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ABSTRACT 

 

 

Aims: Atherosclerosis is a chronic inflammatory disease involving immunological and metabolic 
processes. Metabolism of tryptophan (Trp) via the kynurenine pathway has shown 
immunomodulatory properties and the ability to modulate atherosclerosis. We identified 3-
hydroxyanthranilic acid (3-HAA) as a key metabolite of Trp modulating vascular inflammation and 
lipid metabolism. The molecular mechanisms driven by 3-HAA in atherosclerosis have not been 
completely elucidated. In this study, we investigated whether two major signalling pathways, 
activation of SREBPs and inflammasome, are associated with the 3-HAA-dependent regulation of 
lipoprotein synthesis and inflammation in the atherogenesis process. Moreover, we examined 
whether inhibition of endogenous 3-HAA degradation affects hyperlipidaemia and atherosclerosis. 

 

Methods and results: In vitro, we showed that 3-HAA reduces SREBP-2 expression and nuclear 
translocation, and apolipoprotein B secretion in HepG2 cell cultures, and inhibits inflammasome 
activation and IL-1β production by macrophages. Using Ldlr-/- mice, we showed that inhibition of 3-
hydroxyanthranilic acid 3,4-dioxygenase (HAAO), which increases the endogenous levels of 3-HAA, 
decreases atherosclerosis and plasma lipids. Notably, HAAO inhibition led to decreased hepatic 
SREBP-2 mRNA levels and lipid accumulation, and improved liver pathology scores.  

 

Conclusions: We discovered that the activity of SREBP-2 and the inflammasome can be regulated by 
3-HAA metabolism. Moreover, our study highlights that targeting HAAO is a promising strategy to 
prevent and treat hypercholesterolemia and atherosclerosis. 
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INTRODUCTION 

Ischaemic heart disease and stroke, the leading causes of death worldwide 1, are commonly caused 
by atherosclerosis, a chronic inflammatory disease affecting large- and medium-sized arteries. 
Atherosclerosis is initiated by the infiltration of low-density lipoprotein (LDL) across the endothelium, 
which subsequently becomes trapped and accumulates in the intima of the vessel 2. Enzymatic and 
nonenzymatic modifications to the trapped LDL lead to the formation of danger-associated molecular 
patterns (DAMPs) that activate vascular and immune cells, triggering local inflammation 3. 

Metabolism of tryptophan (Trp) via the kynurenine pathway has been linked to the inhibition of 
inflammation and the induction of immune tolerance 4. Although expressed at basal levels in several 
tissues, the kynurenine pathway is tightly regulated and strongly induced in response to 
inflammation in many cell types, including endothelial cells, smooth muscle cells, and leukocytes in 
the vascular wall 5. 

We have shown that Trp metabolism via the kynurenine pathway plays a protective role in the 
pathological process of atherosclerosis and identified 3-hydroxyanthranilic acid (3-HAA) as a major 
immunomodulatory metabolite that regulates vascular inflammation and plasma lipid levels 6-8. 
However, the precise molecular mechanisms by which 3-HAA acts remain unclear. 

Numerous experimental studies implicate inflammasome activation and interleukin 1-beta (IL-1β) 
secretion as key processes driving atherogenesis 9. Recently, the Canakinumab Antiinflammatory 

Thrombosis Outcome Study (CANTOS) showed that blocking IL-1 is clinically relevant for treating 
atherosclerotic cardiovascular disease (CVD), as it significantly reduces the number of events and 
mortality 10, 11. Interestingly, IL-1β has also been proposed to link inflammation with metabolic 
dysregulation 12. 

Members of the sterol response element binding protein (SREBP or SREBF) transcription factor family 
function as principal regulators of lipid homeostasis, controlling lipid synthesis and catabolism 13. IL-

1 can increase SREBP-2 mRNA expression and nuclear translocation, which leads to increased 
intracellular cholesterol accumulation in HepG2 and primary hepatic cell cultures 14. Conversely, 
recent studies have implicated both SREBP-1 and SREBP-2 in the regulation of IL-1β expression 15, 16. 

In this study, we investigated whether the 3-HAA-driven effects on lipid levels and inflammation 
depend on the modulation of SREBPs and the inflammasome. Moreover, we evaluated whether 3-
hydroxyanthranilic acid 3,4-dioxygenase (HAAO) inhibition, which increases endogenous 3-HAA 
levels, can modulate SREBPs, plasma lipids, and atherosclerosis in Ldlr-/- mice. 
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METHODS 

 

HepG2 culture and treatments 

The human hepatoma cell line HepG2 was purchased from ATCC (VA, USA) and cultured as previously 
described 17. Briefly, cells were maintained in low glucose (1 g/l) Dulbecco’s Modified Eagle’s Medium 
(DMEM, Sigma Aldrich, MO, USA) supplemented with 10% foetal bovine serum (FBS), 2 mM L-
glutamine, 100 units/ml penicillin and 100 µg/ml streptomycin (all from Gibco, UK). At least 14 days 
prior to the experiment, the cells were passaged, and the medium replaced with low glucose (1 g/l) 
DMEM supplemented with 2% AB+ human serum (Blodcentralen Karolinska Universitetssjukhuset, 
Sweden), 2 mM L-glutamine, 100 units/ml penicillin and 100 µg/ml streptomycin. Cells were treated 
overnight with increasing concentrations of 3-HAA (Sigma Aldrich, MO, USA), Phosphoinositide-
dependent kinase-1 (PDK1) inhibitor KP372-1 (Sigma Aldrich, MO, USA), or vehicle according to the 
figure legends for gene and nuclear protein expression analysis, and immunofluorescence staining, or 
for 48 hours for apolipoprotein B (ApoB) secretion analysis. Medium of cells treated with KP372-1 
was supplemented with high glucose (25 mM) and insulin (100 nM, Novo Nordisk, Denmark) during 
the treatment. 3-HAA and KP372-1 toxicity to HepG2 cells (Supplemental fig.1) was evaluated by 
PrestoBlue HS Cell Viability assay and LDH activity (both from Thermo, IL, USA) following the 
manufacturer’s instructions.  

 

Protein extraction, Western blotting and immunofluorescence staining 

Nuclear proteins from treated HepG2 cells were extracted using the CelLytic Nuclear Extraction kit 
(Sigma Aldrich, Israel) according to the manufacturer’s instructions. Total protein was extracted from 
bone marrow-derived macrophages with RIPA buffer. Arterial protein was extracted from frozen 
aortas of NCR-631-treated mice and PBS controls as previously described 18. Protein concentration 
was measured with a DC protein reaction kit (BioRad, USA) or the Pierce 660 assay (Thermo, IL, USA) 
prior to Western blotting. After the gel electrophoresis of either nuclear extract from HepG2 cells, or 
treated mouse macrophages, or aortas, proteins were blotted on polyvinylidene difluoride (PVDF) 
membranes and probed with rabbit anti-human SREBP-2 (Novus, CO, USA), mouse anti-human 
Histone H4, rabbit anti-mouse caspase-1, and rabbit anti-mouse Vinculin (all Abcam, UK). The 
secondary antibodies IRDye© donkey anti-rabbit 800W and IRDye© goat anti-mouse 680W (Li-Cor, 
NE, USA) were used, and detection was carried out using an Odyssey CLx infrared detection system 
(Li-Cor, NE, USA). 

Immunofluorescence staining was carried out on HepG2 cells grown on Falcon™ chamber slides 
(Fischer Scientific, PA, USA). 25 000 cells were added to each well, and slides were incubated in 
experimental medium supplemented with human serum as stated above. The cells were incubated 
for two weeks, and the growth medium was replaced regularly. One day prior to staining, cells were 
treated overnight with 3-HAA or vehicle, as stated in the figure legends. Cells were then washed with 
PBS, fixed with formaldehyde and methanol and stained with rabbit anti-human SREBP-2 (Novus, CO, 
USA); nuclei were stained with DAPI. The secondary antibody DyLight 594 horse anti-rabbit (Vector 
Laboratories, CA, USA) was used, and images were acquired on a Leica TCS SP5 confocal microscope 
system (Leica, Germany). 

 

Apolipoprotein B secretion analysis 

ApoB secretion from HepG2 cells was measured as previously described 17. Briefly, depending on the 
cell batch, 2–4 million cells were seeded in 75 cm2 cell culture flasks. Equal numbers of cells were 
always seeded in both the treatment flask and the corresponding control flask. Cells were grown for 
14 days in experimental growth medium supplemented with human serum as stated above. At the 
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start of treatment, the growth medium was removed, and the cells were washed three times. The 
final wash was collected and retained for future reference. Serum-free Opti-MEM (Gibco, UK) 
supplemented with 100 µM 3-HAA or control vehicle was then added. Cells were treated for 48 
hours, and the supernatant was then collected and concentrated by size using Amicon Ultra 
centrifugational units (Millipore, Ireland). The concentrate was fractionated using an FPLC system 
with a Superose 6 Increase column (GE Healthcare, Sweden) and tris-buffered saline (TBS) at a flow 
rate of 0.4 ml/minute. Fractions were collected in a 96-well microplate using a Foxy Jr fraction 
collector (Teledyne, NE, USA), and ApoB was detected by ELISA (Mabtech, Sweden). 

 

Generation of mouse bone marrow-derived macrophages and inflammasome activation in vitro 

Bone marrow cells were extracted from the femurs and tibias of C57Bl/6 mice, differentiated in 
medium (DMEM, 10% FCS, 50 U/ mL penicillin, 50 g/mL streptomycin, 1 mmol/L sodium pyruvate, 2 
mmol/L l-glutamine) supplemented with 20% L929 supernatant for 7 days as previously described 19 
and then counted and plated for experiments. 

To measure IL-1β production based on inflammasome activation, two steps are required 20. First, 
initial priming with LPS (Enzo Life Science, USA) was used to induce the production of pro-IL-1β and 
potentiate the inflammasome response. A second activating signal, ATP (Sigma Aldrich, MO, USA), 
was then used to induce assembly of the inflammasome complex, cleavage of caspase-1, and the 
release of mature IL-1β. Treatment with 3-HAA was performed either one hour before LPS or 30 
minutes before ATP. Supernatant IL-1β was measured by ELISA according to the manufacturer’s 
instructions (R&D Systems, MN, USA). Caspase 1 activation was evaluated by western blot as earlier 
described.  

 

RNA analysis 

RNA was isolated from HepG2 cells and mouse livers using the RNeasy kit (Qiagen, Hilden, Germany). 
After approving the quality of the RNA on a BioAnalyser (Agilent Technologies, Waldbronn, 
Germany), it was reverse transcribed with a High-Capacity RNA-to-cDNA™ Kit (Thermo, IL, USA) and 
amplified by real time-PCR using assay-on-demand primers and probes (Thermo, IL, USA) in an ABI 
7700 Sequence Detector (Applied Biosystems, Foster City, CA, USA). Hypoxanthine guanidine 
ribonucleosyl transferase (HPRT) was used as housekeeping gene. The complete list of assay-on-
demand primers and probes is provided in the Supplemental Table 1. Data were analysed based on 
the relative expression method with the formula 2-ΔΔCT, where ΔΔCT = ΔCT (sample) – ΔCT (calibrator 
= average CT values of all samples within each group) and ΔCT is the average CT of the housekeeping 
genes subtracted from the CT of the target gene. 

 

Animals and treatment 

Male Ldlr-/- mice (B6.129S7-Ldlrtm1Her/J) were purchased from the Jackson Laboratory (Charles 
River Laboratories) and allowed to acclimatize for 4 weeks. At twelve weeks of age, the mice were 
fed a western diet (corn starch, cocoa butter, casein, glucose, sucrose, cellulose flour, minerals, and 
vitamins comprising 17.2% protein, 21% fat (62.9% saturated, 33.9 unsaturated, and 3.4% 
polyunsaturated), 0.15% cholesterol, 43% carbohydrates, 10% H2O, and 3.9% cellulose fibres; R638 
Lantmännen, Sweden) ad libitum. NCR-631 (AstraZeneca, Sweden) or PBS was administered by 
intraperitoneal injection (200 mg/kg in PBS, ~5 mg/injection) three times per week for eight weeks. 
This dose was selected based on previous titration study showing dose-dependent increase in the 3-
HAA plasma levels 21. A group of mice receiving 3-HAA (Sigma Aldrich, MO; 200 mg/kg in PBS, ~5 
mg/injection; prepared as described in 6) was used as a reference group for atherosclerosis and 
plasma lipid analysis. Aortic arch lesion was used as a primary endpoint in the study. Descriptive data 
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of all animal experiments are provided in Supplemental tables 2-5. All animal experiments were 
performed in accordance with national guidelines and approved by the Stockholm Norra regional 
ethics board (N139-12; N28-15), which conform to the guidelines from Directive 2010/63/EU of the 
European Parliament on the protection of animals used for scientific purposes 

 

Tissue collection, en face analysis of the aortic arch, and immunohistochemistry 

At the end of treatment, mice were euthanized with CO2. Blood was collected by cardiac puncture, 
and vascular perfusion was performed with sterile RNase-free PBS. After perfusion, heart and the 
aortic arch was dissected and preserved for lesion and immunohistochemistry analyses. The liver was 
dissected and snap-frozen or preserved in a 4% % Phosphate-buffered formaldehyde for 
histopathology analyses. En face lipid accumulation in the mouse aortic arch was determined using 
Sudan IV staining. Images were captured using a Leica DC480 camera connected to a Leica MZ6 
stereo microscope (Leica, Wetzlar, Germany). The plaque area was calculated as the percentage of 
the total surface area of the aortic arch (not including branching vessels) using Image J software (NIH, 
Bethesda, USA). The plaque cell markers in sections of aortic roots was evaluated using primary 
antibodies against CD68 (AbD Serotec, Kidlington, UK) and CD4 (BD Biosciences, Franklin Lakes, NJ, 
USA) that were applied to acetone-fixed cryosections. Detection was performed using an ABC 
alkaline phosphatase kit (Vector Laboratories, Burlingame, CA, USA) as previously described 22, 23. 
Immunohistochemical data was obtained using Qwin computerized analysis (Leica, Wetzlar, 
Germany) of stained sections. Samples that were compromised during processing or analysis were 
excluded from the study. For the assessment of plaques, samples were coded and the evaluation 
performed by trained persons, which were blinded to the treatment groups.  

 

Plasma, liver lipid and faecal cholesterol analysis 

Plasma cholesterol and triglycerides were measured using enzymatic colorimetric kits (Randox Lab. 
Ltd. Crumin, UK) according to the manufacturer’s instructions. Upon sacrifice, a piece of the liver was 
snap-frozen. Liver lipids and faecal cholesterol were extracted from liver samples and dried faeces 
using the Folch method 24. Mouse faeces were collected during 6h daytime. Briefly, one hundred mg 
liver tissue or three hundred mg dried and ground faeces were homogenized in methanol, and lipids 
were extracted by chloroform separation (methanol: chloroform (1:2). After drying, the extracts 
were redissolved in 1% Triton-100 and cholesterol and triglyceride content were measured using 
enzymatic colorimetric kits (Randox Lab. Ltd. Crumin, UK) according to the manufacturer’s 
instructions. 

 

Liver histopathology analysis and CD68 staining 

Liver samples were fixed for 24-48 h in 4% buffered formaldehyde solution, dehydrated in a series of 
graded alcohol, and embedded in paraffin wax. Serial sections of 4 μm were rehydrated, and stained 
with hematoxylin-eosin (H&E) for light microscopy histopathological and immunostaining 
assessment. Histopathological examination and evaluation of liver tissue samples was performed on 
H&E stained sections and degree of steatosis and inflammation was scored on a semi quantitative 5 
grade scale (0= normal; 1= minimal; 2= slight; 3= moderate; 4= marked; 5= severe) as previously 
described 25. All histological assessments were performed by a trained pathologist who was blinded 
to the treatments. Hepatic macrophage number was evaluated using a primary antibody against 
Mac-2 antibody (Cedarlane Laboratories, Burlington, Canada) and detected by standard 
immunoperoxidase technique. Slides were examined by light microscopy and quantitative analysis 
carried out using at least 4 randomly selected fields from each section. Mean Mac-2+ cells/field for 
each mouse were used to plot graphs. 
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Lipoprotein turnover experiments 

LDL clearance was determined by intravenous injection of fluorescein isothiocyanate (FITC) labelled 
LDL particles. FITC labelling was done as earlier described 26. Mice were injected intravenously with 
2.5 µg of LDL protein content per g of bodyweight and bled via the tail vein 1, 5, 10, 30 and 60 
minutes post injection. Fluorescence in plasma was detected using a fluorescence plate reader 
(Perkin Elmer, USA), the results were corrected for haemoglobin by using a standard curve. VLDL 
production was assessed as earlier described 26. Briefly, blood was collected via the tail vein before 
the start of the experiment. The mice then received an intraperitoneal injection of 500mg/kg body 
weight of Tyloxapol (Sigma Aldrich, MO, USA) to inhibit lipolysis. Blood was collected after 2 and 6 
hours and the mice were euthanized. Triglyceride levels, as a measure of VLDL output, were 
determined using enzymatic colorimetric kit (Randox Lab. Ltd. Crumin, UK) according to the 
manufacturer’s instructions. 

 

Statistical analysis 

The results are presented as the mean ± SEM if not otherwise stated. The Mann-Whitney U-test was 
used for comparison between two groups, and Kruskal-Wallis ANOVA with Dunn’s post-test for 
comparisons between more than two groups. Correlations were calculated using Spearman’s rank 
test. P-values <0.05 were considered significant. 
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RESULTS 

3-HAA regulates the SREBP/lipoprotein axis in HepG2 cells 

HepG2 cell cultures were used to study the direct effects of 3-HAA on SREBP mRNA levels, SREBP-2 
translocation to the nucleus, and ApoB secretion. 3-HAA treatment led to a significant dose-
dependent decrease in SREBP-2 mRNA expression (fig. 1A), while SREBP-1 mRNA was not significantly 
affected. Notably, upon insulin and glucose challenge, which is known to stimulate SREBP-1 
expression 27, 3-HAA treatment also influenced SREBP-1 mRNA levels (Supplemental fig. 2). 
Interestingly, inhibition of PDK1, which has been suggested to mediate 3-HAA anti-inflammatory 
effects in T cells 28, also reduced SREBP-2 mRNA levels in HepG2 cells (Supplemental fig.3) 

Western blot analysis of nuclear extracts from HepG2 cells revealed that 3-HAA substantially reduced 
cleaved SREBP-2 protein levels in the nucleus (fig. 1B), which was further confirmed by 
immunofluorescence staining (fig. 1C). Next, we evaluated whether 3-HAA-driven effects on SREBP 
could influence lipoprotein secretion in vitro. The ApoB levels in the supernatant of 3-HAA treated 
cells were reduced by approximately 47% compared to controls (fig. 1D).  

 

3-HAA inhibits inflammasome activation and IL-1β secretion by macrophages 

Bone marrow-derived macrophages from C57BL/6J mice were used to investigate whether 3-HAA 
modulates the inflammasome activation. The effects of 3-HAA on both inflammasome priming and 
activation were investigated. Treatment with 3-HAA before LPS-priming reduced IL-1β secretion in a 
dose-dependent manner (fig. 2A). Interestingly, treatment with 3-HAA shortly before ATP stimulation 

showed very similar effects on the inhibition of IL-1(fig. 2B). Corroborating these findings, we 
observed a dose-dependent decrease in cleaved caspase-1 protein in macrophages treated with 3-
HAA before LPS (fig. 2C). A decrease in cleaved caspase-1 was also observed at the highest 3-HAA 
dose when added before ATP (fig. 2C). 

 

HAAO blockade reduces the atherosclerotic lesion burden and plasma lipids 

Treatment of Ldlr-/- mice with the HAAO inhibitor NCR-631 (fig. 3A) decreased the atherosclerotic 
lesion area in the aortic arch by approximately 50% compared to PBS control mice (fig. 3B). The 
reduction in the lesion area was comparable to that induced by exogenous 3-HAA administration, 
which was used as a reference. Treatment with NCR-631 also led to reduced plasma levels of total 
cholesterol (fig. 3C) and triglycerides (fig. 3D) compared to those in the PBS controls, and were 
similar to 3-HAA treatment. No difference in body weight was observed between the treatment 
groups (fig. 3E). 

 

HAAO blockade effects on vascular inflammation 

We evaluated whether NCR-631 could influence plaque CD68 macrophage and CD4+ T-cell 
infiltration in the plaque. Despite the significant effects of NCR-631 in plaque area, no differences in 
the percentage of macrophages and CD4+ T cells were observed  (fig. 4A-B). Although this could 
sound surprising, it is in line with our previous finding that IDO inhibition, which reduces 3-HAA 
endogenous levels, accelerated atherosclerosis despite showing no changes in plaque cellular 
composition 7.  

Because 3-HAA modulated the inflammasome activation in vitro, we investigated whether this 
pathway was influenced in vivo upon increased levels of endogenous 3-HAA due to HAAO blockade. 
Indeed, a significant decrease in pro-caspase-1, and a trend decrease in cleaved caspase-1 were 
observed in aortic protein extracts from NCR-631 treated mice compared to PBS controls (fig. 4C).  
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NCR-631 treatment reduces hepatic SREBP-2 mRNA levels, improves liver histopathological scores, 
and decreases liver lipid accumulation 

We demonstrated that 3-HAA regulates the SREBP mRNA levels in HepG2 cell cultures. HAAO 
blockade in vivo with NCR-631, known to increase endogenous 3-HAA levels 21, led to decreased 
hepatic SREBP-2 mRNA levels compared to PBS-treated controls (fig. 5A). The mRNA expression of 
one of its major target gene, 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), was also 
decreased by NCR-631 treatment (fig. 5B). NCR-631 treatment exerted no effect on hepatic SREBP-1 
or its target gene stearoyl-CoA desaturase 1 (SCD-1) mRNA expression (fig. 5C and D). Interestingly, a 
positive correlation between hepatic macrophage infiltration and Srebf2, and Hmgcr was observed in 
our mouse model (Supplemental fig. 4). 

Histopathological examination and semiquantitative scoring of the prepared liver samples revealed a 
reduction in steatosis grade as well as lobular inflammation and hepatocyte ballooning-like 
degeneration in mice treated with NCR-631 (fig. 45 and F). In line with these data, HAAO blockade led 
to reduced hepatic cholesterol and triglyceride levels (fig.5 G-H) as well as reduced faecal cholesterol 
levels (Supplemental fig. 5). These findings are consistent with the in vitro data obtained from HepG2 
cells, supporting the protective potential of 3-HAA in the liver.  

 

Effects of NCR-631 treatment on lipoproteins turnover 
In order to investigate whether HAAO blockade influences lipoprotein clearance in vivo, we injected 

FITC-labelled LDL into Ldlr-/- mice that were treated with PBS or NCR-631 for 8 weeks. No significant 

difference in the clearance of LDL was observed between treatments (fig. 6A). In order to further 

elucidate the mechanisms underlying the hypolipidemic effects of NCR-631, mice were injected with 

tyloxapol that blocks lipolysis, allowing the measurement of VLDL secretion. In line with our in vitro 

data, NCR-631 treated mice presented a 24% lower triglyceride levels after six hours of tyloxapol 

injection, reflecting a reduced VLDL output (fig. 6B). 
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DISCUSSION 

In this study, we demonstrate that 3-HAA inhibits signalling mediated by the master regulator of 
cholesterol synthesis in the liver, SREBP-2. We also show that 3-HAA inhibits inflammasome 

activation and IL-1production in macrophages. By pharmacologically blocking HAAO, we show that 
the in vivo metabolism of 3-HAA affects the SREBP-2/lipoprotein axis and atherosclerosis in Ldlr-/- 
mice. 

Inflammation is a key regulatory process that links multiple CVD risk factors, especially metabolic 
alterations, including dyslipidaemia, diabetes, obesity, and fatty liver disease 29. Interestingly, 
alterations in the metabolism of Trp have been shown to influence plasma lipoprotein and glucose 
levels, obesity, and cardiovascular clinical outcomes 4, 5. 

The Trp metabolite 3-HAA is a pronounced antiinflammatory molecule generated by the kynurenine 
pathway. It can control cytokine secretion by immune cells and induce regulatory T cell 
differentiation 30, 31. Despite numerous reports indicating a protective effect against inflammation in 
preclinical models of disease, e.g., experimental autoimmune encephalomyelitis 30, asthma 28, and 
transplantation 32, little is known about 3-HAA-mediated intracellular signals. No specific molecular 
mechanisms driven by 3-HAA in the liver have been reported. 

SREBPs are transcription factors that control the biosynthesis of cholesterol, fatty acids, and 
triglycerides 33. The transcription, expression, and activation of SREBPs can be regulated by different 
stimuli, including nutritional status, hormones, and stress 34. In the nucleus, SREBPs regulate the 
transcription of enzymes involved in lipid biosynthesis, including HMGCR and SCD-1 13, 35.  

Changes in Intracellular cholesterol levels drive SREBP-2 expression and nuclear translocation, 
leading to gene transcription and increased cholesterol synthesis. In our study, Srebf2 is found 
downregulated in livers from NCR-631 treated mice, despite having lower plasma and hepatic lipid 
levels. Taking into account that lower cholesterol levels should stimulate Srebf2 expression and 
activation, and the fact that we show 3-HAA directly inhibits SREBP-2 mRNA and protein levels in 
HepG2 cultures, our present study provides the first evidence that SREBP-2 can be transcriptionally 
regulated by a Trp metabolite–this also leads to reduced SREBP-2 nuclear translocation. Whether 3-
HAA has a direct effect on SREBP-2 nuclear translocation requires further investigation. Decreased 
SREBP-2 activity should lead to decreased LDL receptor expression, which could negatively influence 
plasma cholesterol levels 36. A limitation of our study, potential effects on LDLr could not be taken 
into consideration in our experimental atherosclerosis model using Ldlr-/- mice.  

The antiinflammatory effects of 3-HAA may involve inhibition of the PDK1, NF-κB, and p38/c-Jun 

pathways 28, 37. Our study extends the list of target pathways and identifies 3-HAA as a potent 

regulator of the inflammasome. In our study, LPS was used to upregulate NACHT, LRR and PYD 

domain-containing protein 3 (NLRP3) and pro-IL-1β expression, while ATP stimulation was used to 

activate NLRP3 inflammasome assembly. Considering that we and others have shown that 3-HAA 

inhibits NF-κB-mediated responses 6, 38, for example the secretion of pro-inflammatory cytokines and 

chemokines by macrophages, this could be implied as the main mechanism influencing IL-1β 

secretion. However, the fact that 3-HAA impairs IL-1β secretion from macrophages regardless of 

whether it is administered before LPS-priming or shortly before inflammasome activation suggests 

that 3-HAA major effect is on NLRP3 inflammasome complex assembly. Reduced levels of cleaved 

caspase-1 protein in macrophages treated with 3-HAA for thirty minutes before ATP stimulation 

strengthen this hypothesis. How 3-HAA acutely inhibits inflammasome assembly remains 

undiscovered. ATP-induced purinergic signalling has been implicated as a major inducer of NLRP3 

inflammasome complex assembly 39. It will be interesting to test whether 3-HAA effects on IL-1β 

occur through downstream signals from such receptors, e.g. P2X7.  
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Preclinical studies have shown that inhibition of kynurenine pathway enzymes may be a suitable 
strategy for treating cancer and neuropsychiatric disorders 40. Interestingly, in vivo targeting of HAAO 

has shown neuroprotective effects 21, including reducing LPS- and IL-1-induced neuroinflammation 
41. Here, we show that blocking HAAO leads to a significant reduction in atherosclerosis and plasma 
lipid levels, resembling the effects of exogenous 3-HAA administration. Despite not affecting lesion 
cell composition, our data suggest that inflammasome activation in the artery wall is also impaired by 
HAAO inhibition, which goes in line with our in vitro experiments with 3-HAA. Altogether, our data 
identify HAAO as a potential therapeutic target, and strengthen the concept that manipulation of Trp 
metabolism via the kynurenine pathway can be used to treat and prevent atherosclerotic CVDs. 

SREBP-2 inhibition can reduce plasma and tissue lipid levels, increase insulin sensitivity, reduce 
atherosclerosis and increase plaque stability in Ldlr-/- mice 42. Our mice treated with NCR-631 
showed a clear improvement in liver histopathological scores as well as low plasma lipid levels and 
hepatic lipid deposition. These findings together with the in vitro data from HepG2 cell cultures 
indicate that increased levels of 3-HAA regulate SREBP-2 and HMGCR expression in the liver.  Taking 
into account that NCR-631 had no effects on lipoprotein clearance and decreased hepatic VLDL 
output, our data support the notion that increased endogenous levels of 3-HAA affect the cholesterol 
synthetic pathway rather than its catabolism. Reduced faecal cholesterol in NCR-631-treated mice, 
reflecting lower hepatic and plasma cholesterol levels, further support this hypothesis. Altogether, 
our findings suggest that modulation of the SREBP/lipoprotein axis is a major atheroprotective effect 
of 3-HAA.  

Fatty acid biosynthesis is regulated by activation of the SPREBP-1 pathway 43. No major effects on 
SREBP-1 were observed in either 3-HAA-treated HepG2 cells or in the livers of NCR-631-treated mice. 
Nevertheless, an inhibitory effect of 3-HAA on SREBP-1 mRNA expression was observed in HepG2 
cells treated with high glucose and insulin, known inducers of SREBP-1 34. Considering that chronic 
exposure to a high-fat diet can lead to changes in insulin sensitivity and type 2 diabetes, 3-HAA may 
potentially exerts atheroprotective effects that are mediated by SREPB-1 inhibition. This warrants 
further research. 

Overexpression of SREBP-2 has been identified as a key feature of non-alcoholic steatohepatitis 
(NASH) 44, 45. Thus, our data raise the notion that 3-HAA could have beneficial effects on other 
diseases, including the large spectrum of liver diseases ranging from steatosis to NASH, which is 
regarded as the hepatic component related to the metabolic syndrome and associated with an 
increased risk of developing CVD 46. Downregulation of SREBP-2 has been suggested to inhibit IL-1β 
transcription 16. Moreover, vascular activation of SREBP-2 has been implicated in NLRP3 
inflammasome activation and atherosclerosis susceptibility 47. The questions of whether 3-HAA 
metabolism can influence SREBP-2-dependent inflammasome activation and whether this metabolite 
is involved in hepatic disorders will be addressed in future studies. 

In conclusion, we have identified two major signalling pathways modulated by 3-HAA, the SREBP-
2/lipoprotein axis and inflammasome activation, both of which are linked to the regulation of 
inflammation during atherogenesis. Furthermore, our study identifies HAAO as a potential target for 
treating hypercholesterolemia and atherosclerosis. Based on our study, strategies that lead to 
increased endogenous levels of 3-HAA may have high therapeutic potential for the prevention and 
treatment of atherosclerotic CVDs. 
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FIGURE LEGENDS 

 

 

Figure 1. 3-HAA reduces SREBP-2 expression and activity in HepG2 cells 

Hepatocytes from the human hepatoma cell line HepG2 were treated overnight with different doses 
of 3-HAA. (A) SREBP-1 and SREBP-2 mRNA expression (pooled data from six independent 
experiments (duplicate wells). * P<0.05; Kruskal-Wallis ANOVA with Dunn’s post-test. (B) 
Representative Western blot analysis of SREBP-2 in nuclear protein extracts; histone H4 was used as 
a loading control (top graph depicts SREBP-2/histone H4 band density ratios). (C) 
immunofluorescence staining of SREBP-2 (red); nuclear DAPI staining is shown in blue. (D) ApoB 
levels in supernatant of HepG2 cells; left panel, representative Superose 6 profile; right panel, area 
under the curve as percentage of controls (control n=5, 3-HAA n=6). AUC, area under the curve. ** 
P<0.01; Mann-Whitney U-test. 

 

 

Figure 2. 3-HAA treatment inhibits the inflammasome in mouse macrophages 

Mouse bone marrow-derived macrophages were treated with increasing concentrations of 3-HAA. 
Macrophages were primed with 10 ng/ml LPS for 6 hours, and the inflammasome was then activated 

with 1 mM ATP. Graphs show IL-1 secretion from cells treated with 3-HAA (A) 0.5 hour before LPS 
(n= differentiated cells from 7 individual mice, treated in duplicates) or  (B) 30 min before ATP 
activation (n= differentiated cells from 5 individual mice, treated in duplicate).  **P<0.01, **** 
P<0.0001; Kruskal-Wallis ANOVA with Dunn’s post-test. (C) Representative western blot analysis of 
cleaved caspase-1 upon treatment with increasing doses of 3-HAA before LPS-priming, except one 
sample treated before ATP (denoted by §). Vinculin was used as a loading control. Top graph depicts 
band density ratios between pro-caspase 1/vinculin (open bars), and cleaved caspase 1 /vinculin 
(filled bars). 

 

Figure 3. HAAO blockade decreases atherosclerosis and plasma lipid levels 

(A) Schematic overview of the kynurenine pathway and the NCR-631 target 3-hydroxyanthranilic acid 
3,4-dioxygenase (HAAO). (B) Twelve-week-old Ldlr-/- mice were fed a western diet and treated 3 
times weekly with NCR-631 or 3-HAA (200 mg/kg) for 8 weeks. A PBS group was used as control (PBS 
n=23, NCR-631 n=10, and 3-HAA n=15). En face % lesion area in the aortic roots. Pooled data from 
two independent experiments are shown. Representative micrographs of each group. (C) total 
cholesterol and (D) triglyceride plasma levels (PBS n=22, NCR-631 n=10, and 3-HAA n=15). (E) Mice 
body weight at the end of treatment (PBS n=23, NCR-631 n=10, and 3-HAA n=15). * P<0.05; ** 
P<0.01; Kruskal-Wallis ANOVA with Dunn’s post-test. IDO, Indoleamine-2,3-dioxygenase; TDO, 
tryptophan dioxygenase; KAT, kynurenine aminotransferase; KA, kynurenic acid. 

 

 

Figure 4. The effects of HAAO blockade in leukocyte infiltration and the inflammasome activation 
in artery wall 

Twelve-week-old Ldlr-/- mice were fed a western diet and treated 3 times weekly with NCR-631 (200 
mg/kg) or PBS for 8 weeks. (A) Analysis of CD68-positive cell immunostaining in atherosclerotic 
plaques from NCR-631- or PBS-treated mice (PBS n=9, and NCR-631 n=8). (B) Analysis of CD4-positive 
immunostaining in atherosclerotic plaques from NCR-631- or PBS-treated mice. Right panels: Right 

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/advance-article-abstract/doi/10.1093/cvr/cvz258/5582658 by H

U
S-N

AISTEN
SAIR

AALA-N
AISTEN

KLIN
IKK TIETEELLIN

EN
 KIR

JASTO
 user on 15 O

ctober 2019



CVR-2018-1184 17 

panels show representative microphotographs. Scale bars = 100 m. Arrowheads depict CD4+ cells. 
Data from one independent experiment is shown (PBS n=8, and NCR-631 n=7). (C) Representative 
western blot analysis of pro- and cleaved-caspase-1 expression in aortas from NCR-631- or PBS-
treated mice. Vinculin was used as a loading control. Top graph depicts band density ratios between 
pro-caspase 1/vinculin (left), and cleaved caspase 1 /vinculin (right). * P<0.05; Mann-Whitney U-test. 

 

 

Figure 5. HAAO inhibition reduces liver SREBP-2 and HMGCR expression and improves 
histopathological scores 

Analysis of SREBP and target gene mRNA expression in the livers of twelve-week-old Ldlr-/- mice fed 
a western diet and treated 3 times weekly with NCR-631 (200 mg/kg) or PBS. Graphs show the mRNA 
levels of (A) SREBP-2 (Srebf-2), (B) its target gene Hmgcr. (C) mRNA levels of SREBP-1 (Srebf-1) and 
(D) its target gene Scd-1. (A-D; PBS n=17, and NCR-631 n=5) *** P<0.001; Mann-Whitney U-test. (E-F) 
Semiquantitative histopathological examination of the livers. (E) Percentage steatosis grade, 
hepatocyte ballooning and lobular inflammation in NCR-631 and PBS treated mice. (F) Representative 

micrographs from haematoxylin and eosin stained samples. Scale Bar = 100 m. (G) Total cholesterol 
and (H) triglycerides in livers lipid extracts from NCR-631- or PBS-treated mice are shown (G-H; PBS 
n=5, NCR-631 n=4). AU = arbitrary units. * P<0.05; Mann-Whitney U-test. 

 

Figure 6. Effects of NCR-613 treatment on LDL-clearance and VLDL output in Ldlr-/- mice.  

(A) Clearance of injected FITC-LDL (100 g protein) in Ldlr–/– mice treated for 8 weeks with PBS 
(n=11) or NCR-631 (200 mg/Kg; n=5). Data for each individual were normalized to the fluorescence of 
plasma taken 1 minute after injection. No significant differences were observed, Two-way ANOVA. 
(B) Biosynthesis of VLDL was evaluated in Ldlr–/– mice that were treated for 8 weeks with PBS (n=4) 
or NCR-631 (n=5) and injected with tyloxapol to inhibit lipolysis. Data from one independent 
experiment is shown. Graph shows mean ± SEM plasma triglycerides levels at different times before 
(0) and after tyloxapol injection. Right side text shows mean ± SEM of triglycerides output rates, and 
the percentage difference between groups. VLDL = very-low density lipoprotein.  

 

 

 

 
 

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/advance-article-abstract/doi/10.1093/cvr/cvz258/5582658 by H

U
S-N

AISTEN
SAIR

AALA-N
AISTEN

KLIN
IKK TIETEELLIN

EN
 KIR

JASTO
 user on 15 O

ctober 2019



Figure1
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/advance-article-abstract/doi/10.1093/cvr/cvz258/5582658 by H
U

S-N
AISTEN

SAIR
AALA-N

AISTEN
KLIN

IKK TIETEELLIN
EN

 KIR
JASTO

 user on 15 O
ctober 2019

https://www.editorialmanager.com/cardiovascres/download.aspx?id=968804&guid=5dd2e487-2f0d-4760-a5e7-3666d80b8914&scheme=1
https://www.editorialmanager.com/cardiovascres/download.aspx?id=968804&guid=5dd2e487-2f0d-4760-a5e7-3666d80b8914&scheme=1


Figure2 D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/advance-article-abstract/doi/10.1093/cvr/cvz258/5582658 by H

U
S-N

AISTEN
SAIR

AALA-N
AISTEN

KLIN
IKK TIETEELLIN

EN
 KIR

JASTO
 user on 15 O

ctober 2019

https://www.editorialmanager.com/cardiovascres/download.aspx?id=968805&guid=01c5a9b2-7d86-48a9-b8bd-0c2e24728cc5&scheme=1
https://www.editorialmanager.com/cardiovascres/download.aspx?id=968805&guid=01c5a9b2-7d86-48a9-b8bd-0c2e24728cc5&scheme=1


Figure3
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/advance-article-abstract/doi/10.1093/cvr/cvz258/5582658 by H
U

S-N
AISTEN

SAIR
AALA-N

AISTEN
KLIN

IKK TIETEELLIN
EN

 KIR
JASTO

 user on 15 O
ctober 2019

https://www.editorialmanager.com/cardiovascres/download.aspx?id=968806&guid=15b4e714-aa5e-4573-bea8-ff831d2e2a8d&scheme=1
https://www.editorialmanager.com/cardiovascres/download.aspx?id=968806&guid=15b4e714-aa5e-4573-bea8-ff831d2e2a8d&scheme=1


Figure4
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/advance-article-abstract/doi/10.1093/cvr/cvz258/5582658 by H
U

S-N
AISTEN

SAIR
AALA-N

AISTEN
KLIN

IKK TIETEELLIN
EN

 KIR
JASTO

 user on 15 O
ctober 2019

https://www.editorialmanager.com/cardiovascres/download.aspx?id=968807&guid=2d9cf20b-ff80-4754-8694-fd3ea05e549d&scheme=1
https://www.editorialmanager.com/cardiovascres/download.aspx?id=968807&guid=2d9cf20b-ff80-4754-8694-fd3ea05e549d&scheme=1


Figure5
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/advance-article-abstract/doi/10.1093/cvr/cvz258/5582658 by H
U

S-N
AISTEN

SAIR
AALA-N

AISTEN
KLIN

IKK TIETEELLIN
EN

 KIR
JASTO

 user on 15 O
ctober 2019

https://www.editorialmanager.com/cardiovascres/download.aspx?id=968808&guid=17090389-cd95-40f1-8f97-3a7cc9caf05a&scheme=1
https://www.editorialmanager.com/cardiovascres/download.aspx?id=968808&guid=17090389-cd95-40f1-8f97-3a7cc9caf05a&scheme=1


Figure6
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/advance-article-abstract/doi/10.1093/cvr/cvz258/5582658 by H
U

S-N
AISTEN

SAIR
AALA-N

AISTEN
KLIN

IKK TIETEELLIN
EN

 KIR
JASTO

 user on 15 O
ctober 2019

https://www.editorialmanager.com/cardiovascres/download.aspx?id=968809&guid=e81aab55-a974-4d2b-8f6d-0493e2520070&scheme=1
https://www.editorialmanager.com/cardiovascres/download.aspx?id=968809&guid=e81aab55-a974-4d2b-8f6d-0493e2520070&scheme=1

