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 2 

Abstract 28 

Renal fibrosis is characterized by chronic inflammation and excessive accumulation of 29 

extracellular matrix and progressively leads to functional insufficiency and even total loss of kidney 30 

function. In this study we investigated the anti-fibrotic potential of two highly selective and potent 31 

SK2 inhibitors, SLM6031434 and HWG-35D, in unilateral ureter obstruction, a model for 32 

progressive renal fibrosis, in mice. In both cases, treatment with SLM6031434 or HWG-35D 33 

resulted in an attenuated fibrotic response to UUO in comparison to vehicle-treated mice as 34 

demonstrated by reduced collagen accumulation and a decreased expression of collagen-1 35 

(Col1), fibronectin-1 (FN-1), connective tissue growth factor (CTGF), and α-smooth muscle actin 36 

(α-SMA). Similar to our previous study in Sphk2-/- mice, we found an increased protein expression 37 

of Smad7, a negative regulator of the pro-fibrotic TGFβ/Smad signaling cascade, accompanied 38 

by a strong accumulation of sphingosine in SK2 inhibitor-treated kidneys. Treatment of primary 39 

renal fibroblasts with SLM6031434 or HWG-35D dose-dependently increased Smad7 expression 40 

and ameliorated the expression of Col1, FN-1 and CTGF. 41 

In summary, these data prove the anti-fibrotic potential of SK2 inhibition in a mouse model of renal 42 

fibrosis, thereby validating SK2 as pharmacological target for the treatment of fibrosis in chronic 43 

kidney disease. 44 

 45 
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Introduction 52 

Renal fibrosis is a final common feature of chronic kidney disease (CKD) irrespective of the 53 

initiating disease trigger for this broad and variable illness category. It is characterized by a 54 

massive deposition of extracellular matrix (ECM) in the kidney parenchyma leading to tissue 55 

scarring, functional insufficiencies and finally end-stage renal disease and kidney failure 56 

demanding renal replacement therapy (RRT). In the worldwide ranking of leading causes for a 57 

reduced life expectancy, a recent global forecasting study predicted a dramatic shift for chronic 58 

kidney disease from rank 16th (2016) to rank 5th in 2040 1, which will result in an enormous increase 59 

of morbidity costs for dialysis or kidney transplantation. Since there are still no therapeutic options 60 

for the treatment of renal fibrosis in CKD available, we urgently need to identify new anti-fibrotic 61 

treatment targets to reduce the burden of this global public health problem. 62 

Sphingolipids are important components of cellular membranes but have also been shown to 63 

regulate a myriad of important cell responses, such as cell proliferation, survival, apoptosis, and 64 

migration, thereby governing complex functions such as vascular integrity, angiogenesis and 65 

inflammation 2,3. It is well established that sphingolipid-derived mediators, especially sphingosine 66 

1-phosphate (S1P) influence fibrotic events in various organs, including lung, liver, heart, skin and 67 

kidney 4–6. S1P acts in a profibrotic manner by cross-activating the transforming growth factor 68 

(TGF) β/Smad signalling cascade via the extracellular activation of specific G-protein coupled S1P 69 

receptors, of which five receptor subtypes have been identified 7. Two sphingosine kinases (SK1 70 

and SK2) produce S1P by phosphorylating sphingosine in an ATP dependent manner. Although 71 

both enzymes generate S1P and show a ubiquitous expression pattern, they differ in subcellular 72 

localization and biochemical properties such as substrate selectivity, suggesting different 73 

functions of the two isoforms 8. SK1 is the more intensively studied isoform and has been shown 74 

to be induced by the key profibrotic mediator TGFβ and is upregulated in various kidney disease 75 

models, such as tubulointerstitial fibrosis 9, diabetic nephropathy 10 and polycystic kidney disease 76 

11. However, SK1 depletion by using genetic knockout (Sphk1-/-) mice or pharmacological inhibition 77 
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in these animal models resulted in aggravated disease severity with more impaired renal function, 78 

increased fibrosis and exacerbated cystogenesis 9–11, pointing to a protective role for SK1. It has 79 

been shown that SK1 upregulation enhances the levels of intracellular S1P levels, which in 80 

contrast to extracellular S1P, downregulates the expression of the profibrotic marker protein 81 

connective tissue growth factor (CTGF) by yet unidentified mechanisms 10. 82 

More recent studies have started to investigate the role of SK2 in renal pathologies, and have 83 

shown that SK2 is expressed in tubuli and in the renal interstitium 12,13. Our group demonstrated 84 

that SK2 protein and activity is strongly upregulated in fibrotic renal tissue. Unlike SK1, SK2 plays 85 

a profibrotic role, since SK2-deficient mice showed ameliorated kidney fibrosis compared to 86 

wildtype mice in a model of unilateral ureteral obstruction (UUO) 12. The reduced expression of 87 

profibrotic markers such as collagen-1 (Col1), fibronectin-1 (FN1) and CTGF in ligated Sphk2-/- 88 

kidneys was associated with an upregulation of Smad7, an important inhibitor of the profibrotic 89 

TGFβ/Smad signaling cascade. Smad7 upregulation could be mimicked by stimulation of primary 90 

cultures of murine renal fibroblasts with sphingosine, a sphingolipid which strongly accumulated 91 

in Sphk2-/- renal tissue. The profibrotic role of SK2 was confirmed in a complementary approach 92 

using mice overexpressing human SK2. These mice developed a more severe fibrotic response 93 

in obstructed kidneys, and showed reduced Smad7 levels 12. A protective effect of SK2 depletion 94 

was also confirmed in models of folic-acid induced nephropathy and unilateral ureter 95 

ischemia/reperfusion-induced renal injury and fibrosis 14,15.  96 

 97 

In the present study, we investigated the therapeutic potential of two relatively new selective SK2 98 

inhibitors, SLM6031434 and HWG-35D (compound 55 16) on tubulointerstitial fibrosis induced by 99 

unilateral ureter ligation (UUO) in mice. We demonstrate that, similar to a genetic SK2 depletion, 100 

treatment with SLM or HWG-35D attenuated the UUO-induced fibrotic response compared to 101 

vehicle treatment. Furthermore, SK2 inhibition led to sphingosine accumulation and Smad7 102 

upregulation in obstructed kidneys and primary cultures of mouse renal fibroblasts. Taken 103 
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together, we have positively validated two highly selective and potent pharmacological inhibitors 104 

of SK2 and shown their beneficial effect on renal fibrosis. 105 

 106 

Materials and Methods 107 

SK2 inhibitor treatment (SLM6031434, HWG-35D) in mice 108 

SLM6031434 and HWG-35D, dissolved in 20 % hydroxy-propyl-β-cyclodextrine/PBS (AppliChem 109 

GmbH, Darmstadt, Germany), or vehicle solution alone were intraperitoneally administered to 110 

mice daily starting two days prior to UUO induction until the end of the experiment (9 days in total).   111 

 112 

Unilateral ureteral obstruction model 113 

The unilateral ureteral obstruction model was performed in adult male 10-12 weeks old mice as 114 

previously described 12. Briefly, under ketamin/xylazin induced anesthesia (200 mg/10 mg/kg) and 115 

after a left flank incision, the ureter was exposed and double-ligated using 6-0 prolene ® (Ethicon, 116 

Norderstedt, Germany). Thereafter, the incision was closed under aseptic conditions. The 117 

contralateral kidney served as a control.  Kidneys were harvested 7 days after ligation and either 118 

snap frozen in liquid nitrogen or fixed in buffered formalin. All procedures were conducted in 119 

accordance with the German Animal Protection Act and were approved by the Ethics Review 120 

Committee for laboratory animals of the District Government of Darmstadt, Germany.  121 

 122 

Chemicals and materials 123 

TGFβ and antibodies against fibronectin-1 and α-SMA were from Sigma-Aldrich,Taufkirchen, 124 

Germany; SLM60314343 was purchased from Tocris (Bio-Techne GmbH, Wiesbaden, Germany); 125 

HWG-35D was synthesized and characterized as previously described 16; the Collagen1 antibody 126 

was from Merck Millipore, Darmstadt, Germany;  GAPDH was from GeneTex, Irvine, CA, USA; 127 

CTGF (L-20) and Smad7 (B-8) antibodies were from Santa Cruz Biotechnology, Heidelberg, 128 

Germany; all cell culture nutrients were from Life Technologies, Karlsruhe, Germany.  129 
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 130 

Renal histology and immunohistochemistry 131 
 132 
Paraffin-embedded renal sections (3 µM) were deparaffinized and stained by periodic acid-Schiff 133 

reaction (PAS). AZAN trichrome and Sirius Red staining for detection of interstitial collagen was 134 

performed as previously described 12. For immunohistochemical stainings, sections were 135 

incubated with anti-alpha smooth muscle actin (clone 1A4, alkaline phosphatase-labeled, Sigma-136 

Aldrich) or F4/80 (macrophage marker, clone Cl:A3-1; Bio-Rad Laboratories GmbH, München, 137 

Germany) overnight at 4°C. Permanent AP Red Kit (Zytomed Systems) or diaminobenzidine 138 

(DAB, Vector-Laboratories, Burlingame, CA) were used for visualization and counterstaining was 139 

performed with Mayer´s hematoxylin. PAS, AZAN, αSMA and F4/80 stained sections were 140 

evaluated with an Olympus BX60 Microscope, and Sirius Red stained sections with an Axiovert 141 

200 microscope (Zeiss, Germany) at 20x, additionally using a polarization filter. Images were 142 

acquired using an Olympus DP70 camera and examined by a blinded observer. Collagen content 143 

of the Sirius Red images was evaluated using Image J software (ImageJ, U. S. National Institutes 144 

of Health, Bethesda, Maryland, USA) of 8 – 12 randomly selected non-overlapping fields avoiding 145 

large vessels, by setting a fixed background intensity threshold and calculating unmasked pixels 146 

above threshold relative to total pixels. F4/80 positive area was evaluated using the Fuji plugin of 147 

ImageJ software version 1.51k of 4-8 randomly selected non-overlapping fields, by using the color 148 

deconvolution for DAB-hematoxylin. The brown images of F4/80 staining and αSMA were 149 

converted to an eight-pixel black/white image, followed by setting a fixed background intensity 150 

threshold and calculating unmasked pixels above threshold relative to total pixels. 151 

 152 

Cell culture, siRNA transfection and stimulation 153 

Primary mouse renal fibroblasts were isolated from C57BL/6 mice and cultured as previously 154 

described 17. For stimulation, cells were starved for 24 h in serum-free medium containing 0.1 % 155 

bovine serum albumin (BSA) and were stimulated as indicated. 156 
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RNA extraction and quantitative real-time PCR analysis 157 

Kidney samples frozen in liquid nitrogen were homogenized in a Micro-Dismembrator S (Sartorius 158 

Stedim Biotech GmbH) (setting 3000 rpm for 30 s) and resuspended in 1 mL of TRIZOL™ reagent 159 

(Sigma-Aldrich, Steinheim, Germany) for total RNA extraction according to the manufacturer’s 160 

protocol and used for reverse transcriptase polymerase chain reaction (RT-PCR; RevertAid™ first 161 

strand cDNA synthesis kit, Thermo Fisher Scientific, Waltham, MA, USA) utilizing a random 162 

hexamer primer for amplification. Real-time qPCR (TaqMan®) was performed using the Applied 163 

Biosystems 7500 Fast Real-Time PCR System. TaqMan® gene expression assays and qPCR Low 164 

Rox Mix were from Life Technologies (Darmstadt, Germany). The following TaqMan® gene 165 

expression assays were used: murine connective tissue growth factor: Mm01192933_g1; murine 166 

collagen 1a1: Mm00801666_g1; murine collagen 3a1: Mm1254476_m1, murine fibronectin-1: 167 

Mm01256744_m1, murine acta-2: Mm00725412_s1, murine interferon-γ: , murine iNOS: 168 

Mm01309897_m1, murine Mcr1: Mm01329362_m1 (Life Technologies, Darmstadt, Germany). 169 

The threshold cycle (Ct) was calculated by the instrument's software (7500 Fast System SDS 170 

Software version 1.4). Analysis of the relative mRNA expression was performed using the ΔΔCt 171 

method. Eukaryotic 18S ribosomal RNA: Hs99999901_s1 or mouse GAPDH: 4352339E (Life 172 

Technologies, Darmstadt, Germany) was used for normalisation. 173 

 174 

Western blot analysis 175 

Kidney or cell homogenates were prepared in lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 176 

10% glycerol, 1% Triton X100, 2 mM EDTA, 2 mM EGTA, 40 mM β-glycerophosphate, 50 mM 177 

sodium fluoride). Equal amounts of protein were separated by SDS-PAGE, transferred to 178 

nitrocellulose membrane and subjected to Western blot analysis using antibodies as indicated in 179 

the figure legends.  180 

 181 

  182 
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LC-MS/MS analysis of sphingolipids 183 

The quantitation of sphingolipids was performed for tissue and plasma. Tissue pieces were 184 

homogenized with water using a swing mill (Retsch, Haan, Germany) with 4 zirconium oxide 185 

grinding balls for each sample (25Hz for 2.5 minutes) to obtain a tissue suspension of 0.05 mg/µL. 186 

20 µL tissue homogenate (in total 1 mg tissue) or 10 µL plasma were mixed with 150 µL of water, 187 

150 µL of extraction buffer (citric acid 30 mM, disodium hydrogen phosphate 40 mM) and 20 µL 188 

of the internal standard solution containing sphingosine-d7, sphinganine-d7 (200 ng/mL each), 189 

sphingosine-1-phosphate-d7 (all Avanti Polar Lipids, Alabaster, USA) (400 ng/mL methanol each). 190 

The mixture was extracted once with 1000 µL methanol/chloroform/hydrochloric acid (15:83:2, 191 

v/v/v). The lower organic phase was evaporated at 45 °C under a gentle stream of nitrogen and 192 

reconstituted in 100 µL of tetrahydrofuran/water (9:1, v/v) with 0.2% formic acid and 10 mM 193 

ammonium formate. Afterwards, amounts of sphingolipids were analyzed by liquid 194 

chromatography coupled to tandem mass spectrometry (LC-MS/MS). An Agilent 1100 series 195 

binary pump (Agilent technologies, Waldbronn, Germany) equipped with a Luna C8 column (150 196 

mm x 2 mm ID, 3 μm particle size, 100 Å pore size; Phenomenex, Aschaffenburg, Germany) was 197 

used for chromatographic separation. The column temperature was 35 °C. The HPLC mobile 198 

phases consisted of water with 0.2% formic acid and 2 mM ammonium formate (mobile phase A) 199 

and acetonitrile/isopropanol/acetone (50:30:20, v/v/v) with 0.2% formic acid (mobile phase B). For 200 

separation, a gradient program was used at a flow rate of 0.3 mL/min. The initial buffer composition 201 

55% (A)/45% (B) was held for 0.7 min and then within 4.0 min linearly changed to 0% (A)/100% 202 

(B) and held for 13.3 min. Subsequently, the composition was linearly changed within 1.0 min to 203 

75% (A)/25% (B) and then held for another 2.0 min. The total running time was 21 min and the 204 

injection volume was 15 μL. To improve ionization, acetonitrile with 0.1% formic acid was infused 205 

post-column using an isocratic pump at a flow rate of 0.15 mL/min. After every sample, sample 206 

solvent was injected for washing the column with a 12 min run.  The MS/MS analyses were 207 

performed using a triple quadrupole mass spectrometer API4000 (Sciex, Darmstadt, Germany) 208 
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equipped with a Turbo V Ion Source operating in positive electrospray ionization mode. The MS 209 

parameters were set as follows: Ionspray voltage 5500 V, source temperature 500 °C, curtain gas 210 

30 psi, collision gas 12 psi, nebulizer gas 40 psi and heating gas 60 psi. The analysis was done 211 

in Multiple Reaction Monitoring (MRM) mode with a dwell time of 20 ms for all analytes. 212 

Data Acquisition was done using Analyst Software V 1.6 and quantification was performed with 213 

MultiQuant Software V 3.0 (both Sciex, Darmstadt, Germany), employing the internal standard 214 

method (isotope dilution mass spectrometry). Variations in accuracy of the calibration standards 215 

were less than 15% over the whole range of calibration, except for the lower limit of quantification, 216 

where a variation in accuracy of 20% was accepted. 217 

 218 

Statistical analysis: Data show the mean ± SEM if not otherwise stated. Statistical analysis was 219 

performed by Student’s t-test or two-way analysis of variance (ANOVA) with Dunnett`s posthoc 220 

test for multiple comparisons if appropriate.  221 

 222 

  223 
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Results   224 

1) SLM6031434 treated mice develop an attenuated fibrotic response after UUO 225 

To investigate the therapeutic potential of SK2 inhibition in tubulointerstitial fibrosis, we tested a 226 

novel commercially available highly selective SK2 inhibitor, SLM6031434, and the recently 227 

synthesized compound HWG-35D 16 in a mouse model of fibrosis induced by UUO. These two 228 

inhibitors have higher selectivity and potencies as compared to previous SK2 inhibitors including 229 

ABC294640 and SLP120701 (Table 1).  230 

Mice were treated daily with either vehicle control or with 5 mg/kg SLM6031434 (herein 231 

abbreviated SLM) and 7 days after obstruction procedure the fibrotic response in the ligated 232 

kidneys was examined. Vehicle-treated mice showed a substantial increase in interstitial fibrosis 233 

after 7 days of kidney obstruction. This was demonstrated in PAS (Fig. 1A) and in AZAN stained 234 

kidney sections, which show an increased blue staining of collagen fibres (Fig. 1B). In comparison, 235 

the deposition of ECM as measure for the degree of fibrosis was much less severe in SLM-treated 236 

mice. Quantification of fibrillar collagen in Sirius Red stained sections also confirmed a significant 237 

reduction of collagen deposition in UUO kidneys of mice treated with SLM (Fig. 1C, E). 238 

Additionally, we performed αSMA staining to evaluate the degree of myofibroblast activation since 239 

myofibroblasts are the major drivers of fibrogenesis in the kidney 18. UUO sections of SLM-treated 240 

mice showed a significant reduction in αSMA staining and therefore a lower degree of 241 

myofibroblast activation compared to UUO sections of vehicle-treated mice (Fig. 1D, F). 242 

Consistent with these results, SLM-treated mice exhibited lower levels of UUO-induced mRNA 243 

and protein expression of classic fibrotic markers, such as collagen-1, fibronectin-1, CTGF and 244 

αSMA compared to vehicle-treated mice, as measured by quantitative real-time measurements 245 

and Western blot analysis (Fig. 1G-I). 246 

 247 

  248 
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Fig. 1: SLM6031434 treatment attenuates fibrotic parameters in UUO 249 

 250 
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PAS (A), Azan (B), Sirius Red (C) and α-smooth muscle actin (D, αSMA) staining demonstrating fibrotic 251 

changes and myofibroblast activation in representative kidney sections of ligated (UUO) and contralateral 252 

(Ctrl) kidneys of vehicle (Control) and SLM6031434 (SLM) treated mice after 7 days (Scale: 50 µm). C) 253 

Sirius Red stained sections were photographed under polarized light to detect birefringence of collagen 254 

fibres and quantified using ImageJ software. E, F) Graph shows the Collagen quantification of Sirius Red 255 

(E) and αSMA (F) stained kidney sections of vehicle-treated (Control, white bars) and SLM-treated (SLM, 256 

black bars) mice. (G) RT-qPCR analysis normalized to 18S of collagen 1a1 (Col1a1), Col3a1, fibronectin-1 257 

(FN-1) and Acta-2. H) Representative Western Blots of Col1 (H, upper panel), FN-1 (H, second panel), 258 

CTGF (H, third panel) and α-smooth muscle actin (H, α-SMA, forth panel) and I) densitometric analysis of 259 

Col1, FN1, CTGF and α-SMA protein expression normalized to GAPDH (H, lower panel) in whole kidney 260 

homogenates of ligated (UUO) and contralateral (Ctrl) kidneys at day 7 of vehicle-treated (Control, -, white 261 

bars) and SLM-treated (SLM, +, black bars) mice. *p<0.05 and **p<0.01 compared to Control UUO kidneys 262 

are considered statistically significant (n=6-10). 263 

 264 

2) HWG-35D-treated mice develop an attenuated fibrotic response after UUO 265 

In addition to SLM6031434, we tested another highly selective and potent SK2 inhibitor, HWG-266 

35D 16 in the UUO model. Since pharmacokinetics data of HWG-35D were not available, equal 267 

doses of SLM and HWG-35D were used. Therefore, similar to SLM, mice were intraperitoneally 268 

injected daily with either 5 mg/kg of the substance or with vehicle. AZAN and Sirius Red stainings 269 

of renal sections revealed that kidneys of HWG-35D-treated mice showed a similar reduction in 270 

ECM accumulation and therefore fibrosis to SLM-treated mice as well as a diminished activation 271 

of myofibroblast as shown by less αSMA positive staining in IHC (Fig. 2A-E). As expected, also 272 

the mRNA and protein expression of Col1, FN-1, CTGF and αSMA measured by quantitative real-273 

time PCR and Western blot analysis were significantly reduced in ligated kidneys of HWG-35D-274 

treated mice in comparison to vehicle-treated controls (Fig. 2F-H). We thereby confirmed with a 275 

second compound the protective effect of SK2 inhibition on renal fibrogenesis. 276 

  277 



 13 

Fig. 2: HWG-35D treatment attenuates fibrotic parameters in UUO 278 

 279 

Azan (A), Sirius Red (B) and α-smooth muscle actin (C, αSMA) staining demonstrating fibrotic changes and 280 

myofibroblast activation in representative kidney sections of ligated (UUO) and contralateral (Ctrl) kidneys 281 

of vehicle (Control) and HWG-35D-treated mice after 7 days (Scale: 50 µM). B) Sirius Red stained sections 282 
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were photographed under polarized light to detect birefringence of collagen fibres and quantified using 283 

ImageJ software. D, E) Graphs show the Collagen quantification of Sirius Red (D) and αSMA (E) stained 284 

kidney sections of vehicle treated (Control, white bars) and HWG-35D treated (HWG-35D, black bars) mice. 285 

(F) RT-qPCR analysis normalized to GAPDH of collagen 1a1 (Col1a1), Col3a1, fibronectin-1 (FN-1) and 286 

Acta-2. G) Representative Western Blots of Col1 (G, upper panel), FN-1 (G, second panel), CTGF (G, third 287 

panel) and α-smooth muscle actin (G, α-SMA, forth panel) and H) densitometric analysis of Col1, FN1, 288 

CTGF and α-SMA protein expression normalized to GAPDH (G, lower panel) in whole kidney homogenates 289 

of ligated (UUO) and contralateral (Ctrl) kidneys at day 7 of vehicle-treated (Control, -, white bars) and HWG-290 

35D-treated (HWG-35D, +, black bars) mice. *p<0.05, **p<0.01, ***p<0.001 compared to Control UUO 291 

kidneys are considered statistically significant (n=6). 292 

 293 

3) Effect of SK2 inhibition with SLM6031434 and UUO on plasma and kidney tissue 294 

sphingosine and S1P levels. 295 

We have concentrated on SLM6031434 for mechanistic studies and performed LC-MS/MS 296 

analysis of lipid extractions of plasma and kidney tissue from vehicle and SLM-treated mice to 297 

evaluate the effect of SK2 inhibition and UUO on sphingolipid concentration. We focused on the 298 

measurement of sphingosine and S1P, as these lipid mediators represent the substrate and the 299 

product of SK2. The plasma was collected from mice before (=Ctrl) and 7 days after kidney ligation 300 

(=UUO) and plasma sphingosine level substantially increased after UUO in both treatment groups 301 

with no significant differences (Fig. 3A). However, in lipid extracts of kidney homogenates, we 302 

found a strong increase of tissue sphingosine only in the group treated with the SK2 inhibitor, 303 

consistent with inhibition of SK2 (Fig. 3C). Basal plasma S1P levels were already higher in SLM-304 

treated mice, as previously described19, and resemble the higher basal S1P levels detected in 305 

Sphk2-/- mice compared to WT mice. UUO led to an even higher increase in plasma S1P, which 306 

was not detected in vehicle-treated control mice (Fig. 3B). Similar to tissue sphingosine levels, the 307 

S1P concentration also significantly increased in kidney tissue of mice treated with the SK2 308 

inhibitor in comparison to vehicle-treated mice independent of UUO (Fig. 3D). In our previous 309 
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study, we demonstrated an association of significantly enhanced Smad7 protein expression with 310 

an ameliorated fibrotic response in Sphk2-/- mice. Smad7 is a crucial negative regulator of the 311 

classic profibrotic TGFβ/Smad signalling cascade by preventing p-Smad2/3 activation. Indeed, 312 

similar to the impact of a genetic SK2 deletion in mice, pharmacological SK2 inhibition with SLM 313 

resulted in a strong upregulation of Smad7 protein expression, which was further enhanced after 314 

kidney obstruction (Fig. 3E, F).  In contrast, Smad2 phosphorylation and hence activation was 315 

significantly reduced in UUO kidneys of SLM-treated mice (Fig. 3E, F), pointing to a Smad7-316 

dependent downregulation of the TGFβ/Smad signalling pathway. 317 

 318 

  319 
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Fig. 3: Effect of SLM6031434 treatment on plasma and kidney tissue sphingosine and S1P 320 

levels, Smad7 expression and Smad2 phosphorylation in UUO kidneys. 321 

 322 
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Plasma sphingosine (A) and S1P (B) levels of vehicle-treated (Control, white boxes) and SLM6031434 323 

(SLM, black boxes) mice before ureteral obstruction procedure (Ctrl) and 7 days after obstruction (UUO) 324 

measured by LC-MS/MS after lipid extraction as described in the methods section. Sphingosine (C) and 325 

S1P (D) level in lipid extracts of whole kidney homogenates of ligated (UUO) and contralateral kidneys (Ctrl) 326 

at day 7 of vehicle-treated (Control, white bars) and SLM-treated (SLM, black bars) mice. Boxplots show 327 

the median value, the upper and lower quartile ± minimum and maximum values. (E, F) Densitometric 328 

analysis and representative Western blots showing Smad7 (E, upper panel) and phospho-Smad2 (E, 329 

pSmad2, second panel), and GAPDH (E, lower panel) of whole kidney homogenates of ligated (UUO) and 330 

contralateral kidneys (Ctrl) at day 7 of vehicle-treated (-, white bars) and SLM-treated (+, black bars) mice. 331 

*p<0.05, **p<0.01 and ***p<0.001 to Control UUO kidneys are considered statistically significant (n=6-10). 332 

 333 

4) SLM6031434 or HWG-35D treatment differentially regulates Smad7 and CTGF expression 334 

in primary kidney fibroblasts. 335 

Activated myofibroblasts are major contributors to disease progression in renal fibrosis 18,20. We 336 

therefore isolated primary kidney fibroblasts from mice and measured the effect of SLM or HWG-337 

35D on TGFβ-induced expression of profibrotic marker proteins. Treatment of cells with TGFβ 338 

significantly increased the protein amount of CTGF and FN-1 (Fig. 4A, D). However, pre-treatment 339 

of fibroblasts with 3 µM of SLM or HWG-35D resulted in a clear reduction of TGFβ-induced CTGF, 340 

FN-1 and Col1 expression. Additionally, we tested the effect of both SK2 inhibitors on Smad7 341 

expression and indeed detected a dose-dependent increase of Smad7 protein expression in SK2 342 

inhibitor-treated fibroblast (Fig. 4B, C, E, F).  343 

 344 

  345 
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Fig. 4: Effect of SLM6031434 or HWG-35D on TGFβ-induced profibrotic marker and Smad7 346 

protein expression in primary murine fibroblasts. 347 

 348 

A, D) Representative Western blots showing Col1, FN-1 in cell lysates and CTGF and FN-1 protein 349 

expression in supernatants and cell lysates of quiescent primary kidney fibroblasts, which were stimulated 350 

with TGFβ (5 ng/mL) in the absence (-) or presence (+) of SLM6031434 (A, 3 µM, pre-incubation for 16 h) 351 

or HWG-35D (D, 3 µM, pre-incubation for 16 h) for 6 h. B-C, E-F)  Representative Western blot (B, E) and 352 

densitometric analysis (C, F) showing Smad7 (upper panel) and GAPDH (lower panel) in primary kidney 353 

fibroblasts after treatment for 16 h with the indicated concentration of SLM6031434 (B, C) or HWG-35D (E, 354 
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F). Data in (C and F) show the mean ± SD of Western blots of 3 independent experiments. *p<0.05 and 355 

***p<0.001 are considered statistically significant to unstimulated controls. 356 

 357 

5) Effect of SLM6031434 treatment on IFNγ, M1- and M2-type macrophage marker 358 

expression 359 

Other studies in which the protective role of an SK2 deficiency in renal fibrosis has been 360 

investigated, suggested an upregulation of IFNγ14, or an enhancement of anti-inflammatory M2-361 

macrophage population15 as the responsible mechanism. We therefore measured the mRNA 362 

expression of IFNγ, iNOS (as an M1-type macrophage marker) and Mcr1/CD206 (as an M2-type 363 

macrophage marker). As seen in Fig. 5A, we could not detect a renal upregulation of IFNγ mRNA 364 

expression in UUO upon SK2 inhibition by SLM treatment. The expression levels of iNOS and 365 

Mcr1/CD206 were both significantly reduced in SLM-treated ligated kidneys (Fig. 5 B, C). Based 366 

on these results, we did not observe an upregulation of M2 macrophages and rather expect a 367 

reduction in total macrophage numbers in the inhibitor-treated obstructed kidneys. For this reason, 368 

we further evaluated ligation-induced macrophage infiltration in the tubular interstitium by 369 

performing IHC using a F4/80 antibody. Although both treatment groups showed an increased 370 

F4/80 positive staining upon kidney obstruction, the substantial infiltration of macrophages 371 

detected in vehicle-treated control mice was significantly attenuated in SLM-treated mice (Fig. 5D, 372 

E), thereby reflecting the reduced mRNA expression of macrophage markers in these kidneys. 373 

 374 

Fig. 5: Effect of SK2 inhibition and UUO on Interferon-γ, iNOS and Mcr-1 mRNA expression 375 

and macrophage infiltration. 376 
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 377 

(A-C) RT-qPCR analysis normalized to 18S of interferon-γ (A, IFNγ), iNOS (B) and Mcr1 (C) in whole kidney 378 

homogenates of ligated (UUO) and contralateral kidneys (Ctrl) at day 7 of vehicle-treated (Control, white 379 

bars) and SLM6031434-treated (SLM, black bars) mice (n=6-10). 380 

(D, E) F4/80 staining (D) and quantification (E) demonstrating macrophage infiltration in representative 381 

kidney sections of ligated (UUO) and contralateral (Ctrl) kidneys of vehicle (Control, white bars) and 382 

SLM6031434 (SLM, black bars) treated mice after 7 days (Scale: 100 µM). **p<0.01 compared to Control 383 

UUO kidneys is considered statistically significant (n=6-10). 384 

 385 

Discussion 386 

In this study we have validated two highly selective SK2 inhibitors for therapeutic use as anti-387 

fibrotic agents in a mouse model of tubulointerstitial fibrosis. Previously, we and others have 388 

shown that SK2 serves as an attractive novel target to treat renal fibrosis. By using SK2-deficient 389 

mice, tubulointerstitial fibrosis, induced by either ureter ligation (UUO) 12,13 or folic acid 390 

administration 14, was reduced as compared to wildtype mice. However, no consensus about the 391 

underlying mechanism can be drawn from these different studies. While Bajwa et al. suggested 392 
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an upregulation of IFN production as the main protective mechanism 14, this was not seen by 393 

Schwalm et al., who rather suggested the upregulation of the anti-fibrotic Smad7 as a key factor 394 

mediating protection 12,13. Notably, IFN, as well as its receptors IFNR1 and R2, were found to be 395 

upregulated in wildtype UUO and Sphk2-/- UUO mice in a comparable manner 12. Nevertheless, 396 

IFN  can have anti-fibrotic potential as reported by administration of recombinant IFN, or an IFN 397 

peptidomimetic, which both dampened the fibrotic response in UUO mice 21,22. 398 

In another study, Ghosh et al. 15 proposed that loss of SK2 triggers a switch in macrophage 399 

polarization towards the anti-inflammatory and more healing M2 macrophages at the expense of 400 

pro-inflammatory M1 macrophages. However, in the present study we did not detect an 401 

upregulation of either IFNγ or of the M2 macrophage marker expression Mcr1/CD206 in obstructed 402 

kidneys upon SK2 inhibition. These discrepancies might be caused by the use of different kidney 403 

fibrosis models or by the selection of different time points to study macrophage infiltration. A third 404 

mechanism was proposed by Zhu et al. 13, who showed that in UUO, SK2 directly binds and 405 

activates Fyn which leads to Akt and STAT3 activation and subsequent fibroblast activation. 406 

Consequently, blocking SK2 resulted in reduced myofibroblast activation and ECM production. In 407 

summary, all these data suggest that pharmacological inhibition of SK2 should have a beneficial 408 

effect in renal fibrosis whatsoever the precise mechanism might be.  409 

Regarding the impact of SK2 inhibition on sphingolipid concentration, we expectedly observed an 410 

SLM-induced accumulation of the SK2 substrate sphingosine in renal tissue regardless of the 411 

obstruction procedure. As previously shown, sphingosine contributes to the anti-fibrotic effect in 412 

Sphk2-/- mice by upregulating Smad7 protein expression12 which very likely occurs upon SK2 413 

inhibitor treatment as well. Surprisingly, tissue S1P levels were also higher in kidneys of SLM-414 

treated mice. It is possible that accumulation of sphingosine caused by SK2 inhibition is used by 415 

SK1 to make more S1P and this pool of S1P is specifically protective in the UUO model. This 416 

hypothesis is in line with other studies that demonstrate a protective role for SK1 in kidney injury 417 

models 9–11. However, the concentration of tissue S1P is very low and we cannot exclude a 418 
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contamination of kidney tissue with minor amounts of blood which contains higher S1P levels in 419 

SLM-treated mice 19. 420 

 421 

Although a number of inhibitors of SK2 have been described to date, selectivity and potency with 422 

early compounds is typically modest (Table 1) and it is only very recently that highly selective and 423 

potent SK2 inhibitors have emerged as tool compounds for exploring pharmacological inhibition 424 

of SK2. As compared to first generation inhibitors of SKs, such as dimethylsphingosine (DMS) and 425 

SKI-II 23, which exhibit no selectivity between SK1 and SK2, second generation SK2 inhibitors 426 

have been developed that show improved selectivity and potency. Among these is ABC294640 427 

24, a compound that has several-fold selectivity for SK2 over SK1. However, the potency of 428 

ABC294640 remains relatively poor with an in vitro IC50 value for SK2 at 60 M and a cellular IC50 429 

value at 26 M 24. Notwithstanding these apparently disadvantageous parameters for further 430 

development, the inhibitor has nevertheless proved efficacious in various mouse tumor models 431 

and reduces tumor growth significantly 25,26. Moreover, ABC294640 (Opaganib, YelivaR) has 432 

recently successfully passed clinical trials in patients with diffuse large B cell lymphoma and 433 

multiple myeloma, and is now FDA approved with orphan drug status for the treatment of 434 

cholangiocarcinoma. ABC294640 has also been tested in UUO mice and was able to reduce 435 

fibrosis 13 although extremely high concentrations of 50mg/kg/day were needed, which makes 436 

translation into human difficult. Even more promising than ABC294640 is the newly developed 437 

selective SK2 inhibitor SLP120701 27, which possesses an IC50 value for SK2 of 1.2 M and an 8-438 

10-fold selectivity for SK2 over SK1. In the UUO model, Ghosh et al. showed that SLP120701 439 

diminished UUO-induced renal injury and fibrosis 15. 440 

In our study, we have now included two even more selective SK2 inhibitors (Table 1) of even 441 

higher potencies, i.e. SLM6031434 19 and HWG-35D 16. While SLM6031434 has an IC50 value for 442 

SK2 of 400 nM and is approx. 40-fold more selective for SK2 than SK1, HWG-35D has an even 443 

lower IC50 value of 41 nM and a selectivity factor of >100-fold over SK1 16. Both of these 444 
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compounds mediated a protection from UUO-induced renal fibrosis. Therefore, further 445 

development SK2 inhibitors as a new drug class seems very promising and is warranted because, 446 

to date, an efficient treatment of renal fibrosis is still missing. So far, treatment aims are to reduce 447 

the preceding inflammatory phase of interstitial nephritis by glucocorticoids, or to minimise risk 448 

factors of chronic kidney disease such as hypertension and diabetes. However, glucocorticoids 449 

are well known to couple to a series of unwanted adverse effects 28, that make their use as a 450 

therapeutic option, particularly for chronic conditions, less attractive for the patient. 451 

Adverse effects that arise from inhibition of SK2 are still poorly explored. However, since a role for 452 

SK2 in platelet aggregation was reported 29, alteration in blood coagulation must be kept in mind. 453 

In this regard, ex vivo isolated platelets from Sphk2-deficient mice showed an impaired 454 

aggregation upon PAR4-P and ADP stimulation, which was based on a defective thromboxane 455 

A2 release 29. Furthermore, SK2 is hypothesized to have a protective role in stroke, and thus, vice 456 

versa, depletion of SK2  led to increased ischemic lesion size and worsened neurological function 457 

in a stroke model in mice 30. If indeed, SK2 inhibition leads to an increased risk of stroke, this 458 

certainly would be a severe adverse effect that may have considerable impact on a further 459 

development of such compounds. However, any phenotype seen in Sphk2-deficient mice may not 460 

necessarily occur upon SK2 inhibitor treatment because the inhibitor is only given for a restricted 461 

time period and long-term adaptive processes may not become evident.  462 

In summary, our data demonstrate that that two highly selective and potent SK2 inhibitors are 463 

effective in reducing a fibrotic response and renal injury in a mouse model. Thus, we conclude 464 

that SK2 is a valid pharmacological target for reducing renal inflammation and fibrosis. Whether 465 

this protective effect of SK2 inhibition is of a more general nature and also occurs in other organs 466 

undergoing fibrosis, is presently unclear, but clearly warrants further investigation. 467 

 468 
 469 
Table 1: Comparison of SK2 inhibitors in terms of selectivity and potency 470 
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Compound IC50 for SK2 IC50 for SK1 Selectivity 
factor SK2/SK1 

Reference 

ABC294640 60 M >100 M >1.6x French et al., 

2010 24 

SLP120701 1.2 M >10 M >8x Patwardhan et 

al., 2015 27 

SLM6031434 0.4 M 16 M 40x Kharel et al., 

2015 19 

HWG-35D 0.041 M 4.1 M 100x Adams et al., 

2019 16 
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