the presence of TGFβ resulted in the activation of LX2
cells. Interestingly, the transcript as well as protein levels of cGKI were
reduced upon stimulation (Fig. 2I–J) strongly indicating that activation
of stellate cells suppresses cGKI expression. Since quiescent stellate
cells could be different from non-quiescent cells, we also analyzed LX2
cells, which were kept in quiescent condition for one day with retinol,
palmitate and MDI and got activated on the consecutive day. As
shown for the non-quiescent LX2 cells (Fig. 2), the transcripts of α-
SMA, TGFβi and MMP2 were also upregulated in quiescent LX2 cells
upon the TGFβ stimulus (Supplementary Fig. 1B–D). Furthermore, the
transcript of cGKI was reduced during the activation of quiescent LX2
cells (Supplementary Fig. 1E).

3.4. The Ablation of cGKI Results in Elevated Activation of Stellate Cells

After establishing the appropriate conditions for in vitro stellate cell
activation, LX2 cells were transfectedwith cGKI specific siRNA to reduce
intracellular cGKI levels. Real-time PCR and Western blot experiments
showed that cGKI levels are significantly reduced in cGKI siRNA treated
cells compared to negative siRNA controls (Fig. 3A–B). Silencing cGKI
significantly increased the transcripts of α-SMA and TGFβi in the pres-
ence of TGFβ, and it elevated the transcript ofMMP2 in all studied con-
ditions (Fig. 3C–E). The transcript levels of TIMP2 and PPARγ were
significantly reduced upon silencing cGKI (Fig. 3F–G). The higher tran-
script levels of α-SMA and MMP2 and the lower TIMP2 level in cGKI
siRNA knock-down cells were also verified in quiescent LX2 cells in
the presence (Supplementary Fig. 1F–I) or absence of fetal bovine
serum (FBS) (Supplementary Fig. 1J). The higher level of α-SMA and
the lower level of TIMP2 upon cGKI siRNA knock-down were verified
at protein level, however the observed changes remained non-



Table 1
Significantly enriched pathways of hepatic genes.

Ingenuity toxicity lists p-value

Cytochrome P450 panel - substrate is a fatty acid (mouse) 0.0525
Increases damage of mitochondria 0.0525
NRF2-mediated oxidative stress response 0.0490
Liver necrosis/cell death 0.0191
Fatty acid metabolism 0.0138
Positive acute phase response proteins b0.0001

Ingenuity upstream
regulators

Name z-score p-value

NFκB complex Nuclear factor
kappa-light-chain-enhancer of activated
B cells

1.01 b0.0001

STAT3 Signal transducer and activator of
transcription 3

1.75 0.0009

TNF Tumor necrosis factor 1.81 b0.0001
IL1B Interleukin 1 beta 1.96 b0.0001
IL1A Interleukin 1 alpha 1.96 0.0010
IL6 Interleukin 6 1.98 b0.0001
NOS2 Nitric oxide synthase, inducible 2.19 b0.0001
PDGF BB Platelet-derived growth factor beta 2.22 0.0004

Hepatic gene expression was analyzed using microarray and Significance Analysis of Mi-
croarrays (SAM) algorithm was applied with False Discovery Rate (FDR) less than b10%,
which identified 55 differently expressed genes comparing cGKI-SM mice to controls.
These 55 genes were analyzed by Ingenuity Pathway Analysis (IPA), which identified sig-
nificantly enriched pathways, some of them are shown as Table 1. p-values represent
Benjamini-Hochberg corrected p-values, positive z-scores represent that the pathways
are upregulated, z-scoresN2 indicate significantly upregulated pathways. Significance for
pathway enrichment is shown as p-values, which was assumed as p b 0.1000.
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significant (Supplementary Fig. 1K–L). Since patatin-like phospholipase
domain-containing protein 3 (PNPLA3) was recently shown to contrib-
ute to stellate cell activation [20],we also analyzed the transcript level of
PNPLA3. Silencing cGKI significantly elevated the expression of PNPLA3
(Fig. 3H). These results indicate that independently of the basal activation
state, the lack of cGKI promotes the expression of key stellate cell genes
leading to activation of LX2 cells. In order to study the role of cGKI in
retinyl-palmitate storage, LX2 cells were transfected with cGKI siRNA
and RP levels were measured. Silencing of cGKI did not influence the
stored RP levels in LX2 cells in any of the analyzed conditions (Fig. 3I).

Since activated stellate cells could recruit macrophages, granulocytes
and monocytes to the location of liver injury via elevated chemokine se-
cretion [3], we analyzed the transcripts of known chemokines involved
in this process. Silencing cGKI significantly elevated the transcript levels
of interleukin 8 (IL8), chemokine (C-Cmotif) ligand 5 (CCL5) and chemo-
kine (C-X-C motif) ligand 1 (CXCL1) chemokines as well as the level of
toll-like receptor 4 (TLR4), which is a knownmarker for activated stellate
cells [4] (Fig. 4A–D). Since TGFβwas shown tomediate both pro and anti-
inflammatory effects [24], it is not unexpected that TGFβ treatment led to
decreased chemokine secretion, as it was also shown for LX2 cells [25]. In
order to investigate key factors, which could regulate chemokine expres-
sion,wemeasurednuclear factor kappa-light-chain-enhancer of activated
B cells (NFkB) promoter activity using luciferase assay. The knock-down
of cGKI increased NFkB promoter activity compared to negative siRNA
condition (Fig. 4E). Our results suggest that the absence of cGKI leads
not only to activation of LX2 cells but also to elevated chemokine secre-
tion, which could be regulated by NFkB.

3.5. cGKI mRNA Levels in Human Liver Biopsies Are Negatively Associated
With Liver Fat

Finally, we tested the relevance of cGKI in human fatty liver disease
and analyzed the transcript expression of cGKI in human liver biopsies
covering a wide range of liver fat content. In these human samples
cGKImRNA expression was negatively correlated with liver fat content
(Fig. 4F) suggesting that hepatic cGKI is downregulated during accumu-
lation of liver fat.
4. Discussion

cGKI-SM mice display a striking liver phenotype of hepatic macro-
phage infiltration, inflammation and insulin resistance [9], which is only
poorly understood. We hypothesized that in cGKI-SM mice, hepatic
insulin resistance is induced by HSC activation triggered by the lack of
cGKI, which induces macrophage infiltration and hepatic inflammation.
In the present study we detected low hepatic retinyl-ester storage in
cGKI-SM mice, which is characteristic for stellate cell activation. This
was accompanied by a hepatic transcript profile, which was enriched in
genes involved in retinol metabolism and upregulated pathways known
to activate HSCs (like PDGF) [3]. The upregulated inflammatory modula-
tors identified by the IPA analysis in cGKI-SM mice mostly belong to the
pro-inflammatory pathways (TNF, IL1, IL6). Since IL1 and TNFα have
been already shown to be involved in HSC and macrophage crosstalk
[26] they could at least in part mediate the effects of cGKI in stellate cell
activation.

Taken together, our data from the liver of cGKI-SM mice and from
the cGKI siRNA knock-down human hepatic stellate cell line LX2 cells
suggest that at least three major stellate cell functions are modulated
by cGKI (Fig. 4G). The ablation of cGKI results in activation of stellate
cells (Function 1), altered ECM remodeling (Function 2) and elevated
chemokine secretion (Function 3).

Function 1: The lack of cGKI increased the transcript of α-SMA and
suppressed the mRNA of PPARγ. α-SMA is a characteristic marker for
activated HSCs [27] and cGKI activation with sildenafil was shown to
decrease α-SMA level in the kidney [28]. PPARγ is a quiescent HSC
marker and it is needed to be silenced at transcriptional level for the
conversion of quiescent HSC to myofibroblast [29]. Therefore our
results suggest that via the regulation of α-SMA and PPARγ, the ab-
sence of cGKI induces a possible transdifferentiation of quiescent stel-
late cells to myofibroblasts in LX2 cells.
Function 2: The ablation of cGKI elevated the mRNA ofMMP2 and de-
creased the transcript of TIMP2. During stellate cell activation, cells se-
crete a high amount of ECMproteins in associationwith elevated levels
of MMPs, which are involved in the digestion and remodeling of ECM
proteins [5]. TIMPs are specific inhibitors of MMPs but TIMP2 has also
the capacity to activateMMP2 [30]. TIMPs are also expressed onhigher
levels during liver fibrosis and stellate cell activation [31], and a high
MMP/TIMP ratio is a typical hallmark of activated state [5]. Since the
ablation of cGKI elevated MMP2/TIMP2 ratio, these results implicate
that cGKI may alter matrix remodeling activity in LX2 cells.
Function 3: The absence of cGKI increased the transcript levels of
TLR4, IL8, CCL5 and CXCL1. Activated HSCs express TLR2, TLR3,
TLR4, TLR7 and TLR9, from which TLR4 was shown to upregulate
chemokine secretion, to induce chemotaxis of macrophages and to
be involved in ROS signaling [3,26]. Therefore, it is possible that
the higher TLR4 level in cGKI silenced LX2 cells is also involved in
the induction of chemokines. In the liver, HSCs were shown to se-
crete CXCL1, which is responsible for the recruitment of neutrophil
granulocytes [32]. CCL5 is a chemokine, which recruits monocytes
to the liver [26]. Blocking CCL5 with receptor antagonist resulted in
decreased HSCmigration and proliferation in mice and LX2 cells, re-
spectively [3,33]. IL8 is a chemokine, which recruits and activates
leukocytes during inflammation and it was shown to be responsible
for the induction of α-SMA from LX2 cells co-cultured with human
hepatoma cells transfected with HCV protein [34]. Furthermore,
the cGKI-SM mice showed signs of macrophage infiltration in the
liver [9]. Thus, the higher chemokine expression of stellate cells lack-
ing cGKI could recruit macrophages, which infiltrate the liver pro-
moting inflammatory processes. Elevated inflammation was shown
to cause insulin resistance via reduced vascular NO level and



Fig. 2. cGKI level decreases during activation of stellate cells. A: Intracellular retinyl-palmitate level was measured by high-performance liquid chromatography. B–J: LX2 cells were left
untreated in 2% FBS (2F, basal condition) or got activatedwith 10% FBS (10F) in thepresence or absence of 0.1, 1 and10ng/ml TGFβ (Τ) for twodays. B–I: Transcript levelswere determined
with real-time PCR. Valueswere normalized to the geometricmean of housekeeping genes RPS13 and UBC and to 2F condition (set as one). J: The protein level of cGKI was determined by
Western blot and band intensities of cGKI were normalized to loading control GAPDH by densitometry. Columns represent averages ± standard deviations; n:2–3 for A, n:3–4 for B–J. #
denotes significant differences compared to 2F basal condition; #p b 0.05, ##p b 0.01, ###p b 0.001, whereas § denotes significant differences compared to 10F condition; §p b 0.05, §§§p b
0.001.
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Fig. 3. The ablation of cGKI results in elevated activation of stellate cells. To knock-down cGKI, LX2 cells were transfectedwith cGKI siRNA or with non-targeting negative control siRNA. A,
C–H: LX2 cells were left untreated in 2% FBS (2F, basal condition) or got activatedwith 10% FBS (10F) in the presence or absence of 0.1, 1 and 10 ng/ml TGFβ for two days. Transcript levels
were determinedwith real-time PCR. Valueswere normalized to the geometric mean of housekeeping genes RPS13 and UBC and to 2F condition of untransfected cells (set as one). B: The
protein level of cGKIwas determined byWestern blot and band intensities of cGKIwere normalized to loading control GAPDH by densitometry. I: Intracellular retinyl-palmitate level was
measured by high-performance liquid chromatography. Columns represent averages ± standard deviations; n:3–4. * denotes significant differences between cGKI and negative siRNA
control; *p b 0.05, **p b 0.01, ***p b 0.001. # denotes significant differences between quiescence condition (quiet1) compared to activated condition for untransfected cells; ##p b 0.01.
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vasodilator-stimulated phosphoprotein (VASP) function, which is a
known downstream target of cGKI [35]. Furthermore, a VASP activa-
tor displayed protective effects against hepatic inflammation and in-
sulin resistance [35]. Moreover, the activation of cGKI with sildenafil
was shown to reduce macrophage infiltration in mouse kidney [28].
These results strongly indicate that the lack of cGKImay play a direct
role in recruiting macrophages to the injured liver area and causing
hepatic insulin resistance.

The best characterized upstream activator of cGKI is nitric oxide (NO),
and a defective NO signaling has been already described in various liver
diseases like urea cycle disorders [36], insulin resistance [37], liverfibrosis
[38] and cirrhosis [39]. Under physiological conditions, endothelial cells
(ECs) keep HSCs via NO signaling quiescent and if the metabolism of EC
or HSCs is disturbed, they both could contribute to intrahepatic vascular
resistance, which is a characteristic feature of NAFLD [40]. These data un-
derline a contribution of impaired NO/cGMP/cGKI signaling in HSCs to
numerous liver diseases.

In our siRNA experiments, silencing cGKI evoked an activated stel-
late cell profile. Furthermore, cGKI mRNA level was reduced both in ac-
tivated LX2 stellate cells and in the liver of human subjects with high
triacylglycerol (TAG) levels. Thus, these data indicate that hepatic TAG
accumulation in human subjects lowers cGKI levels, which in turn
could activate stellate cells, promoting hepatic inflammation and in
turn insulin resistance.

Animal studies suggested protective effects of cGKI against fibrosis.
Overexpression of cGKI or its pharmacological activation was shown
to ameliorate kidney fibrosis in mice [28,41]. In rat fibrotic models,
liver fibrosis was ameliorated by the application of guanylate-cyclase



Fig. 4. The ablation of cGKI results in increased chemokine levels and cGKI mRNA levels in human liver biopsies are negatively associated with liver fat. To knock-down cGKI, LX2 cells were
transfectedwith cGKI siRNA orwith non-targeting negative control siRNA. A–D: LX2 cells were left untreated in 2% FBS (2F, basal condition) or got activatedwith 10% FBS (10F) in the presence
or absence of 0.1, 1 and 10 ng/ml TGFβ. Transcript levels were determinedwith real-time PCR. Values were normalized to the geometricmean of housekeeping genes RPS13 andUBC and to 2F
condition of untransfected cells (set as one). E: NFkB promoter activitymeasured by luciferase assay,whichwas performed in LX2 cells in the presence of 2% FBS. Columns represent averages±
standard deviations; n:3–4. * denotes significant differences between cGKI and negative siRNA control; *p b 0.05, **p b 0.01, ***p b 0.001. F: Correlation between the hepatic expression of cGKI
and liver fat in human subjects. In human liver biopsies, cGKImRNA level was determinedwith real-time PCR and valueswere normalized to the housekeeping gene RPS13 expression. Liver fat
content was measured by clinical chemistry. Linear correlation was calculated on logarithmic transformed data; n:105. G: Putative molecular mechanisms describing the link between the ab-
lation of cGKI andhepatic insulin resistance. Our data suggest that cGKImodulates at least threemajor functions of stellate cells (for details, see Section 4). Function 1: The lack of cGKI increased
transcript level of α-SMA and decreasedmRNA level of PPARγ, which could result in higher activation state of LX2 cells. Function 2: The ablation of cGKI elevated transcript level ofMMP2 and
reducedmRNA level of TIMP2, which could lead to an alteredmatrix remodeling activity. Function 3: The absence of cGKI induced the transcript levels of IL8,CCL5 and CXCL1. Chemokines could
recruit macrophages, which infiltrate the liver and induce inflammatory processes, which in turn may lead to insulin resistance.
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activator BAY 60-2770, which increases cGMP level and possibly
activates cGKI [42]. Furthermore in mice, skin fibrosis was also im-
proved in a cGKI-dependent manner [43]. These results implicate, that
drugs elevating cGKI activity may be promising targets protecting
from fibrosis.
In conclusion, our data provide new evidence, that cGKI regulates
hepatic stellate cell activation. Giving that downregulation of this path-
way could promote inflammatory processes and insulin resistance, our
results provide the basis for future investigations at modifying treat-
ment in patients with liver steatosis and/or fibrosis.



30 A. Franko et al. / Metabolism Clinical and Experimental 88 (2018) 22–30
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.metabol.2018.09.001.
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