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Abstract: S1P and its receptors have been reported to play important roles in the development of
renal fibrosis. Although S1P5 has barely been investigated so far, there are indications that it can
influence inflammatory and fibrotic processes. Here, we report the role of S1P5 in renal inflammation
and fibrosis. Male S1P5 knockout mice and wild-type mice on a C57BL/6J background were fed
with an adenine-rich diet for 7 days or 14 days to induce tubulointerstitial fibrosis. The kidneys of
untreated mice served as respective controls. Kidney damage, fibrosis, and inflammation in kidney
tissues were analyzed by real-time PCR, Western blot, and histological staining. Renal function was
assessed by plasma creatinine ELISA. The S1P5 knockout mice had better renal function and showed
less kidney damage, less proinflammatory cytokine release, and less fibrosis after 7 days and 14 days
of an adenine-rich diet compared to wild-type mice. S1P5 knockout ameliorates tubular damage and
tubulointerstitial fibrosis in a model of adenine-induced nephropathy in mice. Thus, targeting S1P5

might be a promising goal for the pharmacological treatment of kidney diseases.

Keywords: sphingolipids; lysophospholipids; S1P; S1P5; S1PR5; fibrosis; nephropathy; renal inflammation

1. Introduction

Chronic kidney disease (CKD) is a prominent health problem with a prevalence of
almost 15% of all adults in the U.S., and with a varying prevalence in Europe of 3.3% in
Norway and 17.3% in the northeast of Germany based on studies published in 2019 and
2016, respectively [1,2]. Pathophysiological hallmarks are glomerular and tubular injury,
enhanced synthesis and secretion of cytokines and growth factors, and increased formation
of extracellular matrix, leading to glomerulosclerosis and tubulointerstitial fibrosis. The
subsequent loss of renal function is reflected by the decline of the glomerular filtration rate
and albuminuria, and finally results in the need for dialysis or kidney transplantation.

Interestingly, there is growing evidence that the pleiotropic lipid mediator sphingo-
sine 1-phosphate (S1P) is able to affect the progression of CKD [3,4]. S1P belongs to the
sphingolipid family of signaling mediators and can be generated by the phosphorylation of
sphingosine by either sphingosine kinase (SK)-1 or SK-2 [5]. Once generated intracellularly,
it can act on targets within the cell or be secreted via specific transporters to activate the
G protein-coupled S1P receptors (S1P1–5) on the plasma membrane [6–8]; S1P receptors
are coupled to different G proteins, such as Gi, Gq or G12/13, to mediate various signals
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and show a cell type and cell status-dependent expression pattern [9–13]. Modulation
of S1P receptors can improve renal disease outcomes, as shown in previous studies [3].
Chronic pharmacological S1P1 activation by treatment with FTY720 or SEW2871 was found
to ameliorate albuminuria and renal damage in a model of diabetic nephropathy in rats [14].
S1P1 activation was also protective against renal ischemia-reperfusion injury in mice [15].

S1P5 (formerly denoted as edg-8) was the last S1P receptor to be discovered and is
coupled to Gi and G12 [16]. Its expression was seen predominantly in oligodendrocytes and
fibrous astrocytes in rat brains [17]. Further studies showed that S1P5 expression can be
found on various cell types, e.g., subsets of monocytes, natural killer (NK) cells, dendritic
cells, and cancer cells [18–21]. However, S1P5 expression is not ubiquitous, as is described
for S1P1–3 [18–20,22]. Still, there is little known about the relevance and function of S1P5 in
physiology and disease. Previously, we found S1P5 expression in human renal mesangial
cells, which is further inducible by stimulation with transforming growth factor-beta 2
(TGF-β2) [23]. Most interestingly, downregulation of S1P5 by siRNA impaired the TGF-β2-
induced expression of fibrotic connective tissue growth factor (CTGF) in human mesangial
cells, indicating a potential role of S1P5 in the progression of fibrosis [23]. A second hint
was found in a model of bleomycin-induced systemic sclerosis, where the skin tissue of
S1P5 knockout mice (S1P5

-/-) showed significant lower mRNA levels of profibrotic collagen
1 alpha 1 (Col1α1) compared to wild-type mice [24].

Taken together, these data suggest that S1P5 might play a role not only in the in vitro
regulation of fibrotic mediators in renal cells [23], but also for the progression of kidney
diseases in vivo. Thus, we investigated S1P5

-/- and corresponding, wild-type mice in a
model of adenine-induced nephropathy to evaluate the function of S1P5 for the progression
of tubular injury and tubulointerstitial fibrosis.

2. Results
2.1. S1P5 Was Upregulated in Human Fibrotic Renal Tissue

In a previous study, we demonstrated that the downregulation of S1P5 impairs the
TGF-β2-mediated expression of profibrotic CTGF in human mesangial cells [23]. Here,
we report that S1P5 is also upregulated in the fibrotic tissue of patients suffering from
hydronephrosis (Figure 1). Semi-quantitative PCR analysis of human kidney samples
revealed that S1P5 is mainly expressed in tubular cells (Figure 1). Hence, we further
investigated the involvement of S1P5 in renal fibrosis.

2.2. S1P5 Knockout Mice Had Less Tissue Damage and Showed Better Kidney Function after
Disease Induction

To elucidate the role of S1P5 in renal fibrosis, we employed an in vivo model of
tubulointerstitial fibrosis induced by sterile inflammation. Wild-type and S1P5

-/- mice, both
on a C57BL/6J background, were fed for either 7 or 14 days with an adenine-rich diet (0.25%
adenine), which led to the deposition of insoluble, crystal-forming 2,8-dihydroxyadenine
in the kidney, which was able to damage the surrounding tissue as described in the
literature [25].

Periodic acid-Schiff (PAS) staining of the kidney tissue revealed that the mice of
both genotypes suffered from severe tissue damage induced by the adenine treatment
(Figure 2A). Tubules were dilatated and necrotic, and amber-colored crystals appeared. The
tubular injury of the PAS-stained slides was semi-quantified by three blinded observers
employing a four-point scale (Figure 2B). Ten to fifteen randomly chosen cortex regions
were rated by assessing tubular dilatation and necrosis. The crystals were not visible in
every kidney slide and were only visible after 14 days of adenine treatment even though the
tissue was found to be damaged after only 7 days. This is probably due to washout; crystals
only remain if they have had enough time to achieve a certain size. However, counting the
number of crystals that were still present in kidney slides, we found no difference between
wild-type and knockout mice (data not shown).
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Figure 1. Expression of S1P5 in human kidney samples. PCR of S1P5 mRNA expression in human 
kidney and kidney tissue sections (left side) and quantification from RT-PCR of S1P5 mRNA in non-
fibrotic and fibrotic kidney tissue of patients suffering from hydronephrosis (right side). GAPDH 
was used as a control in both experiments. Data are shown as box plots with a line at the median 
and whiskers from minimum to maximum value; n = 5 (non-fibrotic), n = 10 (fibrotic), **p < 0.01; 
Mann–Whitney U test. 
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tissue was found to be damaged after only 7 days. This is probably due to washout; crys-
tals only remain if they have had enough time to achieve a certain size. However, counting 
the number of crystals that were still present in kidney slides, we found no difference 
between wild-type and knockout mice (data not shown).  

The focus of this study was on the interstitial compartment. Nevertheless, we also 
checked for glomerular lesions after 14 days of the adenine-rich diet. We observed a minor 
level of sclerotic glomerular lesions in wild-type and knockout mice without significant 
difference between the groups (p = 0.117). 

To assess the functionality of the kidneys, we measured plasma creatinine levels and 
found a significant increase in wild-type mice after 7 and 14 days (Figure 2C). For S1P5 
knockout mice, however, a significant increase was only present after 14 days. Looking at 
the difference between the two genotypes, we saw that creatinine levels were similar in 
healthy mice but significantly lower in diseased S1P5-/- mice after 7 days and 14 days of 
the adenine-rich diet.  

Figure 1. Expression of S1P5 in human kidney samples. PCR of S1P5 mRNA expression in human
kidney and kidney tissue sections (left side) and quantification from RT-PCR of S1P5 mRNA in
non-fibrotic and fibrotic kidney tissue of patients suffering from hydronephrosis (right side). GAPDH
was used as a control in both experiments. Data are shown as box plots with a line at the median
and whiskers from minimum to maximum value; n = 5 (non-fibrotic), n = 10 (fibrotic), ** p < 0.01;
Mann–Whitney U test.

The focus of this study was on the interstitial compartment. Nevertheless, we also
checked for glomerular lesions after 14 days of the adenine-rich diet. We observed a minor
level of sclerotic glomerular lesions in wild-type and knockout mice without significant
difference between the groups (p = 0.117).

To assess the functionality of the kidneys, we measured plasma creatinine levels and
found a significant increase in wild-type mice after 7 and 14 days (Figure 2C). For S1P5
knockout mice, however, a significant increase was only present after 14 days. Looking at
the difference between the two genotypes, we saw that creatinine levels were similar in
healthy mice but significantly lower in diseased S1P5

-/- mice after 7 days and 14 days of
the adenine-rich diet.

2.3. S1P5 Knockout Mice Expressed Lower Levels of Kidney Injury Markers after Disease Induction

Kidney damage was further quantified by looking at the expression of kidney in-
jury markers (Figure 3A–E). Kidney injury molecule-1 (KIM-1) and neutrophil gelatinase-
associated lipocalin (NGAL) protein expression was analyzed by Western blot, and the
corresponding mRNA levels were analyzed via RT-PCR (TaqMan®). Expression of KIM-1
was clearly, but not in all cases, significantly lower in knockout mice on mRNA and protein
levels compared to wild-type mice (Figure 3A,C). NGAL expression levels of knockout
mice were also significantly lower after 7 days on mRNA levels and after 14 days on protein
levels compared to wild-type mice (Figure 3B,D). No expression of KIM-1 and NGAL were
detected in healthy mice, while in all diseased mice, a strong upregulation was observed
(Figure 3C,D).

2.4. Inflammatory Cytokine Expression Was Reduced in S1P5 Knockout Mice after Disease Induction

Inflammatory cytokine expression in whole kidney homogenates was analyzed using
RT-PCR. Ccl2, Il-6, Tnfα, and Il-1β mRNA expression were induced by an adenine-rich
diet in all mice. However, expression was significantly lower in S1P5

-/- mice compared to
wild-type mice for all mentioned cytokines after 7 days except for IL-1β (data not shown)
and 14 days (Figure 4).
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Figure 2. Assessment of renal tissue damage and plasma creatinine levels of healthy mice and mice 
fed with an adenine-rich diet for the indicated time periods. (A) Paraffin-embedded kidney cortex 
sections were subjected to PAS staining. The images reveal glomeruli (dark pink), tubular dilata-
tions (big gaps), and crystal depositions (amber color). (B) Tissue damage of wild-type and S1P5 
knockout mice (S1P5-/-) without (healthy) and with adenine-rich diet for 7 days and 14 days were 
evaluated by three blinded observers according to the following tubular injury score: 0/dark green: 
0%; 1/light green: ≤25%; 2/yellow: >25% to 50%; 3/orange: ≥50% to <75%; 4/red: ≥75% of the area 
displayed tubular damage. (C) Creatinine levels were measured in plasma samples (EDTA) by 
ELISA as described in the Materials and Methods Section. Data are shown as box plots with a line 
at the median and whiskers from minimum to maximum value; *p ≤ 0.05 as indicated; ###p ≤ 0.001, 
####p ≤ 0.0001 as compared to the respective healthy controls. 

  

Figure 2. Assessment of renal tissue damage and plasma creatinine levels of healthy mice and
mice fed with an adenine-rich diet for the indicated time periods. (A) Paraffin-embedded kidney
cortex sections were subjected to PAS staining. The images reveal glomeruli (dark pink), tubular
dilatations (big gaps), and crystal depositions (amber color). (B) Tissue damage of wild-type and
S1P5 knockout mice (S1P5

-/-) without (healthy) and with adenine-rich diet for 7 days and 14 days
were evaluated by three blinded observers according to the following tubular injury score: 0/dark
green: 0%; 1/light green: ≤25%; 2/yellow: >25% to 50%; 3/orange: ≥50% to <75%; 4/red: ≥75% of
the area displayed tubular damage. (C) Creatinine levels were measured in plasma samples (EDTA)
by ELISA as described in the Materials and Methods Section. Data are shown as box plots with a line
at the median and whiskers from minimum to maximum value; * p ≤ 0.05 as indicated; ### p ≤ 0.001,
#### p ≤ 0.0001 as compared to the respective healthy controls.
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wild-type mice (C57BL/6J) and S1P5 knockout mice (S1P5-/-). (A,B) Expression of Kim-1 and Ngal 
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Figure 3. Expression of tissue damage markers in kidney homogenates of healthy mice and mice
fed with an adenine-rich diet for the indicated time periods. The expression was compared between
wild-type mice (C57BL/6J) and S1P5 knockout mice (S1P5

-/-). (A,B) Expression of Kim-1 and Ngal
mRNA determined by TaqMan® analysis as described in Materials and Methods. The internal
standard used was 18 s ribosomal RNA. (C–E) Representative Western blot (E) and quantification of
all Western blot results from kidney lysates employing antibodies for KIM-1 (C) and NGAL (D). Data
are shown as box plots with a line at the median and whiskers from minimum to maximum value;
n = 5–9; n.d. = no protein band detected; n.s. = not significant; * p ≤ 0.05; ** p ≤ 0.01 as indicated.
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pression as a marker for mononuclear phagocytes, and the diaminobenzidine (DAB)-
stained area was measured with the help of the tissue imaging programs Vectra®, 
Phenochart® and inForm® (PerkinElmer) (Figure 5A). The DAB-stained area, representing 
F4/80+ cells, was measured and visualized by a green color for each picture of kidney sec-
tion. A Red color represents the area covered by hematoxylin stain and thereby the area 
covered by all cells, excluding tissue-free spots in the picture, to allow calculation of the 
ratio of F4/80+ cells to all cells in the kidney section. The presence of F4/80+ cells was in-
creased in diseased kidneys but was not different between wild-type and S1P5-/- mice (Fig-
ure 5B). In line with this finding, RT-PCR measurements of the gene that codes for F4/80, 
the adhesion G protein-coupled receptor E1 (Adgre1, also known as Emr1), and inflam-
masome component nucleotide-binding oligomerization domain, leucine-rich repeat, and 
pyrin domain containing 3 gene (Nlrp3), which codes for a protein part of the inflam-
masome that is activated by ingesting mononuclear phagocytes, were also similar in ex-
pression between both genotypes (Figure 5B,C). On the other hand, inflammatory 

Figure 4. Gene expression of proinflammatory cytokines. Expression levels of genes were compared
between wild-type and S1P5 knockout mice (S1P5

-/-) without and with an adenine-rich diet for
14 days. Expression levels of Il-6, Il-1β, Tnfα, and Ccl2 mRNA were determined by TaqMan® analysis
as described in Material and Methods. The internal standard used was 18 s ribosomal RNA. Data
are shown as box plots with a line at the median and whiskers from minimum to maximum value;
n = 5–9; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001 as indicated.

2.5. Similar Numbers of Renal Mononuclear Phagocytes in Kidney Cortex of Wild-Type and
Knockout Mice

Moreover, cells in the whole cortex region of each kidney were stained for F4/80 ex-
pression as a marker for mononuclear phagocytes, and the diaminobenzidine (DAB)-stained
area was measured with the help of the tissue imaging programs Vectra®, Phenochart® and
inForm® (PerkinElmer) (Figure 5A). The DAB-stained area, representing F4/80+ cells, was
measured and visualized by a green color for each picture of kidney section. A Red color
represents the area covered by hematoxylin stain and thereby the area covered by all cells,
excluding tissue-free spots in the picture, to allow calculation of the ratio of F4/80+ cells
to all cells in the kidney section. The presence of F4/80+ cells was increased in diseased
kidneys but was not different between wild-type and S1P5

-/- mice (Figure 5B). In line
with this finding, RT-PCR measurements of the gene that codes for F4/80, the adhesion
G protein-coupled receptor E1 (Adgre1, also known as Emr1), and inflammasome compo-
nent nucleotide-binding oligomerization domain, leucine-rich repeat, and pyrin domain
containing 3 gene (Nlrp3), which codes for a protein part of the inflammasome that is acti-
vated by ingesting mononuclear phagocytes, were also similar in expression between both
genotypes (Figure 5B,C). On the other hand, inflammatory cytokine release and NLRP3
inflammasome activation can also occur in renal tissue cells, and S1P5 activation in these
cells could influence the inflammatory response [26,27].

However, mRNA levels of Adgre1 (gene of F4/80) were 6-fold higher in samples
from wild-type mice after 7 and 14 days of an adenine-rich diet compared to healthy
controls. At 7 days of adenine treatment, the mRNA levels were significantly higher in
wild-type mice compared to knockout mice, and no significant differences were determined
after 14 days. Gene expression of Adgre1 was 4-fold higher at day 7 and 6-fold higher at
day 14 in samples from S1P5

-/- mice compared to the healthy controls.
Since it has already been published that S1P5 is involved in the trafficking of NK

cells [19], we also checked the mRNA expression of natural cytotoxicity-triggering receptor
1C (Ncr1) and killer cell lectin-like receptor subfamily B (Klrb1c), but we only found low
levels and no significant differences between the two genotypes (Figure S1).

2.6. Fibrosis Was Attenuated in S1P5 Knockout Mice after Disease Induction

The expression of several markers of fibrosis was induced by the adenine-rich diet. In
line with the results on inflammation and tissue damage, fibrosis was attenuated in S1P5

-/-
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mice compared to wild-type mice. RT-PCR analysis shows significantly lower expression
levels of connective tissue growth factor (CTGF), fibronectin 1 (Fn1), plasminogen activator
inhibitor-1 (Pai-1, official name SERPINE1), and alpha smooth muscle actin (Acta-2/αSMA)
after 14 days of an adenine-rich diet (Figure 6A). CTGF and fibronectin expression were also
investigated on a protein level by Western blot, and densitometric quantification revealed a
significantly lower expression of these markers of fibrosis compared to wild-type mice after
14 days of an adenine-rich diet (Figure 6B,C). Furthermore, immunohistochemical staining
was performed to assess fibrosis in wild-type and knockout mice after adenine treatment.
Knockout mice showed less fibrosis compared to wild-type mice as seen by Fibronectin 1
and connective tissue expression in kidney sections after staining with corresponding anti-
bodies, AZAN, and Sirius Red (Figure 6D). The semi-quantitative analysis of Fibronectin
1 staining indicates a significantly lower level of fibrosis in knockout mice compared to
wild-type mice after 14 days (Figure 6E). We observe the same tendency in AZAN staining,
but the difference between knockout and wild-type mice after 14 days was not significant
in the semi-quantitative analysis (Figure 6E).
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and 14 days. (A) Paraffin-embedded kidney cortex sections were subjected to immunohistochemical 
staining for F4/80 expression with DAB (brown) and counterstained with Mayer's hematoxylin so-
lution (blue). Algorithm-based detection of the staining was used to visualize and quantify the area 
covered by diaminobenzidine (green) and hematoxylin (red). (B) Median DAB area/hematoxylin 
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Emr1) mRNA were determined by TaqMan® analysis as described in Materials and Methods. The 

Figure 5. Presence of renal mononuclear phagocytes and expression of inflammasome component
in kidney cortex. Expression of markers of mononuclear phagocytes were compared between wild-
type (C57BL/6J) and S1P5 knockout mice (S1P5

-/-) without (healthy) and with adenine-rich diet for
7 and 14 days. (A) Paraffin-embedded kidney cortex sections were subjected to immunohistochemical
staining for F4/80 expression with DAB (brown) and counterstained with Mayer’s hematoxylin
solution (blue). Algorithm-based detection of the staining was used to visualize and quantify the area
covered by diaminobenzidine (green) and hematoxylin (red). (B) Median DAB area/hematoxylin
area ratio was determined for up to 30 single pictures per tissue section, and the medians of all
sections per group are shown here. (C,D) Expression levels of Nlrp3 and Adgre1 (also known as
Emr1) mRNA were determined by TaqMan® analysis as described in Materials and Methods. The
internal standard used was 18 s ribosomal RNA. Data are shown as box plots with a line at the
median and whiskers from minimum to maximum value; n = 5–9; * p ≤ 0.05 as indicated; # p ≤ 0.05;
## p ≤ 0.01; ### p ≤ 0.001 compared to the respective healthy controls.
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Figure 6. Gene expression and staining of fibrotic markers. (A) Expression levels of CTGF, Fn1,
Pai-1, and Acta-2/αSMA mRNA were determined by TaqMan® analysis as described in Materials and
Methods. The levels were compared between wild-type (C57BL/6J) and S1P5 knockout mice (S1P5

-/-)
without (healthy) and with an adenine-rich diet for 14 days (d14). The internal standard used was 18 s
ribosomal RNA. (B,C) Representative Western blot (B) and quantification results from all Western blots
(C) of fibronectin 1 (Fn1) and connective tissue growth factor (CTGF) from whole kidney homogenates
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of wild-type (C57BL/6J) and S1P5 knockout mice (S1P5
-/-) without (healthy) and with an adenine-rich

diet for 14 days (d14). (D) Paraffin-embedded kidney cortex sections were subjected to immunohisto-
chemical staining for fibronectin (FN1) and staining for cartilage and collagen fibers by AZAN dyes.
Fibronectin staining is visible as a bright red color, and cartilage and collagen fibers are deep blue.
(E) Semi-quantitative analysis of AZAN and FN1 staining (D), shown as % of total area (D). Wild-type
(C57BL/6J) and S1P5 knockout mice (S1P5

-/-) without (healthy) and with an adenine-rich diet for
14 days (d14) were compared. Data are shown as box plots with a line at the median and whiskers
from minimum to maximum value; n = 5–9; * p ≤ 0.05; ** p ≤ 0.01; **** p ≤ 0.0001 as indicated.
# p ≤ 0.05, ### p ≤ 0.001, #### p ≤ 0.0001 as compared to the respective healthy controls.

3. Discussion

Here, we employed a mouse model of tubulointerstitial fibrosis to elucidate the role
of S1P5 in kidney diseases. We found that plasma creatinine levels rose in wild-type mice
after 1 or 2 weeks of an adenine-rich diet, while levels remained significantly lower in
knockout mice. Serum or plasma creatinine is a broadly employed marker for the loss of
renal function [28]. In addition, analysis of renal cortex samples subjected to PAS staining
revealed that there was less tissue damage in S1P5

-/- mice compared to wild-type mice.
Furthermore, we looked for the expression of KIM-1 and NGAL, which are considered
to be early markers for acute kidney injury since they can be found in urine before an
increase in serum creatinine occurs and are not expressed in healthy kidneys [29–33]. It
is assumed that KIM-1 is expressed in response to the loss of cell–cell adhesion and prior
to cell death [34]. NGAL is expressed in response to kidney injury in order to prevent
apoptosis of renal tubular cells [35–37]. KIM-1 and NGAL were detected in kidney samples
of all diseased mice, and the median levels of KIM-1 and NGAL were lower in knockout
mice compared to wild-type mice. Taken together, S1P5

-/- mice are clearly less prone to
sterile, inflammation-induced kidney damage.

Since the adenine-rich diet leads to the deposition of crystals within the kidney tissue,
we analyzed the severity of inflammation in the kidneys. The expression of proinflamma-
tory cytokines in kidney homogenates of diseased S1P5

-/- mice was significantly lower
compared to wild-type mice. Since these cytokines can be released by infiltrating or pro-
liferating immune cells, we stained for renal mononuclear phagocytes, which comprises
macrophages and dendritic cells [38]. It was shown that renal mononuclear phagocytes
are present in large numbers in inflamed kidneys and play an important role in disease
progression [39–42]. Moreover, S1P5 knockout animals lack peripheral Ly6C− monocytes,
which could be precursors for tissue-resident macrophage populations [18,43]. The inflam-
matory Ly6C+ monocytes, in contrast, do not express S1P5 [18]. In the tissue of diseased
wild-type and knockout mice, we found a high count of F4/80+ cells, a major marker
of renal mononuclear phagocytes [38,44]. F4/80+ expression by antibody staining was
significantly higher after 14 days of adenine treatment in S1P5

-/- and wild-type mice. In
line with this, the mRNA level of Adgre1 (gene of F4/80) was 6-fold higher after 14 days of
adenine-rich diet in samples from wild-type mice as well as from knockout mice without a
difference between the genotypes.

In contrast, mRNA expression of proinflammatory cytokines, such as interleukin-6
(IL-6) and tumor necrosis factor alpha (TNFα) were significantly lower in tissue of S1P5

-/-,
and these cytokines can be released by macrophages in response to inflammatory stim-
uli [45]. In addition, the mRNA level of monocyte chemoattractant protein-1 (MCP-1/CCL2)
was also significantly lower in kidney homogenates of knockout mice although the number
of F4/80+ cells was not lower in S1P5

-/- mice. The difference in cytokine release could
be due to a different activation status of macrophages or other immune cells. However,
cytokine release could also be different from renal mononuclear phagocyte counts because
cells of the tubular system are also able to release these cytokines [26].
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There is not much known yet about the role of sphingosine 1-phosphate receptor 5
(S1P5) in (differentiated) monocytes, and it seems that this receptor is only expressed on
specific subtypes [18,46,47]. It was reported that antagonizing S1P5 with suramin improved
phagocytosis in alveolar macrophages [47]. Inflammasome activation via phagocytosis of
crystals in kidney tissue boosts inflammation and leads to the secretion of IL-1β [48,49].
However, mRNA expression of the nucleotide-binding oligomerization domain, leucine-
rich repeat and pyrin domain containing 3 (Nlrp3), a component of inflammasome, was
as strong in knockout as in wild-type samples. In contrast, IL-1β mRNA levels were not
different between the two genotypes after 7 days but were more than doubled in wild-type
samples after 14 days of adenine treatment. It was reported that sphingosine, but not S1P,
was able to act as a danger-associated molecular pattern (DAMP) and activate NLRP3-
inflammasome and the subsequent IL-1β release from macrophages [50]. Furthermore,
it was shown in another study of adenine-induced renal fibrosis that treating mice with
an inhibitor of NLRP3 activation, as well as employing NLRP3-deficient mice, reduced
fibrosis [51]. Therefore, further studies need to be performed to investigate whether
inflammasome activation due to phagocytosis is indeed impaired.

S1P was shown to be a chemoattractant for primary human monocytes and macrophages
in vitro and that employing the S1P receptor functional antagonist fingolimod reduced not
only lymphocyte but also macrophage infiltration in acute anti-thy1 mesangio-proliferative
glomerulonephritis [52,53]. However, the immunosuppressive effect of the functional S1P
receptor antagonists fingolimod and siponimod were attributed to the internalization and
degradation of S1P1 [13,54–57]. These findings agree with our data showing no difference
in immune cell infiltration caused by S1P5 deficiency although, potentially, subsets such as
tissue-resident memory T cells were not specifically assessed [58]. Nevertheless, both of these
drugs, which are approved for the treatment of multiple sclerosis, also have a high affinity for
S1P5 [13,59,60].

S1P5 was reported to be critical for natural killer cell trafficking in vivo and migration
in vitro but to have no effect on T cell migration [61,62]. Indeed, we also found no difference
in T cell populations in the analyzed kidney homogenates. On the other hand, a difference
in NK cell infiltration was not observed either. This might, however, be a result of lacking
NK cell infiltration in general, since total numbers of NK cells were very low in all kidney
samples and were not increased in diseased kidneys.

The mRNA and protein expression of the profibrotic cytokine CTGF was not induced
in diseased knockout mice, while it was upregulated in diseased wild-type mice compared
to healthy mice. Furthermore, the extracellular matrix protein fibronectin was significantly
reduced at the mRNA and protein levels in diseased knockout mice compared to wild-type
mice, and the same was seen for several other markers of fibrosis on the mRNA level. The
difference could, however, be due to the milder tissue damage in knockout mice.

Among other proteins, S1P5 can couple to G12/13 and also activate c-Jun amino termi-
nal kinase signaling pathway (JNK) [17,63]. It was shown that S1P-mediated activation
of G12/13 and subsequent activation of RhoA and Rho kinases induces proinflammatory
factor expression by macrophages [64]. In addition, there are several publications on proin-
flammatory and profibrotic factor expression mediated by G12/13 in renal cells and kidney
disease [65–67]. Also, activation of the JNK pathway promotes renal fibrosis as reviewed
by Grynberg et al. [68] and JNK becomes activated in tubulointerstitial cells in diseased
renal tissue [69]. Taken together, there are several indications for a proinflammatory and
profibrotic effect of S1P5 in renal disease that support our findings of an improved outcome
for S1P5

-/- mice in adenine-induced tubular injury.
Nevertheless, more experiments are needed to elucidate the mechanisms behind the

anti-inflammatory effects of S1P5 deficiency. Here, we showed that S1P5 seems to be an
interesting target for the treatment of renal fibrosis or even inflammation, especially since
drugs for the pharmacological modulation of S1P5 are already commercially available.
A-971432 is a specific agonist of S1P5 provided by AbbVie, and siponimod (BAF312) from
Novartis targets S1P1 and S1P5 and was approved in the USA for the treatment of secondary
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progressive multiple sclerosis [60,70], while other agents with S1P5 engagement may also
be relevant (i.e., ozanimod, etrasimod) [13]. These and other agents may provide near-term
assessments of new therapeutic strategies to treat chronic kidney diseases. As with all
drugs, potential side effects mediated via S1P5 blockade in non-target organs may occur
and need to be carefully evaluated. However, in our study, we observed no difference in
phenotype and behavior of healthy S1P5

-/- mice compared to healthy wild-type mice.
Taken together, we can present here for the first time that S1P5 has a distinct impact on

the pathological outcome in sterile, inflammation-induced kidney disease. In addition, our
study provides the basis for future studies and gives an incentive to unravel the specific
interactions of S1P5.

4. Materials and Methods
4.1. Animal Model and Sample Collection

The S1P5
-/- mouse strain was generated [19] and kindly provided by the Scripps

Research Institute (La Jolla, CA, USA). C57BL/6J mice were used as the respective wild-
type controls. Male S1P5

-/- and wild-type mice were fed ad libitum with water and
an adenine-rich diet (0.25% adenine, Altromin, Lage, Germany) for either 7 or 14 days
(n = 5–7). Untreated, age-matched, male S1P5

-/- and wild-type mice were used as healthy
controls (n = 9). All animals were housed under pathogen-free conditions in secluded
ScanTainers in the animal housing facility of the Goethe University Hospital. For sampling,
mice were anesthetized and sacrificed, and kidneys were collected and prepared for further
analyses as described. No mice died until they were sacrificed at the end of the experiment.
Kidneys were snap-frozen in liquid nitrogen immediately after sampling and stored at
−80 ◦C until further analyses or bisected and stored in 10% buffered formaldehyde solution
at 4 ◦C before paraffin-embedding. Blood was collected in EDTA tubes and centrifuged
two times at 750× g (4 ◦C) for 5 min each to separate plasma. Snap-frozen organ samples
and plasma samples were stored at −80 ◦C until further analyses.

4.2. Enzyme-Linked Immunosorbent Assay (ELISA)

Creatinine levels in plasma were measured with a StressXpress® Creatinine Serum
Detection Kit following the instructions in the manual (StressMarq Biosciences Inc., Victoria,
BC, Canada).

4.3. RNA Extraction and Real-Time PCR Analysis

For RNA extraction, deep-frozen kidney samples were homogenized in a Micro-
Dismembrator S (Sartorius Stedim Biotech GmbH, Göttingen, Germany) at 3000 rpm for 30 s
and resuspended in 1 mL of TRIZOL™ reagent (Sigma-Aldrich, Steinheim, Germany). RNA
was extracted according to the manufacturer’s protocol and used for reverse transcriptase-
polymerase chain reaction (RT-PCR) (RevertAid™ first-strand cDNA synthesis kit, Thermo
Fisher Scientific, Darmstadt, Germany) using a random hexamer primer for amplification.
Real-time PCR (TaqMan®) was carried out with the Applied Biosystems 7500 Fast Real-
Time PCR System. TaqMan® gene expression assays and PCR Low Rox Mix were obtained
from Thermo Fisher Scientific (Darmstadt, Germany). The TaqMan® gene expression assays
are listed in the Appendix A, Table A1 (Thermo Fisher Scientific, Darmstadt, Germany).
The threshold cycle (Ct) was calculated by the instrument’s software (7500 Fast System
SDS Software version 1.4). Analysis of the relative mRNA expression was performed using
the ∆∆Ct method. Eukaryotic 18S ribosomal RNA (Thermo Fisher Scientific, Darmstadt,
Germany) served as a reference for normalization.

4.4. PCR and Agarose-Gel-Electrophoresis

The PCR reaction was performed with an annealing temperature set to 60 ◦C, using
custom-made S1P5 forward (5’GTGACTTGTGATGTGAGCTG3’) and reverse (5’CTTGTCTC-
CTCCCATTCTCC3’) primer obtained from Eurofins Scientific (Luxemburg). PCR products
were examined by electrophoresis using a 3% agarose gel.
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4.5. Western Blot Analysis

For Western blot analyses, deep-frozen kidney samples were homogenized in a Micro-
Dismembrator S (Sartorius Stedim Biotech GmbH, Göttingen, Germany) at 3000 rpm
for 30 s and resuspended in lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 10%
glycerol, 1% Triton X100, 2 mM EDTA, 2 mM EGTA, 40 mM β-glycerophosphate, 50 mM
sodium fluoride). Equal amounts of protein were separated by SDS-PAGE, transferred
to nitrocellulose membrane, and utilized in Western blot analysis using antibodies as
indicated. Antibody against FN1 (ab2413) was obtained from Abcam (Cambridge, UK). The
GAPDH (sc-20357) and CTGF (sc-14939) antibodies came from Santa Cruz Biotechnology
(Heidelberg, Germany). HAVCR/KIM-1 (#AF1817) and Lipocalin-2 (#AF1857) antibodies
were from R&D Systems (Minneapolis, MN, USA). Secondary antibody donkey anti-goat
IgG, HRP conjugate (#AP180P) was obtained from EMD Millipore (California, CA, USA)
and secondary antibody donkey anti-rabbit IgG, HRP conjugate (#NA934) was obtained
from Sigma-Aldrich (Munich, Germany).

4.6. Histological Staining and Analysis

Paraffin-embedded renal sections (3 µm) were deparaffinized and stained with the pe-
riodic acid-Schiff reaction (PAS). Counterstaining was performed with Mayer’s hematoxylin
(Sigma-Aldrich, Germany). The tissue was analyzed with the help of light microscopy
by three blinded observers to assess tubular damage. The following tubular injury score,
comprising 5 categories, was deployed: 0: 0%; 1: ≤25%; 2: >25% to 50%; 3: ≥50% to <75%;
4: ≥75% of the area displaying tubular damage. Median score of all renal sections from an
individual kidney was calculated and presented in a pie chart.

Immunohistochemistry for the detection of F4/80 and fibronectin was performed
on 3–4 µm thick paraformaldehyde-fixed, paraffin-embedded kidney sections. Sections
were deparaffinized, washed, microwave-treated in citrate buffer (0.01 M/0.05% Tween-20,
pH 6) and blocked for 30 min with Protein Block Serum-Free solution (Agilent, California,
USA). Incubation with the primary antibody rat anti-mouse F4/80 (Serotec) was performed
overnight at 4 ◦C. After blocking endogenous peroxidase and incubation with respective
antibodies, sections were developed with the Diaminobenzidine Substrate Kit (Vector Labo-
ratories, Burlingame, CA, USA). Counterstaining was performed with Mayer’s hematoxylin
(Sigma-Aldrich, Munich, Germany). F4/80 staining in the cortex region was visualized
and quantified automatically based on an algorithm with the help of the Vectra® Polaris™
Automated Quantitative Pathology Imaging System in addition to tissue-imaging programs
Vectra®, Phenochart®, and inForm® (PerkinElmer Inc., Waltham, Massachusetts, USA).

To assess extracellular matrix deposition, slides were incubated with an anti-human
fibronectin antibody (raised in rabbit, also recognizing mouse and rat FN, 1:2000 in Dako
Antibody Diluent S3022, Gibco, A101, no longer available) for 1 hour at room temperature
and overnight at 4 ◦C. After washing with TBS/0.05% Tween-20, signal detection was car-
ried out using a Cy3-labled secondary antibody (goat anti-rabbit, Dako Antibody Diluent,
Jackson Immuno-Research 1:500). Corresponding amounts of normal rabbit serum were
used as negative controls. Staining results were analyzed and documented using a Leica
DFC-480 camera connected to a Leica DM–RB microscope. AZAN staining was performed
according to Geidies to investigate fibrosis in mouse renal tissue [71]. Slides were incubated
for 30 min with phosphotungstic acid, stained for 15 min with aniline blue and orange G
solution, and dehydrated with isopropyl alcohol and xylol before mounting.

4.7. Statistical Analysis

Statistical analysis was performed in GraphPad Prism (version 9.3.0, GraphPad Soft-
ware Inc., San Diego, CA, USA). Differences between nonfibrotic and fibrotic samples were
analyzed by paired t-test if the values of all analyzed groups passed a Kolmogorov–Smirnov
normality test. Otherwise, values were analyzed by Mann–Whitney U test. Differences of
p ≤ 0.05 were considered to be statistically significant.



Int. J. Mol. Sci. 2022, 23, 3952 13 of 16

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms23073952/s1.

Author Contributions: Conceptualization: A.K., J.P. and T.E.; methodology: A.K. and T.E.; software:
T.E.; validation: A.K. and S.P.; formal analysis: T.E. and S.P.; investigation: S.S., S.G., N.O., A.O., A.K.
and T.E.; resources: J.C., S.G., L.S., H.-J.G. and J.P.; data curation: T.E. and S.P.; writing—original draft
preparation: T.E. and S.P.; writing—review and editing: S.P., A.K., S.G., N.O., A.O., L.S., H.-J.G. and
J.C.; visualization: T.E.; supervision: A.K.; project administration: J.P.; funding acquisition: L.S. and
J.P. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the German Research Foundation (SFB 1039 to J.P. and L.S.)
and Jackstädt-Stiftung (to A.K.).

Institutional Review Board Statement: The animal experiments conducted in this study were ap-
proved by the local Ethics Committee for Animal Research and adhered to standard guidelines.

Acknowledgments: We are very grateful to Andreas Weigert and Annika Fink for enabling and
helping us to employ the Vectra® Polaris™ Automated Quantitative Pathology Imaging System.
Excellent technical assistance and counsel were provided by Riad Haceni.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

Appendix A

Table A1. Genes and Assay IDs used for TaqMan® analyses.

Gene Abbreviation Assay ID

adhesion G protein-coupled receptor E1 Adgre1/Emr1 Mm00802529_m1
Connective tissue growth factor Ctgf Mm01192933_g1

Fibronectin 1 Fn1 Mm01256744_m1
Kidney injury molecule-1 Kim-1 Mm00506686_m1

Neutrophil gelatinase-associated lipocalin Ngal/lcn2 Mm01324470_m1
Nucleotide-binding oligomerization domain, leucine-rich

Repeat and pyrin domain-containing 3 gene Nlrp3 Mm00840904_m1
Natural cytotoxicity triggering receptor 1C Ncr1 Mm01337324_g1
Killer cell lectin-like receptor subfamily B Klrb1c Mm00824341_m1

Serpine1/plasminogen activator inhibitor-1 Pai-1 Mm00435858_m1
Interleukin-6 Il-6 Mm00446190_m1

C-C motif chemokine ligand 2 Ccl2 Mm00441242_m1
Interleukin-1 beta Il-1β Mm00434228_m1

Sphingosine 1-phosphate receptor 5
Tumor necrose factor alpha

S1P5
Tnfα

Mm02620565_s1
Mm00443258_m1
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28. Kuć, K.; Kiciński, P.; Przybylska-Kuć, S.; Mosiewicz, J.; Myśliński, W. Serum creatinine level and eGFR as the indices of renal
function in present-day clinical practice. Przeglad Lekarski 2010, 67, 491–495.

29. Han, W.K.; Bailly, V.; Abichandani, R.; Thadhani, R.; Bonventre, J.V. Kidney Injury Molecule-1 (KIM-1): A novel biomarker for
human renal proximal tubule injury. Kidney Int. 2002, 62, 237–244. [CrossRef]

30. Bolignano, D.; Donato, V.; Coppolino, G.; Campo, S.; Buemi, A.; Lacquaniti, A.; Buemi, M. Neutrophil Gelatinase–Associated
Lipocalin (NGAL) as a Marker of Kidney Damage. Am. J. Kidney Dis. 2008, 52, 595–605. [CrossRef]

31. Han, W.K.; Waikar, S.S.; Johnson, A.; Betensky, R.A.; Dent, C.L.; Devarajan, P.; Bonventre, J.V. Urinary biomarkers in the early
diagnosis of acute kidney injury. Kidney Int. 2008, 73, 863–869. [CrossRef] [PubMed]

http://doi.org/10.1007/s13105-016-0504-6
http://doi.org/10.1016/j.molimm.2018.08.025
http://doi.org/10.1146/annurev.biochem.73.011303.073731
http://doi.org/10.1111/bph.12678
http://doi.org/10.1111/cas.13802
http://www.ncbi.nlm.nih.gov/pubmed/30238699
http://doi.org/10.3390/ijms19030722
http://www.ncbi.nlm.nih.gov/pubmed/29510489
http://doi.org/10.1146/annurev-pharmtox-010818-021358
http://www.ncbi.nlm.nih.gov/pubmed/30625282
http://doi.org/10.1038/ki.2010.544
http://doi.org/10.1038/ki.2011.281
http://doi.org/10.1074/jbc.M003964200
http://doi.org/10.1074/jbc.275.19.14281
http://doi.org/10.1002/eji.201343312
http://doi.org/10.1084/jem.20090525
http://doi.org/10.1152/ajpcell.00586.2008
http://doi.org/10.1172/JCI28295
http://www.ncbi.nlm.nih.gov/pubmed/17080194
http://doi.org/10.1007/s13277-014-2172-x
http://www.ncbi.nlm.nih.gov/pubmed/24903384
http://doi.org/10.1016/j.bbalip.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/25601519
http://doi.org/10.3389/fimmu.2017.01242
http://www.ncbi.nlm.nih.gov/pubmed/29033951
http://doi.org/10.1186/1471-2369-14-116
http://doi.org/10.1093/ndt/15.suppl_6.41
http://doi.org/10.1111/nep.12785
http://doi.org/10.1046/j.1523-1755.2002.00433.x
http://doi.org/10.1053/j.ajkd.2008.01.020
http://doi.org/10.1038/sj.ki.5002715
http://www.ncbi.nlm.nih.gov/pubmed/18059454


Int. J. Mol. Sci. 2022, 23, 3952 15 of 16

32. Nickolas, T.L.; O’Rourke, M.J.; Yang, J.; Sise, M.E.; Canetta, P.A.; Barasch, N.; Buchen, C.; Khan, F.; Mori, K.; Giglio, J.; et al.
Sensitivity and Specificity of a Single Emergency Department Measurement of Urinary Neutrophil Gelatinase–Associated
Lipocalin for Diagnosing Acute Kidney Injury. Ann. Intern. Med. 2008, 148, 810–819. [CrossRef] [PubMed]

33. Lei, L.; Li, L.P.; Zeng, Z.; Mu, J.X.; Yang, X.; Zhou, C.; Wang, Z.L.; Zhang, H. Value of urinary KIM-1 and NGAL combined
with serum Cys C for predicting acute kidney injury secondary to decompensated cirrhosis. Sci. Rep. 2018, 8, 7962. [CrossRef]
[PubMed]

34. Prozialeck, W.C.; Edwards, J.R.; Lamar, P.C.; Liu, J.; Vaidya, V.S.; Bonventre, J.V. Expression of kidney injury molecule-1 (Kim-1)
in relation to necrosis and apoptosis during the early stages of Cd-induced proximal tubule injury. Toxicol. Appl. Pharmacol. 2009,
238, 306–314. [CrossRef]

35. An, S.; Zang, X.; Yuan, W.; Zhuge, Y.; Yu, Q. Neutrophil Gelatinase-Associated Lipocalin (NGAL) May Play a Protective Role
Against Rats Ischemia/Reperfusion Renal Injury via Inhibiting Tubular Epithelial Cell Apoptosis. Ren. Fail. 2013, 35, 143–149.
[CrossRef]

36. Han, M.; Li, Y.; Wen, D.; Liu, M.; Ma, Y.; Cong, B. NGAL protects against endotoxin-induced renal tubular cell damage by
suppressing apoptosis. BMC Nephrol. 2018, 19, 168. [CrossRef]

37. Mishra, J.; Mori, K.; Ma, Q.; Kelly, C.; Yang, J.; Mitsnefes, M.; Barasch, J.; Devarajan, P. Amelioration of Ischemic Acute Renal
Injury by Neutrophil Gelatinase-Associated Lipocalin. J. Am. Soc. Nephrol. 2004, 15, 3073–3082. [CrossRef]

38. Gottschalk, C.; Kurts, C. The Debate about Dendritic Cells and Macrophages in the Kidney. Front. Immunol. 2015, 6, 435.
[CrossRef]

39. Duffield, J.S. Macrophages and immunologic inflammation of the kidney. Semin. Nephrol. 2010, 30, 234–254. [CrossRef]
40. Klessens, C.Q.F.; Zandbergen, M.; Wolterbeek, R.; Bruijn, J.A.; Rabelink, T.J.; Bajema, I.M.; IJpelaar, D.H.T. Macrophages in

diabetic nephropathy in patients with type 2 diabetes. Nephrol. Dial. Transplant. Off. Publ. Eur. Dial. Transpl. Assoc. Eur. Ren.
Assoc. 2017, 32, 1322–1329. [CrossRef]

41. Eardley, K.S.; Zehnder, D.; Quinkler, M.; Lepenies, J.; Bates, R.L.; Savage, C.O.; Howie, A.J.; Adu, D.; Cockwell, P. The relationship
between albuminuria, MCP-1/CCL2, and interstitial macrophages in chronic kidney disease. Kidney Int. 2006, 69, 1189–1197.
[CrossRef] [PubMed]

42. Yang, N.; Isbel, N.M.; Nikolic-Paterson, D.J.; Li, Y.; Ye, R.; Atkins, R.C.; Lan, H.Y. Local macrophage proliferation in human
glomerulonephritis. Kidney Int. 1998, 54, 143–151. [CrossRef] [PubMed]

43. Geissmann, F.; Jung, S.; Littman, D.R. Blood monocytes consist of two principal subsets with distinct migratory properties.
Immunity 2003, 19, 71–82. [CrossRef]

44. Dos Anjos Cassado, A. F4/80 as a Major Macrophage Marker: The Case of the Peritoneum and Spleen. In Macrophages Origin,
Functions and Biointervention; Kloc, M., Ed.; Springer International Publishing: Cham, Switzerland, 2017; pp. 161–179. [CrossRef]

45. Arango Duque, G.; Descoteaux, A. Macrophage Cytokines: Involvement in Immunity and Infectious Diseases. Front. Immunol.
2014, 5, 491. [CrossRef]

46. Duong, C.Q.; Bared, S.M.; Abu-Khader, A.; Buechler, C.; Schmitz, A.; Schmitz, G. Expression of the lysophospholipid receptor
family and investigation of lysophospholipid-mediated responses in human macrophages. Biochim. Biophys. Acta 2004, 1682,
112–119. [CrossRef]

47. Barnawi, J.; Tran, H.; Jersmann, H.; Pitson, S.; Roscioli, E.; Hodge, G.; Meech, R.; Haberberger, R.; Hodge, S. Potential Link between
the Sphingosine-1-Phosphate (S1P) System and Defective Alveolar Macrophage Phagocytic Function in Chronic Obstructive
Pulmonary Disease (COPD). PLoS ONE 2015, 10, e0122771. [CrossRef]

48. Kim, S.-M.; Lee, S.-H.; Kim, Y.-G.; Kim, S.-Y.; Seo, J.-W.; Choi, Y.-W.; Kim, D.-J.; Jeong, K.-H.; Lee, T.-W.; Ihm, C.-G.; et al.
Hyperuricemia-induced NLRP3 activation of macrophages contributes to the progression of diabetic nephropathy. Am. J.
Physiol.-Ren. Physiol. 2015, 308, F993–F1003. [CrossRef]

49. Rajamäki, K.; Lappalainen, J.; Öörni, K.; Välimäki, E.; Matikainen, S.; Kovanen, P.T.; Eklund, K.K. Cholesterol Crystals Activate
the NLRP3 Inflammasome in Human Macrophages: A Novel Link between Cholesterol Metabolism and Inflammation. PLoS
ONE 2010, 5, e11765. [CrossRef]

50. Luheshi, N.M.; Giles, J.A.; Lopez-Castejon, G.; Brough, D. Sphingosine regulates the NLRP3-inflammasome and IL-1β release
from macrophages. Eur. J. Immunol. 2012, 42, 716–725. [CrossRef]

51. Ludwig-Portugall, I.; Bartok, E.; Dhana, E.; Evers, B.D.G.; Primiano, M.J.; Hall, J.P.; Franklin, B.S.; Knolle, P.A.; Hornung, V.;
Hartmann, G.; et al. An NLRP3-specific inflammasome inhibitor attenuates crystal-induced kidney fibrosis in mice. Kidney Int.
2016, 90, 525–539. [CrossRef]

52. Gude, D.R.; Alvarez, S.E.; Paugh, S.W.; Mitra, P.; Yu, J.; Griffiths, R.; Barbour, S.E.; Milstien, S.; Spiegel, S. Apoptosis induces
expression of sphingosine kinase 1 to release sphingosine-1-phosphate as a “come-and-get-me” signal. FASEB J. 2008, 22,
2629–2638. [CrossRef] [PubMed]

53. Martini, S.; Kramer, S.; Loof, T.; Wang-Rosenke, Y.; Daig, U.; Budde, K.; Neumayer, H.-H.; Peters, H. S1P modulator FTY720
limits matrix expansion in acute anti-thy1 mesangioproliferative glomerulonephritis. AJP Ren. Physiol. 2007, 292, F1761–F1770.
[CrossRef] [PubMed]

54. Brinkmann, V.; Cyster, J.G.; Hla, T. FTY720: Sphingosine 1-phosphate receptor-1 in the control of lymphocyte egress and
endothelial barrier function. Am. J. Transplant. Off. J. Am. Soc. Transplant. Am. Soc. Transpl. Surg. 2004, 4, 1019–1025. [CrossRef]
[PubMed]

http://doi.org/10.7326/0003-4819-148-11-200806030-00003
http://www.ncbi.nlm.nih.gov/pubmed/18519927
http://doi.org/10.1038/s41598-018-26226-6
http://www.ncbi.nlm.nih.gov/pubmed/29784944
http://doi.org/10.1016/j.taap.2009.01.016
http://doi.org/10.3109/0886022X.2012.741877
http://doi.org/10.1186/s12882-018-0977-3
http://doi.org/10.1097/01.ASN.0000145013.44578.45
http://doi.org/10.3389/fimmu.2015.00435
http://doi.org/10.1016/j.semnephrol.2010.03.003
http://doi.org/10.1093/ndt/gfw260
http://doi.org/10.1038/sj.ki.5000212
http://www.ncbi.nlm.nih.gov/pubmed/16609683
http://doi.org/10.1046/j.1523-1755.1998.00978.x
http://www.ncbi.nlm.nih.gov/pubmed/9648072
http://doi.org/10.1016/S1074-7613(03)00174-2
http://doi.org/10.1007/978-3-319-54090-0_7
http://doi.org/10.3389/fimmu.2014.00491
http://doi.org/10.1016/j.bbalip.2004.03.002
http://doi.org/10.1371/journal.pone.0122771
http://doi.org/10.1152/ajprenal.00637.2014
http://doi.org/10.1371/journal.pone.0011765
http://doi.org/10.1002/eji.201142079
http://doi.org/10.1016/j.kint.2016.03.035
http://doi.org/10.1096/fj.08-107169
http://www.ncbi.nlm.nih.gov/pubmed/18362204
http://doi.org/10.1152/ajprenal.00253.2006
http://www.ncbi.nlm.nih.gov/pubmed/17356129
http://doi.org/10.1111/j.1600-6143.2004.00476.x
http://www.ncbi.nlm.nih.gov/pubmed/15196057


Int. J. Mol. Sci. 2022, 23, 3952 16 of 16

55. Lai, L.-W.; Yong, K.C.; Igarashi, S.; Lien, Y.-H. A sphingosine-1-phosphate type 1 receptor agonist inhibits the early T-cell transient
following renal ischemia–reperfusion injury. Kidney Int. 2007, 71, 1223–1231. [CrossRef] [PubMed]

56. Allende, M.L.; Tuymetova, G.; Lee, B.G.; Bonifacino, E.; Wu, Y.-P.; Proia, R.L. S1P1 receptor directs the release of immature B cells
from bone marrow into blood. J. Exp. Med. 2010, 207, 1113–1124. [CrossRef] [PubMed]

57. Glaenzel, U.; Jin, Y.; Nufer, R.; Li, W.; Schroer, K.; Adam-Stitah, S.; Peter van Marle, S.; Legangneux, E.; Borell, H.; James, A.D.; et al.
Metabolism and Disposition of Siponimod, a Novel Selective S1P1/S1P5 Agonist, in Healthy Volunteers and In Vitro Identification
of Human Cytochrome P450 Enzymes Involved in Its Oxidative Metabolism. Drug Metab. Dispos. Biol. Fate Chem. 2018, 46,
1001–1013. [CrossRef] [PubMed]

58. Evrard, M.; Wynne-Jones, E.; Peng, C.; Kato, Y.; Christo, S.N.; Fonseca, R.; Park, S.L.; Burn, T.N.; Osman, M.; Devi, S.; et al.
Sphingosine 1-phosphate receptor 5 (S1PR5) regulates the peripheral retention of tissue-resident lymphocytes. J. Exp. Med. 2021,
219, e20210116. [CrossRef]

59. Sharma, S.; Mathur, A.G.; Pradhan, S.; Singh, D.B.; Gupta, S. Fingolimod (FTY720): First approved oral therapy for multiple
sclerosis. J. Pharmacol. Pharmacother. 2011, 2, 49–51. [CrossRef] [PubMed]

60. Al-Salama, Z.T. Siponimod: First Global Approval. Drugs 2019, 79, 1009–1015. [CrossRef]
61. Walzer, T.; Chiossone, L.; Chaix, J.; Calver, A.; Carozzo, C.; Garrigue-Antar, L.; Jacques, Y.; Baratin, M.; Tomasello, E.; Vivier, E.

Natural killer cell trafficking in vivo requires a dedicated sphingosine 1-phosphate receptor. Nat. Immunol. 2007, 8, 1337–1344.
[CrossRef]

62. Drouillard, A.; Mathieu, A.-L.; Marçais, A.; Belot, A.; Viel, S.; Mingueneau, M.; Guckian, K.; Walzer, T. S1PR5 is essential for
human natural killer cell migration toward sphingosine-1 phosphate. J. Allergy Clin. Immunol. 2018, 141, 2265–2268.e1. [CrossRef]
[PubMed]

63. Nagahashi, M.; Takabe, K.; Terracina, K.P.; Soma, D.; Hirose, Y.; Kobayashi, T.; Matsuda, Y.; Wakai, T. Sphingosine-1-phosphate
transporters as targets for cancer therapy. BioMed Res. Int. 2014, 2014, 651727. [CrossRef] [PubMed]

64. Grimm, M.; Tischner, D.; Troidl, K.; Albarrán Juárez, J.; Sivaraj, K.K.; Ferreirós Bouzas, N.; Geisslinger, G.; Binder, C.J.;
Wettschureck, N. S1P2/G12/13 Signaling Negatively Regulates Macrophage Activation and Indirectly Shapes the Atheroprotec-
tive B1-Cell Population. Arterioscler. Thromb. Vasc. Biol. 2016, 36, 37–48. [CrossRef] [PubMed]

65. Nozaki, Y.; Kinoshita, K.; Hino, S.; Yano, T.; Niki, K.; Hirooka, Y.; Kishimoto, K.; Funauchi, M.; Matsumura, I. Signaling Rho-kinase
mediates inflammation and apoptosis in T cells and renal tubules in cisplatin nephrotoxicity. Am. J. Physiol. Renal Physiol. 2015,
308, F899–F909. [CrossRef]

66. Yu, W.; Beaudry, S.; Negoro, H.; Boucher, I.; Tran, M.; Kong, T.; Denker, B.M. H2O2 activates G protein, α 12 to disrupt the
junctional complex and enhance ischemia reperfusion injury. Proc. Natl. Acad. Sci. USA 2012, 109, 6680–6685. [CrossRef]

67. Ismail, O.Z.; Zhang, X.; Wei, J.; Haig, A.; Denker, B.M.; Suri, R.S.; Sener, A.; Gunaratnam, L. Kidney Injury Molecule-1 Protects
against Gα12 Activation and Tissue Damage in Renal Ischemia-Reperfusion Injury. Am. J. Pathol. 2015, 185, 1207–1215. [CrossRef]

68. Grynberg, K.; Ma, F.Y.; Nikolic-Paterson, D.J. The JNK Signaling Pathway in Renal Fibrosis. Front. Physiol. 2017, 8. Available
online: https://www.frontiersin.org/article/10.3389/fphys.2017.00829 (accessed on 20 March 2022). [CrossRef]

69. De Borst, M.; Prakash, J.; Melenhorst, W.; van den Heuvel, M.; Kok, R.; Navis, G.; van Goor, H. Glomerular and tubular induction
of the transcription factor c-Jun in human renal disease. J. Pathol. 2007, 213, 219–228. [CrossRef]

70. Di Pardo, A.; Castaldo, S.; Amico, E.; Pepe, G.; Marracino, F.; Capocci, L.; Giovannelli, A.; Madonna, M.; van Bergeijk, J.;
Buttari, F.; et al. Stimulation of S1PR5 with A-971432, a selective agonist, preserves blood-brain barrier integrity and exerts
therapeutic effect in an animal model of Huntington’s disease. Hum. Mol. Genet. 2018, 27, 2490–2501. [CrossRef]

71. Geidies, H. Abgeänderte Azan-Methoden. In Prakt Mikrosk; Elsevier: Karlshafen, Germany, 1935; pp. 239–240.

http://doi.org/10.1038/sj.ki.5002203
http://www.ncbi.nlm.nih.gov/pubmed/17377506
http://doi.org/10.1084/jem.20092210
http://www.ncbi.nlm.nih.gov/pubmed/20404103
http://doi.org/10.1124/dmd.117.079574
http://www.ncbi.nlm.nih.gov/pubmed/29735753
http://doi.org/10.1084/jem.20210116
http://doi.org/10.4103/0976-500X.77118
http://www.ncbi.nlm.nih.gov/pubmed/21701650
http://doi.org/10.1007/s40265-019-01140-x
http://doi.org/10.1038/ni1523
http://doi.org/10.1016/j.jaci.2017.11.022
http://www.ncbi.nlm.nih.gov/pubmed/29248494
http://doi.org/10.1155/2014/651727
http://www.ncbi.nlm.nih.gov/pubmed/25133174
http://doi.org/10.1161/ATVBAHA.115.306066
http://www.ncbi.nlm.nih.gov/pubmed/26603156
http://doi.org/10.1152/ajprenal.00362.2014
http://doi.org/10.1073/pnas.1116800109
http://doi.org/10.1016/j.ajpath.2015.02.003
https://www.frontiersin.org/article/10.3389/fphys.2017.00829
http://doi.org/10.3389/fphys.2017.00829
http://doi.org/10.1002/path.2228
http://doi.org/10.1093/hmg/ddy153

	Introduction 
	Results 
	S1P5 Was Upregulated in Human Fibrotic Renal Tissue 
	S1P5 Knockout Mice Had Less Tissue Damage and Showed Better Kidney Function after Disease Induction 
	S1P5 Knockout Mice Expressed Lower Levels of Kidney Injury Markers after Disease Induction 
	Inflammatory Cytokine Expression Was Reduced in S1P5 Knockout Mice after Disease Induction 
	Similar Numbers of Renal Mononuclear Phagocytes in Kidney Cortex of Wild-Type and Knockout Mice 
	Fibrosis Was Attenuated in S1P5 Knockout Mice after Disease Induction 

	Discussion 
	Materials and Methods 
	Animal Model and Sample Collection 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	RNA Extraction and Real-Time PCR Analysis 
	PCR and Agarose-Gel-Electrophoresis 
	Western Blot Analysis 
	Histological Staining and Analysis 
	Statistical Analysis 

	Appendix A
	References

