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Background and Purpose: Metabolic dysfunction-associated steatohepatitis (MASH)

is linked to activation of hepatic stellate cells (HSCs) to α-smooth muscle actin–

positive myofibroblasts that produce collagen and proinflammatory cytokines. Quies-

cent HSCs express the NO-cGMP signalling axis. Modulating this pathway could alter

HSC activation and fibrosis during MASH progression.

Experimental Approach: Using transgenic cGMP sensor mice, we monitored NO-

induced cGMP in living HSCs. The relevance of this pathway was analyzed using

HSC-specific mouse models, ApoE-deficient mice on high-fat diet as a MASH model,

human liver sections, and published scRNA-seq datasets. For pharmacological activa-

tion of NO-cGMP signalling, BAY-543, an activator of NO-sensitive guanylyl cyclase

(NO-GC) was used.

Abbreviations: Act, NO-CG activator BAY-543; ALT, alanine aminotransferase; ApoE KO, apolipoprotein E knockout; CFP, cyan fluorescent protein; cGi500, cGMP indicator with an apparent

EC50 of 500 nM; cGKI, cGMP-dependent protein kinase type I; cGMP, 30 ,50-cyclic guanosine monophosphate; Col IV, Collagen IV; DEA-NO, diethylamine NONOate; FRET, Förster/fluorescence

resonance energy transfer; HFD, high-fat diet; HSC, hepatic stellate cell; MASH, metabolic dysfunction-associated steatohepatitis; MASLD, metabolic dysfunction-associated steatotic liver

disease; NO-GC, NO-sensitive guanylyl cyclase; PDE5, phosphodiesterase 5; SM22α, smooth muscle protein 22 alpha; SMA, α-smooth muscle actin; YFP, yellow fluorescent protein.
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Key Results: HSCs in primary culture and liver tissue generated NO-induced cGMP

and expressed NO-GC and cGMP-dependent protein kinase type I (cGKI). Compared

to controls, HSC-specific cGKI knockout livers showed enhanced myofibroblast

marker expression, indicating increased HSC activation and MASH susceptibility.

MASH mice developed steatosis, fibrosis, and inflammation, and showed a high num-

ber of HSCs expressing NO-GC and cGKI. cGKI expression was also increased in

human fibrotic livers as compared to healthy tissue. In MASH livers, oxidative stress

could lead to reduced sensitivity of NO-GC to NO. Treatment of MASH mice with

BAY-543, which targets oxidized/NO-insensitive NO-GC, significantly attenuated

HSC activation, inflammation, collagen deposition, macro-steatosis, fibrosis, and

serum liver enzymes.

Conclusion and Implications: The NO-cGMP-cGKI axis serves as both a functional

pathway marker and regulator of HSCs. Pharmacological elevation of cGMP with an

NO-GC activator represents a promising therapeutic strategy for MASH.

K E YWORD S

cGMP signalling, FRET imaging, Gucy, hepatic stellate cells, liver fibrosis, MASH, NO-GC
activator, Prkg1

1 | INTRODUCTION

Metabolic dysfunction-associated steatotic liver disease (MASLD)

(Rinella et al., 2024), formerly known as non-alcoholic fatty liver dis-

ease (NAFLD), is becoming highly prevalent worldwide. MASLD

encompasses a spectrum of chronic liver diseases ranging from simple

steatosis to metabolic dysfunction-associated steatohepatitis (MASH),

which can progress to cirrhosis and hepatocellular carcinoma (Anstee

et al., 2019). Hepatic stellate cells (HSCs) and their activated deriva-

tives, often referred to as myofibroblasts, are unique mesenchymal

cells of the liver that play a crucial role in the progression of MASH

(Geng & Schwabe, 2025; Schwabe & Brenner, 2025). In their

quiescent state, HSCs positively affect hepatocyte metabolism and

regeneration (Sugimoto et al., 2025). During the process of chronic

liver damage, they transform, losing their characteristic lipid droplets

and adopting a fibroblast-like morphology with increased expression

of α-smooth muscle actin (SMA), SM22α (also known as transgelin)

and extracellular matrix components (Kisseleva & Brenner, 2021;

Tsuchida & Friedman, 2017; Wiering et al., 2023; Yang et al., 2021).

HSC activation dictates fibrosis development during MASH. There-

fore, HSCs could act as potential targets for novel therapies for

patients with fibrotic liver diseases.

The intracellular second messenger cyclic guanosine monopho-

sphate (cGMP) is important to many physiological processes (Beavo &

Brunton, 2002; Hofmann, 2020). It is generated from GTP by

membrane-associated guanylyl cyclases such as GC-A or GC-B, or by

the cytosolic nitric oxide (NO)–sensitive guanylyl cyclase (NO-GC, also

known as soluble guanylyl cyclase, sGC) (Feil & Kemp-Harper, 2006;

Lucas et al., 2000). NO-GC is activated by binding of NO, which is

generated by three types of NO synthases (NOS): neuronal NOS

(nNOS or NOS1), inducible NOS (iNOS or NOS2) and endothelial

NOS (eNOS or NOS3) (Forstermann & Sessa, 2012). The NO-GC is a

heterodimeric enzyme formed from an α1 or α2 subunit and a β1 sub-

unit containing the NO-binding haem cofactor. The α1β1 dimer is the

major isoform in most tissues (Derbyshire & Marletta, 2012; Friebe &

What is already known?

• Hepatic stellate cells (HSCs) play a crucial role in meta-

bolic dysfunction-associated steatohepatitis (MASH).

• Oxidative stress in MASH might impair cGMP generation

by NO-sensitive guanylyl cyclase (NO-GC) in HSCs.

What does this study add?

• The NO-cGMP axis is a marker of quiescent and acti-

vated HSCs in the liver.

• BAY-543, which targets oxidized/NO-insensitive NO-GC,

improves MASH in mice.

What is the clinical significance?

• Targeting HSCs with the NO-GC activator BAY-543

could improve MASH treatment in humans.
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Koesling, 2003). cGMP's downstream effects are mainly mediated by

cGMP-dependent protein kinases (cGKs) (Feil et al., 2003). The two

known cGKs in mammals are the cytosolic cGMP-dependent protein

kinase type I (cGKI; also known as protein kinase G1, PKG1) and the

plasma membrane-anchored cGMP-dependent protein kinase type II.

To terminate the signal, cGMP is hydrolyzed by phosphodiesterases

(PDEs) (Bender & Beavo, 2006). In the healthy liver, the cGMP genera-

tor NO-GC (He et al., 2023; Theilig et al., 2001; Yang et al., 2021) and

its downstream effector cGKI (Lutz et al., 2011) are expressed in

HSCs. The cGMP axis has been linked to HSCs in their resting state

(He et al., 2023). Its function in activated HSCs in the context of liver

diseases is not well understood (Kelly et al., 2025).

Chronic liver diseases like MASH are associated with oxidative

stress, which potentially contributes to disease progression through

impairment of NO-cGMP signalling in HSCs. First, oxidative stress

might lead to reduced bioavailability of NO inside the liver (Wiest &

Groszmann, 2002). Conversely, NO production in the peripheral sys-

temic circulation is increased, leading to vascular disturbances in liver

cirrhosis (Kreisel et al., 2021). Second, under oxidative stress condi-

tions, the haem group in NO-GC may become oxidized and eventually

lost, resulting in an NO-insensitive enzyme (Stasch et al., 2015). A

variety of drugs that enhance NO-GC activity have been developed,

namely, NO-GC stimulators (also known as soluble guanylyl cyclase

[sGC] stimulators) and NO-GC activators (also known as soluble gua-

nylyl cyclase [sGC] activators) (Sandner et al., 2021). Although stimula-

tors act not only independently of NO but also synergistically when

NO is bound to NO-GC, the group of activators can bind to the unoc-

cupied haem-binding pocket of oxidized NO-GC (Dai & Stuehr, 2025;

Sandner et al., 2021). It is therefore assumed that NO-GC activators

increase the availability of cGMP, particularly in diseased tissues that

exhibit oxidative stress, whereas NO-GC stimulators are less effective

under oxidative conditions.

Preclinical studies have shown that NO-GC stimulators improve

liver health in some models of liver cirrhosis (Kreisel et al., 2021).

However, it cannot be excluded that NO-GC stimulators can also

function independently of NO-GC and cGMP signalling (P. J. Chen

et al., 2020). Research into the therapeutic potential of NO-GC

activators, which are expected to target oxidized NO-GC associated

with the progression of liver disease, is limited. Some studies with

NO-GC activators have been conducted on models with severe fibro-

sis/cirrhosis using male rats, with steatosis not being taken into

account (Brusilovskaya et al., 2020; Jones et al., 2023; Knorr

et al., 2008). Since fibrosis is closely linked to metabolic-associated

diseases and steatosis (Jamialahmadi et al., 2024; Raverdy

et al., 2024), we used the apolipoprotein E knockout (ApoE KO)

mouse model for the investigation of MASH. The absence of ApoE is

known to induce metabolic syndrome, characterized by dyslipidaemia,

obesity and atherosclerosis (Zhang et al., 1992). Combined with a

high-fat diet (HFD), ApoE KO mice can be used to study MASH with

steatosis, fibrosis and inflammation (Camargo et al., 2022;

Schierwagen et al., 2015).

In the present study, we investigated the functional relevance of

NO-cGMP signalling in MASH by combining real-time imaging

of cGMP in HSCs with the analysis of mouse models and human

MASH livers and testing the effects of pharmacological intervention

with an NO-GC activator. Our focus was on the NO-NO-GC-cGMP-

cGKI axis in activated HSCs and on the therapeutic potential of the

potent and selective NO-GC activator BAY-543 (Stehle et al., 2022;

Wittrien et al., 2025).

2 | METHODS

2.1 | Animals

Primary HSCs were isolated from wild-type or transgenic cGMP sen-

sor mice on a C57BL/6 background. Livers for cGMP imaging were

also isolated from cGMP sensor mice. cGi500-L1 mice express the

Förster/fluorescence resonance energy transfer (FRET)–based cGMP

sensor cGi500 globally in all cell types (B6-Gt (ROSA)26Sor<tm4.1

(ACTB-tdTomato,-cGi-500)Feil>, genotype: cGi500+/L1) (Thunemann

et al., 2013). Mice with HSC-specific expression of the cGMP sensor

(B6;Tg (Lrat-cre)1<Rshw>; B6;129-Gt (ROSA)26Sor<tm4(ACTB-tdTo-

mato,-cGi-500)Feil>, genotype: Lrat-CreCre/+; cGi500+/L2) or of the

red tdTomato reporter Ai9 (Madisen et al., 2010) (genotype: Lrat-

CreCre/+; Ai9+/L2) were generated via Cre/loxP recombination using

female Lecithin retinol acyltransferase (Lrat)–Cre mice (Mederacke

et al., 2015). Mice with a HSC-specific deletion of cGKI (HSC-cGKI-

KO, genotype: Lrat-CreCre/+; cGKIL1/L2) were generated by crossing a

loxP-flanked cGKI mouse line (B6.129-Prkg1<tm2Naw>) (Wegener

et al., 2002) with Lrat-Cre mice. HSC-cGKI-KO animals were com-

pared with litter-matched control mice (controls, genotype: Lrat-

Cre+/+; cGKI+/L2). To analyse MASH, we used male and female ApoE

KO mice (B6.129P2-Apoe<tm1Unc>, genotype: ApoE�/�) (Zhang

et al., 1992) and litter-matched controls (genotype: ApoE+/�). The

controls were fed a normal diet (Altromin Spezialfutter GmbH & Co.

KG, Lage, Germany) and compared with ApoE KO fed a HFD as previ-

ously described (Camargo et al., 2022; Schierwagen et al., 2015), with

a modification of the HFD (21% butter fat and 1.25% cholesterol,

Ssniff Spezialdiäten GmbH, Soest, Germany), feeding duration from 7

to 18 weeks starting at 10–14 weeks of age. Another group of litter-

matched ApoE KO mice was fed the HFD supplemented with the

NO-GC activator BAY-543 (150 ppm or 150 mg�kg�1 diet; provided

by Bayer AG, Wuppertal, Germany) for 18 weeks. BAY-543 is a

potent and selective NO-GC activator as described previously (Stehle

et al., 2022).

All animal experiments were conducted in accordance with the

Directive 2010/63/EU of the European Parliament and the German

legislation of the Animal Welfare Act, with authorization of the local

Ethics Committee for Animal Research (Regierungspräsidium Tübin-

gen). Animal studies are reported in compliance with the ARRIVE

guidelines (Percie et al., 2020) and with the recommendations made

by the British Journal of Pharmacology (Lilley et al., 2020).

All animals were kept on a 12-h/12-h light/dark cycle and had

access to regular chow or HFD ad libitum. Mice were genotyped at

3 weeks of age and at the end of the experiment if required.
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2.2 | Isolation of hepatic stellate cells (HSCs) from
mouse liver

Mice were killed using CO2 followed by permanent cessation of the

circulation. For isolation of primary HSCs from murine liver (C57BL/6

background) the inferior vena cava was cannulated followed by a two-

step perfusion protocol as previously described (Mederacke

et al., 2015), with a minor reduction of the digestion time from 25 to

20 min. Primary HSCs were cultured for up to 8 days in full medium

(Dulbecco's Modified Eagle Medium [DMEM] with 10% fetal bovine

serum [FBS] and penicillin/streptomycin) at 37�C and 6% CO2.

2.3 | cGMP/FRET imaging

For cGMP imaging of HSCs in vitro, primary cultures were prepared

from cGi500 sensor mice. HSCs were grown on 12-mm glass cover-

slips in full medium and imaged using an epifluorescence microscope

as described for vascular smooth muscle cells (Lehners et al., 2025).

Ex vivo cGMP imaging of whole liver tissue from HSC-specific cGMP

sensor mice was performed using a confocal spinning disk microscope

(Visitron, Puchheim, Germany) controlled by the VisiView® software

(Visitron). Microscopic equipment and camera were used as described

(Lehners et al., 2025). The imaging chamber RC-26 (#64-0234, War-

ner Instruments, Holliston, USA) was sealed with a 24 � 40 mm cov-

erslip. Liver tissue was fixed in the superfusion chamber using a slice

hold-down (SHD-26H/10, Warner Instruments). During cGMP/FRET

imaging, the liver pieces were constantly superfused with imaging

buffer (Lehners et al., 2025) or imaging buffer with drugs at a flow

rate of 60 ml�h�1. Imaging was performed at 0.2 Hz with a gain of

500 without binning at room temperature. After the measurement,

the recorded region was documented at high resolution by acquisition

of Z-stacks.

2.4 | Offline analysis of cGMP/FRET
measurements

Images acquired during measurements were processed using Fiji

(Schindelin et al., 2012) to determine the mean fluorescence intensity

of regions of interest (ROIs). To minimize the disturbing effects of tis-

sue movement over time, images were aligned using the MultiStack-

Reg plugin in Fiji before extracting fluorescence intensities. cGMP/

FRET signals were calculated in MS Excel (Microsoft Corporation) and

further analysed with OriginPro software (OriginLab Corporation).

Background correction was applied to the CFP and YFP emission

values by subtracting the mean fluorescence intensity of a cell-free

region. The cGMP/FRET signals, represented by the CFP/YFP ratio

(R � [cGMP]), were then calculated and normalized to the baseline,

which was defined as the first 20–30 frames of each measurement.

Changes in the ratio traces were considered indicative of cGMP

changes if the CFP and YFP channels exhibited antiparallel move-

ments. Signals that did not show antiparallel movement, for example,

due to focus drift in ex vivo measurements, were excluded from

analysis.

2.5 | Analysis of metabolic dysfunction-associated
steatohepatitis (MASH) mice

After 18 weeks of HFD, the mice were killed for tissue and blood

collection using anaesthesia with 5% isoflurane and decapitation. The

liver tissue was weighed, and pieces from left lateral, left medial, right

lateral, right medial and caudate lobes were prepared for further

analysis (Fiebig et al., 2012). Liver samples were either snap-frozen in

liquid nitrogen and stored at �80�C for Western blot analysis (right

lateral lobe), RNA isolation (caudate lobe) and biochemical analysis

(left medial lobe) or fixed in 4% paraformaldehyde for 3 h and

embedded in paraffin or Tissue Tek for the preparation of tissue sec-

tions (left lateral and right medial lobes). Whole blood for the determi-

nation of BAY-543 concentration was collected in EDTA microtubes

(Sarstedt, Nuembrecht, Germany). Blood for the determination of ala-

nine aminotransferase and lipid levels was collected in Lithium-

Heparin microtubes (Sarstedt). Blood samples were centrifuged at

3000g for 10 min at 4�C, and then, the supernatant was stored at

�80�C. Bay-543 concentration was analysed by LCMS/MS (Bayer

AG, Wuppertal, Germany). Cholesterol, high-density lipoprotein, low-

density lipoprotein, triglycerides and alanine aminotransferase in

plasma and cholesterol and triglycerides in liver tissue, homogenized

in PBS containing 1% Triton X-100, were determined on an Atellica

Solution clinical chemistry analyser (Siemens Healthineers, Erlangen,

Germany).

Blood pressure measurement was performed in male and female

mice using the non-invasive CODA® tail-cuff system (Kent Scientific,

Torrington, USA) at the end of the feeding period. Data of three con-

secutive days were averaged for each animal.

2.6 | Histological and immunohistochemical
staining

Formalin-fixed paraffin-embedded tissue sections (10 μm) were

stained with haematoxylin and eosin. To detect collagen fibre accu-

mulation, the sections were first stained with 0.02% FG solution (Fast

Green FCF Dye Content; Merck, Darmstadt, Germany) for 15 min in

distilled water, followed by a counterstaining with picrosirius red solu-

tion, a mixture of 0.05% Sirius red (Direct Red 80; Sigma-Aldrich) and

0.02% fast green in picric acid for 1 h. The sections were briefly

washed in water, dehydrated and mounted in DPX mounting medium

(Sigma-Aldrich, St. Louis, USA). The staining procedure was adapted

and modified from Segnani et al. (2015). Immunohistochemical stain-

ing was done using the avidin–biotin complex method and diamino-

benzidine as a chromogen (Vector Laboratories, Newark, USA). Serial

sections of the left lateral lobe were analysed using antibodies against

cGKI (homemade) (Valtcheva et al., 2009), SMA (ab124964; Abcam,

Cambridge, USA, RRID:AB_11129103) or Mac-2 (also named galectin

4 RAJEETH ET AL.
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3, CL8942; Cedarlane, Burlington, Canada, RRID:AB_10060424).

Stained sections were mounted in Aquatex (VWR, Radnor, USA).

2.7 | Immunofluorescence staining

Immunofluorescence staining was performed on frozen liver sections

from right medial lobes (10 μm) and cultured primary HSCs. The sec-

tions were incubated with primary antibodies against SMA

(ab124964; Abcam, RRID:AB_11129103), cGKI (homemade;

Valtcheva et al., 2009), the β1 subunit of NO-GC (GUCY1B3,

ab24824; Abcam, RRID:AB_448398), collagen IV (ab6586; Abcam,

RRID:AB_305584) or desmin (MA5-33065; Thermo Fisher Scientific,

Waltham, USA, RRID:AB_2810158). As secondary antibodies, goat

anti-rabbit Alexa 488 (A11008; Life Technologies, Carlsbad, USA,

RRID:AB_143165) or goat anti-rabbit Alexa 555 (A21428; Life Tech-

nologies, RRID:AB_141784) were used. For co-staining, sections that

were first stained for NO-GC or cGKI were additionally incubated

with anti-desmin Alexa 488 (ab185033; Abcam, RRID:AB_2892748).

Finally, the sections were mounted in DAPI-containing mounting

medium (ROTI®Mount FluorCare DAPI, Roth, Karlsruhe, Germany).

Primary HSCs isolated from mouse liver and cultured on 12-mm glass

coverslips were fixed with 3.7% formaldehyde on Day 2 or Day 8. The

cells were stained with the same antibodies as for liver sections

detecting desmin, the β1 subunit of NO-GC, cGKI or SMA, followed

by a goat anti-rabbit Alexa 488 secondary antibody and nuclear stain-

ing with DAPI-containing mounting medium (ROTI®Mount FluorCare

DAPI, Roth).

2.8 | Image analysis

Histochemical staining was documented using an upright microscope

(Axioskop 20, Zeiss, Oberkochen, Germany) equipped with an A-Plan

10�/0.5 and a Plan NeoFluar 20�/0.5 objectives (Zeiss), an EOS 750

D (Canon) digital camera and the EOS utility software. Images were

documented in brightfield. Sections that were stained with haematoxy-

lin and eosin and picrosirius red/fast green were additionally scanned

with a Ventana DP200 (Roche, Basel, Switzerland) and processed with

the Image Viewer MFC Application. Final image preparation was per-

formed with Fiji. Immunofluorescent images were acquired using a

confocal laser scanning microscope (LSM 710 or LSM 980, Zeiss) with

a 20� objective. The images were documented using the ZEN Black or

ZEN Blue software (Zeiss).

The histopathological analysis of haematoxylin and eosin and

picrosirius red/fast green–stained liver sections was performed by an

experienced pathologist following the Ishak score (Ishak et al., 1995)

and considering also MASH histopathological features such as macro-

and micro-steatosis, ballooning and inflammation. Quantification of

picrosirius red-positive and immunohistochemically stained areas was

performed using Fiji. Immunofluorescence images were analysed using

QuPath (version v0.4.3 from qupath.github.io) (Bankhead et al., 2017).

The image analysis was adapted from an online tutorial titled

‘Introduction to QuPath for Multiplexed Fluorescence Microscopy’ by
the Bioimage Informatics Facility.

2.9 | Human liver sections

Formalin-fixed paraffin-embedded tissues from patients diagnosed

with liver fibrosis due to cholelithiasis and cirrhosis due to steatosis

with unclarified cause were provided by the Department of Clinical

Pathology, Robert Bosch Hospital, Stuttgart, Germany. The use of bio-

material has been approved by the ethics committee of the Medical

Faculty, University Tübingen, Germany (ethical approval number:

287/2025 BO2). The tissues, which have been anonymized, were cut

in serial sections (10 μm) and used for picrosirius red/fast green stain-

ing or immunostaining.

2.10 | Inspection of published human liver scRNA-
seq datasets

To analyse the mRNA expression of cGMP pathway genes in human

liver cells, the Single Cell Portal was searched for relevant published

single-cell RNA sequencing (scRNA-seq) datasets. In the human liver

fibrosis scRNA-seq atlas (accession number SCP2154), presented by

Fabre and colleagues (2023), data from multiple studies have been

integrated (GSE185477, GSE125188, GSE156625, GSE192740,

GSE115469, GSE136103). We analysed genes associated with the

cGMP pathway (Figure 4d,e) to create a dot plot or UMAPs represent-

ing the mRNA expression of these genes in each cell cluster. mRNA

expression was normalized across all cell types that were present in

the respective sample.

2.11 | Quantitative RT-PCR

RNA was isolated from snap-frozen liver samples using the RNeasy

mini kit (#74106, Qiagen, Venlo, Netherlands) according to the manu-

facturer's instructions. Subsequently, RNA was transcribed into cDNA

with the Biozym cDNA synthesis kit (Biozym, Hessisch Oldendorf,

Germany) using random hexamer primers according to the manufac-

turer's protocol. Transcript levels were quantified using the Green-

MasterMix (Genaxxon, Ulm, Germany) and the QIAquant 384 system

(Qiagen). Relative transcript expression was calculated with the 2

(�ΔΔCt) method. Glyceraldehyde 3-phosphate dehydrogenase

(Gapdh) was used as a reference gene. Primer sequences used for

qPCR: Gapdh: fw, ACCATCTTCCAGGAGCGAGA, rev, GGCGGAGAT-

GATGACCCT; Acta2: fw, TGCCCAGACATCAGGGAGTAA, rev,

TCGGATACTTCAGCGTCAGGA; Ccl2: fw, ACTCATTCACCAGCAAG,

rev, TTGAGCTTGGTGACAAAAACT; Cxcl10: fw, TCATCCTG-

CTGGGTCTGAGTGG, rev, CTCATCATTCTTTTTCATCGT; Il1b: fw,

GTGTCTTTCCCGTGGACCTT, rev, TCGTTGCTTGGTTCTCCTTG;

Infg: fw, CTTCTTCAGCAACAGCAAGGCGAAA, rev, CATTGAATG

CTTGGCGCTGGA.
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2.12 | Western blot analysis

Protein was extracted from snap-frozen liver tissues using a lysis buffer

(50 mM Tris-Cl, 100 mM NaCl, 5 mM EDTA, 2% w/v SDS, 2.5mM

PMSF) and a FastPrep-24 device (MP Biomedicals, Eschwege, Germany).

The protein concentration was determined using Pierce™ BCA Protein

Assay Kit (REF 23227; Thermo Scientific) according to the manufac-

turer's instructions. For Western blot analysis, primary antibodies against

the β1 subunit of NO-GC (GUCY1B3; ab24824; Abcam, RRID:AB_

448398), cGKI (homemade) (Valtcheva et al., 2009), SM22α (ab14106;

Abcam, RRID:AB_443021) and GAPDH (2118; Cell Signalling, RRID:AB_

561053) were used. Secondary antibodies were horseradish peroxidase-

conjugated IgG (7074; Cell Signalling, RRID:AB_2099233). The Immuno-

related procedures used comply with the recommendations made by

the British Journal of Pharmacology (Alexander et al., 2018).

2.13 | Statistics

Statistical analysis of data was performed using OriginPro (version

9.8.5.201, OriginLab Corporation). Data are represented as mean

± SEM. The Shapiro–Wilk test was used to test the normal

distribution of the data. The Mann–Whitney U-test was performed

for pairwise comparison of non-normally distributed data. A two-

sample t-test was used for pairwise comparison of normally distrib-

uted data. P < 0.05 was considered statistically significant.

2.14 | Data and analysis

This manuscript complies with the recommendations and require-

ments of the British Journal of Pharmacology on experimental design

and analysis (Curtis et al., 2025).

2.15 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY

http://www.guidetopharmacology.org and are permanently archived

in the Concise Guide to PHARMACOLOGY 2025/26 (Alexander,

Fabbro, Gibb, et al., 2025, Alexander, Fabbro, Peach, et al., 2025;

Alexander, Gibb et al., 2025).

3 | RESULTS

3.1 | Primary murine hepatic stellate cells (HSCs) in
culture show functional NO-cGMP signalling

Primary HSCs were isolated from the livers of healthy mice and

cultured for a period of up to 8 days. After 2 days in culture,

HSCs started to develop tiny processes and displayed a star-

shaped morphology together with retinoid-containing lipid drop-

lets visualized by the blue autofluorescence of retinoids

(Figure 1a left, b left). After 8 days in culture, the HSCs were

larger with numerous processes and fewer lipid droplets compared

with Day 2, consistent with an activated myofibroblast-like pheno-

type (Figure 1a right, b right,c,d). The average size of HSCs increased

almost 20-fold, from 575 ± 35 μm2 on Day 2 to 9557 ± 358 μm2 on

Day 8 (Figure 1c). From Day 2 to Day 8 in culture, the fraction of

HSCs with retinoids decreased from 94% ± 2% to 8% ± 5%

(Figure 1d). Antibody staining of HSCs showed that the cultured

cells on Day 2 and Day 8 were positive for desmin, a marker of

murine HSCs (Yokoi et al., 1984) (Figure 1e). Additionally, the cells

expressed SMA (Figure 1f), the cGMP generator NO-GC (Figure 1g)

and the cGMP downstream effector cGKI (Figure 1h) on Day 2 and

Day 8.

For real-time imaging of cGMP in living HSCs, we isolated the

cells from transgenic cGMP sensor mice expressing the FRET-based

cGMP sensor cGi500 globally in all cell types (cGi500 mice) and ana-

lysed them using an epifluorescence microscope (Thunemann

et al., 2013). Note that the yellow fluorescence of the cells

(Figure 1b) indicates sensor expression but not the intracellular

cGMP concentration. The cGMP concentration is reflected by

CFP/YFP ratio curves recorded by FRET microscopy (Figure 1i,j).

Superfusion of the cultured HSCs with the NO donor DEA-NO

(50 nM) triggered robust cGMP elevations in both Day 2 and Day

8 HSCs (Figure 1i,j, black traces). However, the NO-induced cGMP

response was significantly diminished in Day 8 HSCs versus Day

2 HSCs, as evidenced by a reduced peak height (Figure 1k). This sug-

gested a decrease in NO-GC activity in activated HSCs on Day 8, pos-

sibly due to increased oxidative stress affecting the cells during

prolonged cell culture. Next, we exposed the HSCs to the NO-GC

activator BAY-543, which activates forms of NO-GC that are unre-

sponsive to NO and can occur under oxidative stress disease condi-

tions (Dai & Stuehr, 2025). BAY-543 (1 nM, 10 nM) induced cGMP

signals in HSCs in a concentration-dependent manner and, unlike

F IGURE 1 cGMP signalling in primary mouse hepatic stellate cells (HSCs) cultured for 2 and 8 days. (a) Brightfield images of wild-type HSCs.
(b) Visualization of retinoids by their autofluorescence (blue) in cGi500 expressing HSCs (yellow) isolated from cGMP sensor mice. (c) Cell size on
Day 2 (50 cells from 3 coverslips) and Day 8 (71 cells from 3 coverslips). (d) Percentage of cells with retinoids on Day 2 (260 cells from

4 coverslips) and Day 8 (46 cells from 4 coverslips). (e–h) Immunofluorescence staining of HSCs on Day 2 and Day 8 for (e) desmin, (f) SMA,
(g) NO-GC and (h) cGKI (i–j) real-time cGMP imaging in HSCs expressing the cGMP sensor cGi500. Representative image of (i) Day 2 HSCs and
(j) Day 8 HSCs expressing cGi500 (yellow). Retinoids are blue. The ratio of cyan fluorescent protein (CFP, cyan trace) emission over yellow
fluorescent protein (YFP, yellow trace) emission indicates the intracellular cGMP concentration (ΔR/R, black trace) in the cells outlined in white.
Administration of DEA-NO (50 nM) is indicated by a black arrow. (k–m) Analysis of the cGMP increases (peak heights) in response to (k) 50 nM
DEA-NO, (l) 1 nM BAY-543, (m) 10 nM BAY-543 in Day 2 HSCs (n = 57 cells) and Day 8 HSCs (n = 27 cells). Data are represented as mean
± SEM. P-values obtained with the Mann–Whitney U-test (k–m) are indicated. Scale bars, 50 μm. DEA-NO, diethylamine NONOate.
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DEA-NO, cGMP signals were not reduced in Day 8 versus Day

2 (Figure 1l,m).

Together, these findings indicated that culturing HSCs for 8 days

resulted in their activation to a myofibroblast-like phenotype. The cul-

tured HSCs expressed a functional NO-cGMP axis, the activity of

which was reduced in the activated cell state. Interestingly, in contrast

to NO, cGMP responses to BAY-543 did not decrease with HSC

activation.

3.2 | Hepatic stellate cells (HSCs) in liver tissue
show functional NO-cGMP signalling influencing HSC
activation in vivo

To investigate cGMP signalling selectively in HSCs in the native liver,

we generated HSC-specific cGMP sensor mice via Cre/loxP-mediated

expression of the cGMP sensor cGi500. Lrat-Cre mice, which are

reported to excise loxP-flanked DNA in desmin-positive HSCs

F IGURE 2 cGMP signalling in hepatic stellate cells (HSCs) within the mouse liver. (a) Expression of the cGMP sensor cGi500 (green) in HSCs
of a whole-mount liver preparation isolated from HSC-specific cGMP sensor mice. HSCs (green) and non-HSCs (red) express cGi500 in the
cytosol and the red fluorescent tomato protein in the membrane (mT), respectively. The cGMP/FRET ratio (ΔR/R [�cGMP], black trace) shows
the cGMP concentration in the HSC outlined in white. Cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP) fluorescence of the
sensor are shown in cyan and yellow, respectively. Administration of DEA-NO (100 μM) is indicated by the black arrow. The data is
representative of n = 3 experiments. (b) Liver sections of HSC-specific red fluorescent protein (tdTomato) reporter mice expressing tdTomato
(red, detected without further antibody staining) in HSCs, and immunofluorescence staining of the sections for cGKI (green). The data are
representative of livers from n = 3 animals. (c) Liver sections of 20-week-old control and litter-matched HSC-specific cGKI knockout mice (HSC-
cGKI-KO) stained for cGKI (brown). The data are representative of livers from n = 4 animals each. (d) Representative Western blot and
(e) quantification of cGKI, SMA and SM22α expression in 91-week-old HSC-cGKI-KO mice (n = 6) in relation to the corresponding litter-matched
control mice (n = 6). Scale bars, 50 μm. DEA-NO, diethylamine NONOate; mT, membrane tomato.
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F IGURE 3 Legend on next page.
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(Mederacke et al., 2013), were crossed with a ‘floxed’ cGMP sensor

mouse line containing a loxP-flanked stop sequence (mT/cGi500 mice)

(Thunemann et al., 2013). As shown in Figure 2a (left), whole-mount

liver preparations from the HSC-specific cGMP sensor mice demon-

strated sensor expression in cells with HSC-typical branching (cGi500,

green), whereas nonrecombined cells expressed the red fluorescent

tomato protein in the plasma membrane (mT, red). Importantly, real-

time in situ cGMP imaging of sensor-expressing HSCs in acutely iso-

lated liver tissue demonstrated an increase in cGMP in response to

NO application (Figure 2a right, black trace). These data indicated the

presence of a functional NO-cGMP signalling pathway in HSCs under

physiological conditions in vivo.

To analyse the expression of the cGMP effector cGKI, we geneti-

cally labelled HSCs with red fluorescent protein (tdTomato, distrib-

uted throughout the cells) by crossing Lrat-Cre mice with the

tdTomato-expressing Ai9 reporter line. Liver sections from these mice

showed HSC-specific expression of tdTomato (Figure 2b) as previ-

ously described (Mederacke et al., 2013). Staining of these sections

with an antibody against cGKI revealed that most HSCs expressed

cGKI (Figure 2b right panels, overlay red/green). cGKI was not detect-

able in other cell types of the liver except vascular smooth muscle

cells of blood vessels (Figure 2b, and data not shown). These findings

confirmed previous data suggesting that cGKI could serve as an alter-

native marker for HSCs in healthy liver (Lutz et al., 2011), in addition

to conventional lineage/activation markers.

To explore the function of cGKI-mediated cGMP signalling in

HSCs, we generated HSC-specific cGKI knockout mice (HSC-cGKI-

KO mice) by crossing the Lrat-Cre mouse line to a mouse line car-

rying a loxP-flanked allele of the cGKI gene. Immunohistochemistry

staining of liver sections from 20-week-old HSC-cGKI-KO versus

litter-matched controls showed a marked reduction of cGKI protein

in HSCs (Figure 2c). The HSC-cGKI-KO mice appeared healthy and

displayed no obvious defects up to 2 years of age. Livers from aged

HSC-cGKI-KO mice (n = 6; average age 91 weeks) were compared

with those of litter-matched controls (n = 6). The strong reduction

of cGKI protein level in liver tissue of the HSC-cGKI-KO mice was

confirmed by Western blot analysis (Figure 2d,e). The residual

amount of cGKI detected in the livers of the aged HSC-cGKI-KO

mice may have resulted from incomplete cGKI deletion in a

fraction of HSCs or from cGKI expression in non-HSCs, such as

vascular smooth muscle cells or fibroblasts. Interestingly, expression

of the HSC activation markers SMA and SM22α was strongly

increased in HSC-cGKI-KO livers compared with litter-matched con-

trols (Figure 2d,e).

These results showed that the NO-cGMP-cGKI signalling

axis is functionally expressed in HSCs of the mouse livers.

Importantly, cell type-specific knockout of cGKI in HSCs resulted

in increased HSC activation in aged animals, suggesting that disrup-

tion of the NO-cGMP signalling cascade could elevate the risk of

liver disease.

3.3 | Expression of NO-GC and cGKI is maintained
in hepatic stellate cells (HSCs) of metabolic
dysfunction-associated steatohepatitis (MASH) livers

After observing evidence that the NO-cGMP-cGKI signalling axis is

expressed in activated HSCs in vitro (Figure 1) and that its genetic inhi-

bition results in pathological changes in aged HSC-cGKI-KO mice, we

investigated the relevance of the cGMP signalling pathway in the con-

text of chronic liver disease. HSC activation contributes to MASH,

which is often associated with diabetes and cardiovascular diseases

(Wojcik-Cichy et al., 2018). We used ApoE KO mice on an HFD, an

established mouse model to study human MASH (Camargo et al., 2022;

Schierwagen et al., 2015) and atherosclerosis (Zhang et al., 1992). We

modified this model by extending the feeding time from 7 to 18 weeks

in order to induce advanced atherosclerosis in the animals. We then

analysed MASH in both sexes. Ten-week-old homozygous ApoE KO

mice were fed a HFD for 18 weeks (hereafter referred to as MASH

mice). Heterozygous litter-matched ApoE KO mice fed a normal diet

served as controls (hereafter referred to as control mice).

Compared with control mice, male and female MASH mice

showed a significant increase in body weight (Figure 3a) and liver-

to-body weight ratio (Figure 3b), indicating steatosis and hepato-

megaly. Next, we analysed the expression and localization of NO-

GC and cGKI in MASH livers. Western blot analysis revealed a

marked increase in NO-GC and cGKI expression in MASH livers of

both male and female mice compared with healthy control livers,

accompanied by elevated levels of the HSC activation marker

SM22α in MASH livers (Figure 3c). As no significant differences

were detected between control males and females or MASH males

and females, both sexes were pooled for quantitative analysis

F IGURE 3 Analysis of NO-GC and cGKI expression in healthy and metabolic dysfunction-associated steatohepatitis (MASH) livers. (a) Body
weight and (b) liver-to-body weight (LW/BW) ratio of male mice (ctrl: n = 5, MASH: n = 8) and female mice (ctrl: n = 5, MASH: n = 11).
(c) Western blot analysis of SM22α, NO-GC and cGKI expression in livers from male (ctrl: n = 3, MASH: n = 3) and female mice (ctrl: n = 3,
MASH: n = 3) and (d) the corresponding quantification of data from (c) with males and females pooled. Data are represented as mean ± SEM. P-

values obtained with the Mann–Whitney U-test are indicated. (e–h) Immunofluorescence staining of liver sections from control mice (left images)
and MASH mice (right images) for (e) SM22α (green), (f) NO-GC (green) and (g) cGKI (green). Representative images from male mice (3 sections
from 3 ctrl and 3 sections from 3 MASH mice) show (from left to right) an overview picture and a magnified overlay image of the framed region
with arrows denoting hepatic stellate cells (HSCs) and arrowheads denoting non-HSCs. Nuclei are shown in blue. (h) Immunofluorescence co-
staining of the HSC marker desmin (green) with NO-GC (red, left panels) or cGKI (red, right panels) and nuclei (blue) on liver sections from MASH
mice. Representative images from male mice (3 sections from 3 MASH mice) show (from left to right) staining of desmin and a magnified overlay
image. The arrows indicate co-localization of desmin with NO-GC or cGKI in HSCs. Scale bars, 50 μm. Ctrl, control.
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F IGURE 4 Expression of components of the cGMP-axis in the human liver. (a–c) Sections of healthy (up), fibrotic (middle) and cirrhotic (low)
human livers stained with (a) picrosirius red and fast green to visualize collagen fibres (red). Magnification of the boxed region (a, right). (b, c)
Immunostaining of α-smooth muscle actin (SMA) (b, brown) and cGKI (c, brown) in serial sections corresponding to the respective sections in (a).
Scale bars, 50 μm. (d–e) Analyses of publicly available scRNA-seq data (Fabre et al., 2023) from human liver for the expression of genes involved
in the cGMP signalling pathway. (d) UMAP visualization of cell clusters and their identification (left), and expression of the cGMP pathway genes
NPR1, GUCY1A1, GUCY1A2, GUCY1B1 and PRKG1 in the identified clusters (right). The colour scale indicates the expression level normalized
across all clusters (blue, low; red, high). The size of each dot shows the percentage of cells per cluster with at least one detected transcript for the
respective gene. (e) UMAP visualization of NOS1, NOS2 and NOS3 mRNA expression in all liver cells. The colour scale indicates expression levels
(yellow, low; blue, high).
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(Figure 3d). An enrichment of SM22α-positive cells in MASH livers

versus controls was also detected via immunofluorescence staining

(Figure 3e), indicating that HSCs were activated in our MASH model.

As expected from previous studies (Lutz et al., 2011; Theilig

et al., 2001), immunofluorescence staining of liver sections of

healthy controls revealed NO-GC- and cGKI-positive cells with a

morphology characteristic for the quiescent HSC phenotype

(Figure 3f,g, white arrows in left panels). Consistent with our analysis

of primary HSC cultures, MASH livers displayed clusters of NO-GC-

and cGKI-positive presumably activated HSCs (Figure 3f,g, white

arrows in right panels). Co-staining with the murine HSC marker des-

min confirmed that the NO-GC- and cGKI-expressing cells in our

MASH model were HSCs (Figure 3h, white arrows). Additionally, the

percentage of desmin-positive cells in MASH livers was significantly

higher than in controls (MASH 35% ± 9% versus control 16% ± 2%

of total cells, n = 3 sections from 3 male mice each). Similarly, and in

agreement with our Western blot data (Figure 3c,d), the fraction of

NO-GC-positive HSCs (Figure 3f, MASH 27% ± 9% versus controls

13% ± 1% of total cells, n = 3 sections from 3 male mice each) and

cGKI-expressing HSCs (Figure 3g, MASH 30% ± 3% versus controls

6% ± 1% of total cells, n = 3 sections from 3 male mice each)

increased strongly in MASH livers compared with controls. NO-GC

and cGKI expression were also observed in smooth muscle cells of

the hepatic vasculature (data not shown), whereas liver cells with

larger nuclei, presumably mainly hepatocytes, did not stain positive

for NO-GC or cGKI (Figure 3f–g, white arrowheads). The latter

results were consistent with earlier studies in which these proteins

were also not detected in hepatocytes or other non-HSCs except

vascular smooth muscle cells (Lutz et al., 2011; Theilig et al., 2001).

Together, our findings suggested that ApoE KO mice on an HFD

are an appropriate model for analysing cGMP signalling in MASH,

where high NO-GC and cGKI expression was mainly due to the

increased number of activated HSCs arranged in clusters. Interest-

ingly, we found that NO-GC and cGKI are expressed in HSCs in both

healthy and MASH livers and could be explored as potential targets

for novel treatment strategies of MASH.

3.4 | cGKI is strongly expressed in fibrotic and
cirrhotic human livers

To investigate whether our findings in mice might also translate to

humans, we analysed liver sections from humans with a healthy liver

and patients diagnosed as having hepatic fibrosis or cirrhosis

(Figure 4). Staining with picrosirius red and fast green confirmed

extensive fibrosis in fibrotic and cirrhotic liver samples, indicated by

red-stained perivascular fibres and bridges, which were only weakly

detectable in healthy liver tissue (Figure 4a). Serial sections of regions

that were strongly stained red by picrosirius red also showed strong

SMA expression, indicating activated HSCs in these fibrotic areas

(Figure 4b). Consistent with our findings in murine livers, cGKI expres-

sion was strongly elevated in fibrotic and cirrhotic human livers as

compared with healthy liver samples (Figure 4c). In addition to immu-

nostaining of liver sections, we re-analysed publicly available scRNA-

seq datasets from human liver for the expression of genes involved in

the cGMP signalling pathway (Fabre et al., 2023). We found that the

mRNAs for GUCY1A1 and GUCY1B1 (encoding the α1 and β1 subunit

of NO-GC, respectively), as well as the mRNA for the cGMP effector

PRKG1 (encoding cGKI), were strongly expressed in stromal cells con-

taining HSCs/myofibroblasts, whereas these mRNAs were barely

detectable in other liver cell types (Figure 4d). In contrast, mRNAs for

the membrane-associated NPR1 (encoding GC-A, the receptor

for atrial natriuretic peptide) and the NO generator NOS3 (encoding

eNOS) were preferentially expressed in endothelial cells (Figure 4d,e).

Other NO generators like NOS1 (encoding nNOS) and NOS2 (encod-

ing iNOS) were detected only in a few endothelial cells or not at all

(Figure 4e). The mRNA expression profile of the analysed genes was

similar in healthy and diseased livers (data not shown).

TABLE 1 Analysis of body weight, blood pressure and livers from metabolic dysfunction-associated steatohepatitis (MASH) and MASH
+ NO-GC activator BAY-543 (Act) mice at the end of the experiment.

Males Females

MASH MASH + Act MASH MASH + Act

(n = 7) (n = 8) (n = 8) (n = 8)

Body weight (g) 34.5 ± 1.6 30.6 ± 1.0 31.7 ± 0.8 29.8 ± 1.3

(n = 6) (n = 6) (n = 4) (n = 4)

Systolic blood pressure (mmHg) 107.2 ± 8.0 109.9 ± 7.0 103.7 ± 7.6 111.9 ± 11.1

Diastolic blood pressure (mmHg) 76.6 ± 7.5 74.6 ± 5.1 74.6 ± 7.2 81.3 ± 9.7

(n = 7) (n = 5) (n = 7) (n = 5)

Macro-steatosis score (%) 47 ± 8 18 ± 3* 14 ± 1 7 ± 2*

Fibrosis score (Ishak score) 1.4 ± 0.2 0.6 ± 0.2 2.4 ± 0.4 0.2 ± 0.1**

(n = 8) (n = 7) (n = 12) (n = 8)

Liver triglycerides (mg/100 mg tissue) 19.9 ± 6.6 13.3 ± 3.1* 16.0 ± 6.3 14.3 ± 4.3

Liver cholesterol (mg/100 mg tissue) 2.6 ± 1.2 1.6 ± 0.6 2.5 ± 1.0 2.0 ± 0.8

Note: Data are shown as mean ± SEM. Statistical significance of MASH + Act male versus MASH male or MASH + Act female versus MASH female mice

is indicated by asterisks (*P < 0.05, **P < 0.01). P-values were obtained with the Mann–Whitney U-test.
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F IGURE 5 Characterization of metabolic dysfunction-associated steatohepatitis (MASH) livers from mice treated with the NO-GC activator
BAY-543 (Act). (a, c, e) Representative images of liver sections from control (left), MASH (middle) and MASH + Act (right) mice. (a) Haematoxylin
and eosin staining and (b) lipid vacuole count per portal vein in MASH (18 sections from 6 males, 27 sections from 9 females) and MASH + Act
(12 sections from 4 males, 9 sections from 3 females) livers. (c) Picrosirius red and fast green staining. Higher magnification is shown in the lower
panels. (d) Quantification of the picrosirius red-positive area in MASH (18 sections from 6 males, 26 sections from 9 females) and MASH + Act
(10 sections from 4 males; 15 sections from 6 females) livers. Note that the MASH male group contained one data point above 450 in (b) and
above 19 in (d). These data points are not shown in the bar graphs but are included in the statistical analysis. (e) Immunohistochemistry staining of
SMA. (f–k) Since there were no significant differences between males and females, the data were pooled for quantification. (f) Quantification of
the α-smooth muscle actin (SMA)-positive area in MASH (20 sections from 5 mice) and MASH + Act (16 sections from 4 mice) livers. (g–h)
Transcript levels of (g) Acta2, (h) Ccl2, Cxcl10, Ifng and Il1b in the livers of MASH (n = 17) and MASH + Act (n = 12) mice were quantified by RT-
PCR and normalized to wild-type animals on normal diet. (i) Immunohistochemistry staining of Mac-2 and quantification of the Mac-2-positive
area in MASH (12 sections from 4 mice) and MASH + Act (15 sections from 5 mice) livers. (j) Immunofluorescence staining of collagen IV and
quantification of the collagen IV-positive area in MASH (9 sections from 3 mice) and MASH + Act (9 sections from 3 mice) livers. (k) Serum levels
of alanine aminotransferase (ALT) in MASH (n = 9) and MASH + Act (n = 8) mice. Data are represented as mean ± SEM. Where n=3 or
4 independent experiments (i, j), statistical analysis was not carried out, and results should be regarded as preliminary. P-values were obtained
with the Mann–Whitney U-test. Scale bars, 50 μm. CV, central vein; PV, portal vein; dashed lines indicate the steatotic and fibrotic regions
around the PV.
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Together, these findings suggested that fibrotic regions in human

liver contain extracellular matrix-producing activated HSCs, which

express NO-GC and cGKI, whereas the main source of NO is endo-

thelial cells expressing eNOS.

3.5 | The NO-GC activator BAY-543 improves
metabolic dysfunction-associated steatohepatitis
(MASH)

To evaluate the therapeutic potential of targeting the NO-cGMP axis

in HSCs in MASH, we stimulated the signalling pathway by treating

MASH mice with the NO-GC activator BAY-543 (Act), which

increased the cGMP concentration in activated HSCs (Figure 1l,m).

We hypothesized that BAY-543 could be efficient under oxidative

stress conditions that might occur in MASH, enabling activation of

oxidized forms of NO-GC that do not respond adequately to NO or

NO-GC stimulators (Dai & Stuehr, 2025; Sandner et al., 2021). To test

if activation of NO-GC with BAY-543 improves MASH, we compared

healthy control mice, MASH mice and MASH mice fed a HFD supple-

mented with BAY-543 (hereafter referred to as MASH + Act mice).

Treatment with BAY-543 resulted in a concentration of 16.6 ± 2 nM

(n = 8 animals) of the unbound fraction of BAY-543 in the plasma of

MASH + Act animals. Considering the concentrations of BAY-543 (1

nm or 10 nM) that induce cGMP in cultured HSCs (Figure 1l,m), this

plasma concentration is within a sufficient range to enhance cGMP in

HSCs in the liver in vivo. Importantly, this concentration of BAY-543

did not significantly change blood pressure in male and female animals

(Table 1).

MASH and MASH + Act mice displayed prominent hepatic fat

accumulation in comparison to control mice, evident as both macro-

and micro-steatosis (Figure 5a). Micro-steatosis was consistently

observed around the central veins, whereas macro-steatosis was

found in a subcapsular pattern and showed a portal-to-portal distribu-

tion. The overall pattern of fat distribution was similar in MASH mice

and MASH + Act mice, with no evidence of ballooning or necrosis

observed. However, macro-steatosis, analysed by a pathologist, was

significantly reduced by ≈50% in livers from MASH + Act versus

MASH animals, with the males in the MASH group showing higher

variation than all other groups (Table 1). We confirmed the decrease in

macro-steatosis by quantitative analysis of lipid vacuole buildup

around the portal vein of liver sections, which was significantly

reduced in both sexes (Figure 5b). Triglyceride and cholesterol levels

in liver tissue showed a trend towards lower values in male and female

MASH + Act mice compared with MASH animals (Table 1). Portal-

to-portal fibrosis was less pronounced in MASH + Act versus MASH

livers (Figure 5c). The quantitative assessment of fibrosis using picro-

sirius red staining (Figure 5d) and the Ishak fibrosis score (Table 1)

showed a reduction in fibrosis in both males and females. However,

statistical significance was not reached for the Ishak fibrosis score in

males (Table 1) and for picrosirius red data in females (Figure 5d).

To test if steatosis and fibrosis were associated with elevated

expression of the HSC activation marker SMA, we stained liver

sections with an SMA-specific antibody. Indeed, the SMA-positive

area was strongly increased in MASH mice compared with healthy

controls (Figure 5e). To obtain a higher animal number for further

analysis, the two sexes were compared with each other. Since no sig-

nificant differences were found between males and females in the

MASH or MASH + Act groups, both sexes were pooled. The increase

in the SMA-positive area was significantly reduced in MASH + Act

animals (Figure 5f). Consistent with the protein changes seen in tissue

sections, a similar reduction was observed at the level of Acta2 mRNA

(encoding SMA) in the MASH + Act group versus MASH mice

(Figure 5g). The similar distribution of macro-steatosis and fibrosis in

the portal-to-portal region (Figure 5c) suggested that reduced HSC

activation and fibrosis in the MASH + Act group could also affect fat

distribution in the liver.

Furthermore, markers of liver inflammation were decreased in the

MASH + Act mice compared with the MASH group. Transcript levels

of the chemokines Ccl2 and Cxcl10, and of the cytokine Ifng, but not

Il1b, were significantly reduced in MASH + Act versus MASH livers

(Figure 5h). Immunostaining demonstrated a lower number of

Mac-2-positive macrophages (Figure 5i) and a dramatically decreased

collagen IV content (Figure 5j) in MASH + Act versus MASH livers. In

addition, plasma level of alanine aminotransferase, a marker of liver

injury, was significantly lower in MASH + Act than MASH mice

(Figure 5k), indicating less liver damage in mice treated with the NO-

GC activator.

Together, these results demonstrated that the ApoE KO/HFD

MASH mouse model is suitable for the investigation of steatosis,

fibrosis and liver inflammation in both male and female mice. Impor-

tantly, treatment of MASH mice with the NO-GC activator BAY-543

significantly improved multiple features of MASH progression.

4 | DISCUSSION AND CONCLUSIONS

The chronic liver disease MASH is primarily caused by overnutrition

and a sedentary lifestyle and can lead to severe complications in its

advanced stages (Hagstrom et al., 2024). Numerous drugs have been

developed to inhibit MASH, targeting different cell types or signalling

pathways. The approaches have not yet led to the desired improvement

in clinical outcomes and are often associated with side effects that lead

to discontinuation of therapy (Zhao et al., 2022). During MASH progres-

sion, HSCs are activated, proliferate and transform into fibrogenic myo-

fibroblasts (Kisseleva & Brenner, 2021; Tsuchida & Friedman, 2017). In

the present study, we found that the NO-NO-GC-cGMP-cGKI signal-

ling axis is expressed in both quiescent and activated HSCs and that

pharmacological stimulation of this pathway with the NO-GC activator

BAY-543 might present a new treatment option for MASH.

In the healthy liver, HSCs remain in a quiescent state character-

ized by vitamin A metabolism and storage within cytoplasmic lipid

droplets. Persistent liver injury causes the activation of HSCs and their

transdifferentiation into collagen-producing, pro-inflammatory HSCs/

myofibroblasts (Kisseleva & Brenner, 2021; Tsuchida &

Friedman, 2017). We observed that primary murine HSCs cultured for
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8 days developed a myofibroblast phenotype like activated HSCs dur-

ing liver fibrosis, which is consistent with the results reported by Dang

et al. (2021). The activated HSCs expressed key cGMP signalling pro-

teins, specifically the cGMP generator NO-GC and the cGMP down-

stream effector cGKI. The functionality of NO-cGMP signalling in

HSCs was analysed by live-cell imaging of HSCs expressing a cGMP

indicator protein. This technique allowed us to monitor cGMP signals

in HSCs in real time with spatiotemporal resolution. The NO donor

DEA-NO triggered cGMP elevations in both quiescent and activated

HSCs. Interestingly, NO-induced cGMP signals were weaker when

HSCs were more activated (Figure 1k, Day 8 vs. Day 2). In contrast,

cGMP increases stimulated by the pharmacological NO-GC activator

BAY-543 were not attenuated in activated HSCs (Figure 1l,m, Day

8 vs. Day 2). These findings suggest that the NO-cGMP signalling

pathway is expressed in activated HSCs, but its functionality is limited,

possibly because NO-GC is partially oxidized in activated HSCs,

resulting in reduced sensitivity to NO. However, BAY-543 could cir-

cumvent this limitation by acting on the oxidized NO-GC (Dai &

Stuehr, 2025; Sandner et al., 2021).

To study NO-cGMP signalling in HSCs located in their natural

environment in the liver, we used whole liver preparations of HSC-

specific cGMP sensor mice. In these liver preparations, NO-induced

cGMP signals were detected in HSCs, suggesting the presence of a

functional NO-cGMP signalling pathway in HSCs in vivo. Importantly,

genetic ablation of the cGMP effector cGKI specifically in HSCs led to

increased HSC activation in aged knockout mice. Activation of HSCs

induced by the reduction of cGKI has so far only been demonstrated

in HSCs in vitro (Franko et al., 2018). These results, together with the

previous finding that genetic ablation of cGKI in non-smooth muscle

cells, including HSCs, resulted in a complex metabolic phenotype with

liver inflammation and fasting hyperglycaemia (Lutz et al., 2011), pro-

vide evidence that impaired NO-cGMP-cGKI signalling in HSCs leads

to increased HSC activation.

In the Western world, MASLD and its more advanced stage,

MASH, are typically accompanied by obesity (Friedman et al., 2018).

Additionally, phenotypic profiling of patient material showed at least

two distinct types of MASLD, one associated with limited risk and one

associated with higher risk of cardiovascular diseases (Jamialahmadi

et al., 2024; Raverdy et al., 2024). Therefore, from the multitude of

rodent MASLD/MASH models (Schonke & Rensen, 2024), we chose a

model that reflects the situation in patients with hepatic steatosis and

an increased risk of cardiovascular disease. The ApoE KO mouse

model combines characteristic features of atherosclerosis (Zhang

et al., 1992) and MASH (Camargo et al., 2022; Schierwagen

et al., 2015). In comparison with previous MASH studies with ApoE

KO mice, we extended HFD feeding from 7 to 18 weeks to prolong

the time for the development of liver fibrosis. Similar to the published

data for male mice, we observed key features of MASH in male and

female mice, including (i) weight gain and hepatomegaly, (ii) hepatic

steatosis and (iii) HSC activation associated with fibrosis and inflam-

mation. Some effects in this model, such as liver to body weight ratio

or steatosis, were more pronounced in males but with a higher vari-

ability in comparison to female animals. In addition to the up-

regulation of the HSC activation markers SMA and SM22α, we also

detected increased expression of components of the NO-cGMP path-

way in MASH livers, namely, NO-GC and cGKI. However, NO-GC and

cGKI were expressed not only in activated HSCs but also in quiescent

HSCs in healthy livers, similar to the HSC marker desmin.

Expression of NO-GC and cGKI in HSCs was recently reported in

scRNA-seq studies in both human and mouse livers (He et al., 2023;

Yang et al., 2021). scRNA-seq studies have also shown that there is

marked heterogeneity among HSC subpopulations in mouse and

human livers, as recently summarized by Geng and Schwabe (Geng &

Schwabe, 2025). The different HSC subpopulations may play oppos-

ing roles in promoting or inhibiting liver fibrosis and carcinogenesis

(Filliol et al., 2022). Although we were able to detect functional NO-

cGMP signalling in both quiescent and activated HSCs, the exact

expression profile of NO-GC and cGKI and their functional relevance

in the various HSC subpopulations has not yet been clarified.

He et al. characterized HSC signatures in healthy and MASH-

affected human livers, showing that GUCY1A1 and GUCY1B1 mRNA

(encoding the α1 and β1 subunits of NO-GC, respectively), as well as

PRKG1 mRNA (encoding cGKI), are among the most highly expressed

genes in resting HSCs of healthy livers (He et al., 2023). Using carbon

tetrachloride and bile duct ligation fibrosis models, Yang et al. (2021)

reported differential gene expression between portal fibroblasts and

HSCs, with NO-GC exclusively expressed in HSCs but absent in por-

tal fibroblasts. The authors grouped HSCs into four clusters repre-

senting quiescent HSCs and three stages of activated HSCs. The

mRNA expression levels of the NO-GC subunits Gucy1a1 and

Gucy1b1 per cell decreased following HSC activation, reaching their

lowest levels in Stage 3 activated HSCs. By contrast, increased pro-

tein expression of NO-GC and cGKI was detected in whole liver tis-

sues of different mouse and rat fibrosis models without analysis at

cellular resolution (Sorz-Nechay et al., 2025). We showed the expres-

sion of NO-GC and cGKI in HSCs, detected at the protein level with

highly specific antibodies against the β1 subunit of NO-GC or cGKI

and, more importantly, the functional activity of the NO-cGMP sig-

nalling pathway in HSCs, demonstrated by live-cell imaging. In the

MASH livers of our ApoE KO model, NO-GC and cGKI were up-

regulated and expressed in activated HSCs that had accumulated in

clusters in the fibrotic livers. Moreover, we show that NO-GC and

cGKI were expressed in HSCs of diseased human liver. The cGKI-

positive cells are localized particularly in fibrotic areas, where SMA, a

marker for activated HSCs, is also significantly elevated. Together,

the previous reports (Sorz-Nechay et al., 2025) and our present data

indicate that the NO-cGMP-cGKI axis is selectively expressed in qui-

escent and activated HSCs in mice and humans and could serve as a

drug target in MASH.

Equally important as expression is the functionality of the signal-

ling pathway. It is interesting to note that cGKI in HSCs could also be

activated independently of NO-GC by cGMP from alternative sources,

such as atrial natriuretic peptide- or C-type natriuretic peptide-

induced guanylyl cyclases (Perez-Ternero et al., 2025; Suzuki

et al., 2023; Tao et al., 1999). The heterogeneous cGMP signalling

(Feil et al., 2022) within HSCs at different activation stages and
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between HSCs and other cell types, such as portal fibroblasts, may

play a diverse role in the pathology of MASH.

Reduced NO-induced cGMP signals in the activated HSCs expres-

sing NO-GC indicated that oxidative stress conditions in MASH might

cause not only HSC activation (Tsuchida & Friedman, 2017) but also oxi-

dation of the NO-binding haem group of NO-GC, rendering the enzyme

unresponsive to NO (Stasch et al., 2015). Unlike NO-GC stimulators,

NO-GC activators target and activate forms of NO-GC that are insensi-

tive to NO (Dai & Stuehr, 2025). Therefore, NO-GC activators may be

advantageous compared with NO-GC stimulators in chronic conditions,

such as MASH, that are associated with increased oxidative stress. Our

cGMP imaging data in primary HSCs are consistent with this assumption.

Even though NO-GC and cGKI were clearly expressed in the activated

HSCs, the cGMP increase, which could be induced by NO, was attenu-

ated compared to the BAY-543-induced cGMP increase.

Published studies on NO-GC activators other than BAY-543 have

been conducted in severe fibrosis models without steatosis, only in

male rats, and are not yet conclusive. One of the first NO-GC activa-

tors, Cinaciguat, was compared with the NO-GC stimulator Riociguat

in the bile duct ligation model. Cinaciguat did not show improvement

in liver fibrosis, but caused arterial hypotension, whereas Riociguat

significantly decreased fibrosis without effects on the mean arterial

blood pressure (Brusilovskaya et al., 2020). Other NO-GC activators

showed a dose-dependent reduction of fibrosis in carbon

tetrachloride- or pig serum-induced liver fibrosis (Knorr et al., 2008)

or in a thioacetamide-induced cirrhosis model (Jones et al., 2023),

with higher doses affecting blood pressure. These results indicated

that the effects of NO-GC stimulators or activators on fibrosis should

be evaluated depending on the dosing, which can influence extrahe-

patic effects or blood pressure. In a rat model for renal fibrosis, the

direct comparison of an NO-GC stimulator and an NO-GC activator

showed comparable blood pressure–lowering effects, but fibrosis was

only reduced with the activator BAY 60–2770 (X. Chen et al., 2024).

In our mouse MASH model, chronic treatment with the NO-GC

activator BAY-543 added to the diet led to plasma concentrations of

unbound BAY-543 that could effectively induce cGMP elevation in

activated HSCs in culture. The treatment did not result in changes of

blood pressure, but it did reduce macro-steatosis, fibrosis, inflamma-

tion and the expression of indicators of activated HSCs in both male

and female mice, as compared with the untreated MASH group.

Our findings suggest that activation of the NO-cGMP axis in

HSCs suppresses the transition of quiescent HSCs into activated

HSCs and/or the proliferation of activated HSCs, resulting in notable

antifibrotic effects associated with less steatosis and hepatic inflam-

mation. The endogenous mechanism underlying these effects is likely

initiated by the diffusion of NO from endothelial cells into HSCs.

There, NO-GC, cGMP generation and cGKI are activated, which could

then affect the phenotype and growth of the HSCs. A similar mecha-

nism has been previously described for the NO-cGMP-dependent

regulation of vascular smooth muscle cells (Weinmeister et al., 2008;

Wolfsgruber et al., 2003). cGKI could also inhibit migration/

chemotaxis or the formation of focal adhesions in HSCs as suggested

by Routray et al. (2011). In MASH, oxidative stress could increase the

level of oxidized NO-GC that no longer responds to NO but can be

activated by BAY-543. BAY-543 not only improved liver function, as

evidenced by reduced alanine aminotransferase levels, but also led to

antifibrotic effects associated with reduced hepatic inflammation and

macro-steatosis. A recent study by Feng et al. (2025) showed that a

novel PDE5 inhibitor exerts similar therapeutic effects on liver fibrosis

as BAY-543 via the NO-cGMP-cGKI axis and the suppression of key

pro-fibrotic pathways, including TGFβ/Smad and Akt/NF-κB signal-

ling. However, we cannot fully exclude cGMP-independent effects of

BAY-543, as has been reported for an NO-GC stimulator (P. J. Chen

et al., 2020). In addition, NO as well as BAY-543 could have effects

on non-HSCs in and outside the liver. For instance, the reduction of

macro-steatosis observed after BAY-543 treatment could be indepen-

dent of its antifibrotic effects in HSCs. Indeed, genetic ablation of

cGKI in mice showed a complex metabolic phenotype indicating a

positive effect of cGMP signalling on liver health (Lutz et al., 2011).

Therefore, the improvements in steatosis and alanine aminotransfer-

ase levels could be attributed not only to the specific effects of BAY-

543 on HSCs but also to systemic or non-HSC-mediated effects of

the drug.

In this study, we analysed cGMP signalling in primary HSCs and

whole liver tissue via live-cell imaging in combination with newly

developed HSC-specific mouse models, chose a MASH mouse model

reflecting the situation in humans with comorbidities and compared

male and female animals. We could show that the NO-cGMP-cGKI

signalling axis is patho-physiologically important in activated HSCs of

MASH mice and that it is also relevant for patients with liver diseases.

The NO-GC activator BAY-543 studied in our mouse model effec-

tively reduced features of MASH. Overall, the maintenance of cGMP

signalling by BAY-543 could make an important contribution to con-

trolling the function of HSCs and thus represent a new therapeutic

option for the treatment of MASH in humans.
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