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Abstract

Aim: Cyclooxygenase-2 (COX-2) activity protects against oxidative stress and ap-
optosis early in experimental kidney injury. The present study was designed to
test the hypothesis that COX-2 activity attenuates fibrosis and preserves micro-
vasculature in injured kidney. The murine unilateral ureteral-obstruction (UUO)
model of kidney fibrosis was employed and compared with human nephrectomy
tissue with and without chronic hydronephrosis.

Methods: Fibrosis and angiogenic markers were quantified in kidney tissue from
wild-type and COX-2"'~ mice subjected to UUO for 7days and in human kidney
tissue. COX-enzymes, prostaglandin (PG) synthases, PG receptors, PGE,, and
thromboxane were determined in human tissue.

Results: COX-2 immunosignal was observed in interstitial fibroblasts at base-
line and after UUO. Fibronectin, collagen I, III, alpha-smooth muscle actin, and
fibroblast specific protein-1 mRNAs increased significantly more after UUO in
COX-27"vs wild-type mice. In vitro, fibroblasts from cox-27/~ kidneys showed
higher matrix synthesis. Compared to control, human hydronephrotic kidneys
showed (i) fibrosis, (ii) no significant changes in COX-2, COX-1, PGE,-, and
prostacyclin synthases, and prostacyclin and thromboxane receptor mRNAs, (iii)
increased mRNA and protein of PGE,-EP, receptor level but unchanged PGE,
tissue concentration, and (iv) two- to threefold increased thromboxane synthase
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1 | INTRODUCTION

Tubulointerstitial fibrosis is the final common endpoint
for most chronic kidney diseases (CKD) and is character-
ized by an interstitial expansion through accumulation
of extracellular matrix (ECM) proteins, tubular atrophy,
and loss of peritubular capillaries. This leads to nephron
regression, impaired glomerular filtration rate, chronic
ischemia, and loss of kidney function.!™ Locally, at the
tissue level, prostaglandin E, (PGE,), thromboxane, and
prostacyclin may play a significant role in fibrosis progres-
sion. Cyclooxygenase-2 (COX-2) is increased in response
to kidney injury.>® Acutely, COX-2 is upregulated mainly
in the inner medulla in rodent models of ureter obstruc-
tion.”® Here, it transiently contributes to the accumula-
tion of PGE,’ but also thromboxane (Tx) B,, 6-keto-PGF,,
and PGF,, in rats.'” The acute ureter obstruction-induced
COX-2 activity promotes downregulation of aquaporins
(AQPs) and NacCl transporters7’u‘13 and protects against
oxidative stress, tubular injury, and apoptosis.'* The accu-
mulated data suggest a protective role for COX-2-derived
PGE,—at least in the early stages of injury. The signifi-
cance of the COX-2 pathway for progression to kidney
fibrosis at the more chronic stage is less clear. Here, the
observed parallel stimulation of TxA, and PGF,, in ob-
struction could have opposite effects on PGE, '° Moreover,
COX-2 activity may lead to the formation of different
prostanoids in resident versus invading cells, like macro-
phages'>'® that could contribute differentially to the inte-
grated, long-term, response of fibrosis. Rodent models of
renal ablation">"’ puromycin amino nucleoside-induced
kidney injury,'® and in siRNA induced COX-2 knockdown
in macrophages suggests a pathogenic role of COX-2."
Thus, COX-2 is pleiotropic. There is an overweight of
data on COX-2 PGE, signaling in rodent models and less
knowledge on this pathway in the human kidney. Use of
nonsteroidal anti-inflammatory drugs (NSAIDs) is associ-
ated with increased risk of CKD progression in patients
with hypertension® and in elderly (aged >66years) ex-
posed to a high cumulative NSAID dosage.*! In vitro and
in vivo studies have shown anti-fibrotic effects of PGE, in

mRNA and protein levels, and increased thromboxane B, tissue concentration in
cortex and outer medulla.

Conclusion: COX-2 protects in the early phase against obstruction-induced
fibrosis and maintains angiogenic factors. Increased PGE,-EP, receptor in ob-
structed human and murine kidneys could contribute to protection.

angiogenesis, hydronephrosis, obstruction, prostaglandin E,, thromboxane

lung,?**® liver/hepatocytes,”>° and the intestine through

the activation of EP, and EP, receptors.>* We showed pre-
viously a significant upregulation of PGE, receptors EP;
but particularly EP, and EP, after 7 days of UUO in mice."*
Using pharmacological tools and EP knockout (KO) mod-
els, subsequent studies showed beneficial effects of PGE,
in the progression of renal fibrosis,**** accounted for by
the microsomal prostaglandin synthase-1 (mPGES-1)/
PGE,/EP, pathway.** The present study was designed to
investigate the role of COX-2 in development and progres-
sion of renal fibrosis after 7days UUO in wild-type and
COX-2 KO mice. The aim was to compare findings with
the closest human correlate: nephrectomy tissue from pa-
tients with histo-pathologically confirmed chronic ureter
obstruction at the time of nephrectomy. Specifically, ex-
periments were designed to test the hypotheses that (1)
COX-2 protects against the development of kidney fibro-
sis, through (2) PGE,-mediated attenuation of renal fibro-
blast activity and production of extracellular matrix, and
(3) through consistency of capillaries by supporting an-
giogenic factors. Human kidneys with chronic hydrone-
phrotic changes were predicted to display similar changes
compared with control kidneys without hydronephrosis.
Tissue was analyzed by combined qPCR, western blotting,
ELISA, immunohistochemistry, and mass spectrometry.

2 | RESULTS
2.1 | Basic characteristics and plasma
parameters

The four experimental groups in Table 1 (WT Sham,
COX-2 KO Sham, WT 7dUUO, and COX-2 KO 7dUUO)
showed no difference in body weight. At baseline, COX-2
deficient mice showed lowered obstructed kidney weight
by 30% compared to wild-type littermate controls. Wild-
type and COX-2 KO obstructed kidney weight was 35%
and 40% higher after UUO compared to sham-operated
mice, respectively. The kidney weight of COX-2 deficient
UUO vs. wild-type mice was 25% lower. Similar results
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TABLE 1 Basic characteristics and plasma data for the four experimental groups of mice

WT Sham COX-2 KO Sham WT 7dUUO COX-2 KO 7dUUO
Gender ratio (male:female) 10:7 6:6 9:8 7:4
Body weight (g) 27.1+1.0 25.8+1.2 25.6+1.1 25.24:1.3
(n=17) (n=12) (n=17) (n=11)
Obstructed kidney weight (mgg™  6.4+0.1 4.9+0.2% 8.7+0.3 6.9+0.3"Y
BW) (n=17) (n=12) (n=17) (n=11)
Contralateral kidney weight 6.4+0.1 5.0+0.1* 7.5+0.18 6.1+0.2%Y
(mgg™ BW) (n=17) (n=12) (n=17) (n=11)
Plasma Osmolality (mOsmolkg™" 310.8+4.8 321.9+5.0 313.1+2.6 320.8+5.0
H,0) (n=16) (n=9) (n=14) (n=11)
Plasma Na™ (mmolL™}) 146.9+0.4 146.1+0.4 147.6 +0.5 147.0+0.4
(n =10) (n=17) (n=28) (n=9)
Plasma K* (mmolL™) 41+0.1 41+0.1 3.940.2 44401
(n=10) (n=7) (n=28) (n=9)
Plasma Creatinine (pmolL ™) 8.5+0.1 10.3+1.8 10.1+0.01 15.3+1.8"
(n=11) (n=06) (n=14) (n=6)
Urea (mmol L") 8.30+0.7 20.5+1.9% 10.5+0.5 259+1.5%Y
(n=11) (n=7) (n=9) (n=9)

Note: Effect of COX-2 knockout and unilateral ureteral obstructions on whole body and kidney weight and plasma parameters. Values are presented as
mean + SEM, and marked with a symbol, when statistically significant (p <0.05); WT sham vs. COX-2 KO sham (*) WT sham vs. WT UUO (%), COX-2 KO sham

vs. COX-2 KO UUO (®), and WT UUO vs. COX-2 KO UUO ().

were obtained for contralateral kidney weight that was
30% lower in COX-2 deficient mice compared to wild-type
littermates and higher by 20% after obstruction for both
genotypes. Contralateral kidney weight for COX-2 de-
ficient UUO mice vs. wild-type littermates also was 20%
lower.

Plasma osmolality, sodium, and potassium concentra-
tions did not differ between groups (Table 1). At baseline,
plasma creatinine was not different between genotypes
but was significantly higher in COX-2 KO mice after UUO
compared to wild-type littermate controls (15.3+1.8 vs.
10.1+0.01, units pmol L™). Mice with COX-2 deficiency
displayed significantly increased plasma urea concentra-
tions at baseline (20.5+1.9 vs. 8.3+0.7, units mmol L™%).
COX-2 KO mice had a significantly increased plasma urea
level after UUO compared to sham-operated controls
(25.9+1.5vs. 10.5+0.5, units mmol L ™).

2.2 | Kidney fibrosis markers in COX-2
deficient mice and wild-type littermate
controls in response to unilateral ureteral
obstruction

No significant interstitial fibrosis was detected in sham-
operated COX-2 KO mice and in wild-type littermate
controls (Figure 1A,E). Kidneys from COX-2 KO mice
subjected to sham surgery showed a slightly reduced
cortical thickness compared to wild-type littermates

(Figure 1A,E) and an increased number of small glomeruli
in the subcapsular region not seen in wild-types (data not
shown). After 7days UUO, significant kidney tissue injury
was seen with expansion of the pelvic space, papillary at-
rophy, reduced cortical, and outer medullary thickness,
tubular damage, and extracellular matrix (ECM) accumu-
lation in the interstitium (Figure 1A-H). The renal outer
medulla was the most severely affected region in both
genotypes (Figure 1D,H). Tubular damage and intersti-
tial ECM accumulation were more severe in COX-2 KO
mice compared to wild-type controls (Figure 1B-D,F-H).
Kidney tissue collagen I, collagen III, and fibronectin
mRNA abundances did not show significant differences
between sham-operated COX-2 KO mice and wild-type
control animals (Figure 11-K). However, mRNA levels
of both collagen I, collagen III, and fibronectin increased
20- to 30-fold after 7days UUO in both COX-2 KO and
wild-type mice compared to sham groups of both geno-
types (Figure 1I-K). Moreover, mRNA abundance of all
three ECM components increased to a significantly higher
level in obstructed COX-2 KO mice compared to wild-type
controls (Figure 1I-K). Total collagen accumulation as
analyzed by hydroxyproline assessment in whole kidney
tissue from wild-type and COX-2 KO mice was not sig-
nificantly different between sham and UUO tissue and
genotypes (Figure 1L). Immunohistochemical labeling for
collagen I in kidney tissue sections from all four experi-
mental groups showed an interstitial signal for collagen I
in both COX-2 KO and wild-type mice after 7days UUO
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FIGURE 1 Kidney fibrosis in COX-2 deficient mice and wild-type littermate controls in response to 7 days of unilateral ureter
obstruction (UUO). Kidney tissue sections from mice with and without UUO and COX-2 were stained with Sirius Red to visualize collagen/
connective tissue in red (A, B, E, and F scale bar 500 um and C, D, G, and H scale bar 50 pm). COX-2 deficiency (COX-2 KO) lead to a slight
reduction in cortical thickness (A and E) but no difference in kidney injury after 7dUUO compared to wild-type (C, D, G, and H). Diagram
(I-K) show cortex-outer medulla tissue abundance of extracellular matrix proteins collagen I (I), collagen III (J), and fibronectin (K) mRNAs
in COX-2 deficient mice (KO) and wild-type littermate controls (WT) after sham and 7dUUO. Diagram (L) shows total collagen level in
kidney tissue from all four experimental groups. (WT sham: n = 17, COX-2 KO sham: n = 12, WT 7dUUO: n = 17, and COX-2 KO 7dUUO:
n=11) () p<0.001. Micrographs m-t show result of immunohistochemical labeling for collagen I in kidney sections from COX-2 deficient
mice (KO) and wild-type littermate controls (WT) after sham surgery and ureter obstruction (7dUUO; M-T) (WT sham: n = 5, COX-2 KO
sham: n = 3, WT 7dUUO: n = 4, and COX-2 KO 7dUUO: n = 3).
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with the outer medulla being the region most severely af-
fected in both genotypes (Figure 10,P,S,T). No significant
accumulation of collagen I was seen in COX-2 KO sham
mice compared to wild-type controls (Figure 1M,N,Q,R).
Also, deletion of COX-2 did not significantly increase in-
terstitial collagen I protein deposition after obstruction
compared to wild-type littermates in cortex or outer me-
dulla regions (Figure 10,P,S,T). An identical pattern of
collagen IIT interstitial accumulation of immunosignal
was seen in all four experimental groups (Figure S1A-
L). Stereological unbiased assessment of the collagen
I-positive area in COX-2 KO and wild-type sham and UUO
mice (n = 3 in each group) showed a mean of 19% (+1.6)
interstitial collagen I in wild-type sham mice, 21% (+2)
in COX-2 KO sham mice, 47% (+2.8) in wild-type UUO
mice, and 51% (+1.2) in COX-2 KO UUO mice.

2.3 | Renal fibroblast abundance in
COX-2 deficient mice and wild-type
littermate controls in response to
unilateral ureteral obstruction

Quantitative determination of markers of renal fibroblasts
showed no significant difference in a-SMA or fibroblast
specific protein-1 (FSP-1) mRNA abundance between gen-
otypes in the two sham-operated groups (Figure 2A,C).
Both a-SMA and FSP-1 mRNA abundance increased sig-
nificantly in response to 7days UUO in COX-2 KO mice
and wild-type control animals (Figure 2A,C). The in-
crease in a-SMA mRNA was significantly larger in COX-2
KO mice compared to the wild-type group (Figure 2A).
Changes in a-SMA were confirmed at the protein level
with increased a-SMA protein abundance after 7days
UUO in wild-type animals compared to the sham group
(Figure 2B, non-cropped versions in supplement). A ten-
dency for a similar increase was seen in COX-2 KO mice
but this did not reach statistical significance (Figure 2B).
Immunohistochemical labeling of kidney sections for a-
SMA showed a signal confined to smooth muscle cells
in the renal vascular walls in both sham-operated wild-
type control animals (Figure 2D-E) and COX-2 KO mice
(data not shown). After 7days UUO, accumulation of o-
SMA positive cells and interstitial a-SMA was seen in the
renal interstitium of both cortex and outer medulla with
the outer medulla being the most severely affected region
(Figure 2F-T). COX-2 KO mice were not more extensively
affected than wild-type mice (Figure 2F-I). Double immu-
nofluorescence staining showed co-expression of COX-2
and a-SMA in cells accumulated in the renal interstitium
after 7days UUO (Figure 2J-N). Fibroblasts grown in
primary culture from COX-2 KO mice showed a signifi-
cantly higher mRNA abundance of collagen I, collagen

ACTA PHYSIOLOGICA kel

I1I, and a-SMA compared to wild-type cells (Figure 20).
Treatment of wild-type fibroblasts with either the non-
specific COX inhibitor indomethacin, the COX-2 inhibitor
NS-398, or the COX-1 inhibitor valeryl salicylate for 24h
did not induce significant changes in collagen I, collagen
II, or a-SMA mRNA abundance (Figure 2P).

2.4 | Renal microvascular integrity and
expression of vascular growth factors in
COX-2 deficient mice and wild-type
littermate controls in response to
unilateral ureteral obstruction

Immunohistochemical visualization of the renal microvas-
culature with an antibody directed against CD34 showed
a dense capillary network in the sham-operated groups
(Figure 3A,B,E,F). The distribution of micro-vessels was
not significantly different between genotypes in both cor-
tex and medulla (Figure 3A,B,E,F). After 7days UUO,
capillary rarefaction with loss of both cortical and outer
medullary micro-vessels was evident with no obvious sig-
nificant difference between genotypes (Figure 3C,D,G,H).
Renal mRNA abundance of the vascular growth fac-
tors VEGF and angiopoietin-1 was significantly lower in
sham-operated COX-2 KO mice compared to control ani-
mals (Figure 31,K). In wild-type mice, the level of VEGF
and angiopoietin-1 mRNA was significantly reduced after
7days UUO reaching the level seen in COX-2 KO mice
(Figure 31,K). No significant changes in mRNA abundance
were seen for angiopoietin-2 (Figure 3L). VEGF protein
abundance was significantly increased in wild-type ob-
structed mice compared to the sham control (Figure 3J).
In obstructed COX-2 KO mice there was no significant dif-
ference in VEGF protein abundance (Figure 3J).

2.5 | Basic characteristics of patients
diagnosed with hydronephrosis and
control subjects

A total of 12 nephrectomy samples from patients with
a histopathological diagnosis of hydronephrosis were
included in the study. Kidney tissue from patients un-
dergoing nephrectomy due to kidney cancer but with
no clinical or histopathological diagnosis of hydrone-
phrosis were used as controls. Age and gender distri-
butions at the time of nephrectomy, blood pressure,
eGFR, plasma urea, and creatinine levels are listed in
Table 2. The hydronephrosis group showed signifi-
cantly higher levels of urea and creatinine, and a sig-
nificantly lower eGFR compared to controls. The blood
pressure was not different between the two groups. A
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full list of medication and co-morbidity is available in
supplements showing more co-morbidities and use of
different drugs in the hydronephrosis group vs. control
group. The most common co-morbidity in both groups is

cancer, and the most apparent difference in medication
is the use of analgesics, cancer medication, and blood
pressure-lowering medication in the hydronephrosis
group. Three patients in the hydronephrosis group vs.
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FIGURE 2 Myofibroblast infiltration and collagen accumulation in murine kidneys and cultured fibroblasts. Kidney abundance of
myofibroblast marker «-SMA mRNA (A) (WT sham: n = 17, COX-2 KO sham: n = 12, WT 7dUUO: n = 17, and COX-2 KO 7dUUO: n = 11)
and protein (B, 42kDa) (n = 6 in each group) and FSP-1 mRNA (C) in COX-2 deficient mice (COX-2 KO) and wild-type (WT) littermate
controls after sham surgery and 7dUUO. Micrographs in D-I show immunohistochemical labeling experiments of kidney sections for
a-SMA. There was accumulation of myofibroblasts in interstitium of cortex and outer medulla (OM) after 7dUUO (G, I) (WT sham: n = 5,
COX-2 KO sham: n = 3, WT 7dUUO: n = 4, and COX-2 KO 7dUUO: n = 3). Panels J-N show result of double-immunofluorescence labeling
for a-SMA (green signal) and COX-2 (red signal) from wild-type and COX-2 deficient mice after 7dUUO (J-N). Interstitial fibroblasts were
co-labeled (J) and magnified (L). Diagram (O) shows mRNA abundance of aSMA, collagen I, and collagen III in primary cultures of kidney
fibroblasts from COX-2 KO and wild-type mice, and from wild-type mice treated with non-specific COX inhibitor indomethacin, the COX-2

inhibitor Ns-398, or the COX-1 inhibitor valeryl salicylate for 24 h (P). (*) p<0.05, (M p<0.01, (¥) p<0.001.

one patient in the control group use NSAID/aspirin.
Kidney morphology was evaluated in PAS-stained tis-
sue sections. In control subjects, tissue appeared nor-
mal with minimal interstitial fibrosis affecting less than
10% of the cortical area (score 0). In the hydronephrosis
group, a varying degree of chronic changes were seen
with none or minimal interstitial fibrosis in three pa-
tients (score 0), mild interstitial fibrosis in four patients
(score 1), and moderate to severe interstitial fibrosis
in three and two patients (score 2 and 3), respectively
(Figure 4A-D). Collagen-1 mRNA abundance was six-
fold increased in kidney tissue in the hydronephrosis
group (Figure 4E), and a-SMA protein abundance in
kidney cortex tissue from patients with hydronephrosis
was not significantly different compared to control sub-
jects (p = 0.0834, Figure 4F). There was no significant
difference in mRNA abundance of COX-2, COX-1, and
PTGES mRNA in kidney cortex and outer medulla be-
tween patients with overt hydronephrosis/fibrosis and
patients with no hydronephrosis (Figure 4G-I).

2.6 | Changes in prostaglandin signaling
pathways in patients diagnosed with
hydronephrosis

In kidney cortex, PGE,-EP, receptor mRNA abundance
was elevated while EP; receptor mRNA was lower in
kidneys from patient with hydronephrosis compared to
control kidneys (Figure 5A). Likewise, PGE,-EP; recep-
tor mRNA abundance was significantly reduced in outer
medulla compared to control (Figure 5B). No significant
changes in cortical and outer medulla PTGES, EP,, or EP,
receptor mRNA abundance were detected (Figure 5A,B).
There was no difference in EP receptors or PTGES mRNA
abundances in the inner medulla compared to control
(Figure 5D). Since EP, receptor mRNA level was sig-
nificantly increased in cortex from the hydronephrosis
group, EP, receptor protein abundance was also assessed
by western blotting in that region (Figure 5D). The EP,
receptor protein abundance was significantly increased
in the hydronephrosis group compared to control and
supported EP, receptor mRNA data (Figure 5C).

Immunohistochemical detection of EP, protein
showed significant association with the tubular epithe-
lium in cortex and outer medulla (Figure S2A-F). The
immunosignal was predominantly associated with the
basolateral domain of the epithelium. In the absence of
primary antibody, secondary antibody yielded no signal,
and the labeling signal with primary antibody was abol-
ished by pre-incubating the antibody with surplus of im-
munizing peptide used to raise the antibody (Figure S2).
Fluorescently labeled segments for EP, (Figure 5E-T)
showed co-localization with aquaporin (AQP) -2 but not
AQP1 in cortex (Figure SM-P,E-H) and outer medulla
tissue from patients with hydronephrosis (Figure 5Q-
T,I-L). Thus, EP, immuno-fluorescence signal was
found in collecting duct principal cells and not in prox-
imal tubules. EP, signal was also present in AQP2- and
AQP1-negative tubules which likely represent segments
of Henle's Loop. Fluorescently labeled tissue sections for
EP,, AQP1, and AQP2 from control subjects are shown
in Figure S2G-N,O0-V.

In kidney cortex, outer and inner medulla tissue from
patients with hydronephrosis, there was no difference
in mRNA level of prostacyclin receptor IP, thromboxane
prostanoid receptor TP, and prostacyclin synthase (PGIS)
compared to tissue from patients without hydronephrosis
(Figure 6A-C). By contrast, thromboxane synthase (TXAS)
was significantly increased in outer and inner medulla
(Figure 6B,C). TXAS mRNA abundance in cortex was not
significantly different (Figure 6A). TXAS-1 protein abun-
dance was significantly higher in cortex and outer me-
dulla tissue from patients with hydronephrosis compared
to patients without hydronephrosis (Figure 6D,E). There
was no change in TxAS-1 protein level in inner medulla
(Figure 6F).

2.7 | Prostanoid abundance in
kidney regions from hydronephrotic
patients and controls

TxB, concentration was increased significantly in kid-
ney cortex tissue from patients with hydronephrosis
compared to control subjects (Figure 6G), whereas outer
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FIGURE 3 Microvascular rarefaction in COX-2 deficient mice and wild-type littermate controls after 7days of unilateral ureter
obstruction (UUO). (A-H) show results from immunohistochemical labeling of kidney sections for the capillary marker CD34 in cortex and
outer medulla (OM) from COX-2 deficient mice (COX-2 KO) and wild-type (WT) littermate controls after sham and 7dUUO (WT sham:

n =5, COX-2 KO sham: n = 3, WT 7dUUO: n = 4, and COX-2 KO 7dUUO: n = 3). Omission of primary antibody was used as negative
control (data not shown). (I-J) show kidney tissue abundance of VEGF mRNA (WT sham: n = 17, COX-2 KO sham: n = 12, WT 7dUUO:

n =17, and COX-2 KO 7dUUO: n = 11) and protein (46 kDa) (n = 6 in each group) in cortex-outer medulla from COX-2 KO and WT

controls, respectively. Diagram (K-L) show kidney cortex-outer medulla tissue abundance of angiopoietin-1 (K) and —2 (L) in COX-2 KO
mice and WT littermate controls. (*) p<0.05.
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TABLE 2 Basic characteristics and
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clinical parameters from patients and Control Hydronephrosis
control subjects Age (years) 55[28;78] 54 [26;78]
Gender ratio (male:female) 6:6 6:6
Plasma creatinine (pmol L_l) 76.3+10.7 105.8 + 71"
Urea (mmolL™) 41+04 7.0+0.8"
eGFR (mlmin™") 79.7+4.0° 62.1+7.2
Blood pressure (mmHg) 145.6+6.5/ 155.3+8.8/
81.8+2.7 86.2+4.3

Note: Differences in age, gender, blood pressure, and markers of kidney function in patients with
hydronephrosis vs. control subjects. Values for age are presented as mean with range, while values for
creatinine, urea, eGFR, and blood pressure are presented as mean +SEM, and marked with a symbol,
when statistically significant.

*p<0.05;
P<0.01.

medulla showed no change in TxB, tissue concentration
(Figure 6H). PGE, tissue level did not show any signifi-
cant differences in kidney cortex or outer medulla be-
tween groups (Figure 6J,1).

3 | DISCUSSION

The present study shows anti-fibrotic effects of COX-2
early at 7days in the murine kidney fibrosis model of
unilateral ureter obstruction. Within this'* and other
cohorts of mice* and rats,® UUO is associated with el-
evated COX-2 in kidneys. We now show that COX-2 miti-
gated early induction of extracellular matrix mRNAs and
preserved angiogenic factor expression. In line, COX-2-
deficient primary cultures of renal fibroblasts showed in-
creased collagen mRNA. COX-2 deletion was associated
with lower level of angiogenic factor mRNA levels and
capillary rarefaction obstruction. This was not confirmed
at protein level for VEGF. This could be due to delayed
responsiveness at protein level or be due to antibody re-
activity toward only some VEGF isoforms. In a series of
human kidneys from patients with hydronephrosis there
was significant interstitial fibrosis. While COX-1, COX-2,
PTGE-S, and PGI-S enzymes, IP and TP receptor mRNAs
in kidneys had a similar abundance between patient-
groups, there was an increased EP, receptor abundance
and increased thromboxane pathway (TxAS and TxB,).
Although patients discontinue medication 2days be-
fore nephrectomy, some carry-over effects cannot be ex-
cluded. Some administered drugs are known to stimulate
COX-2 (ACEi, AT1 blockers, diuretics) while others (e.g.,
NSAIDs and aspirin) exert variable inhibition of COX-
1/-2 enzyme activity. Despite the overweight of COX-2
stimulating drugs in the hydronephrosis group, there
was no upregulation of COX-2. The elevated thrombox-
ane abundance in the hydronephrosis group is likely

underestimated because some patients (3 out of 12) in-
gested NSAIDs.

The study reveals similarities (EP, receptor upregula-
tion) and differences (COX-2 and EP, receptor level) be-
tween mouse and human kidney with obstruction and
fibrosis. This may reflect both temporal aspects (acute vs.
chronic), severity (complete vs. partial ureter occlusion),
and species differences (mouse vs. human). Of transla-
tional importance, COX-products are substrates for pref-
erential conversion by the thromboxane pathway in both
cortex and medulla in chronic fibrosis in human kidney,
while a similar level of PGE, as in control may signal pref-
erentially through upregulated, protective, EP, receptor.
This observation on one hand underlines the difficulty
in predicting long term responses to COX-inhibitor treat-
ment in clinical settings, which is confounded also by
effects on GFR and perfusion, and, on the other hand, sug-
gests that targeting specific pathways downstream of COX
(Tx synthase, EP, receptors) would allow for more specific
therapeutic effects.

3.1 | Antifibrotic effects of COX-2

Deletion of COX-2, but not COX-1, leads to mild kidney
injury, fibrosis, and hypertension with age most pro-
nounced in male mice at 129/Sv background.**™*' This
tendency is further aggravated after 7days UUO in COX-2
KO mice with accumulation of collagens, both early
fibrotic phase collagen type III,** and established phase
fibrosis collagen I.* Sham-operated COX-2 deficient mice
on the C57BL/6J genetic background of this study showed
a mild renal phenotype at the age of 10-14weeks, with
no apparent histological difference between wild-type lit-
termates (confirmed by morphological assessment). The
influence of genetic background for the severity of renal
phenotype has previously been documented.*’ Mice with
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FIGURE 4 Fibrosis and COX enzyme abundance in patients with hydronephrosis and age- and gender-matched patients without
hydronephrosis (control). Kidney sections from patients (n = 12) with hydronephrosis were stained by periodic acid-Schiff (PAS).
Expansion of extracellular matrix, sclerotic glomeruli, and thickened basal lamina material (pink color) is associated with degree of fibrosis
(A-D). Interstitial fibrosis (IF) score was determined according to Sethi et al.*® Representative kidney slices with IF score 0 (A), 1 (B), 2

(C), and 3 (D) are shown. Scale bar in right corner corresponds to 200 pm. (E) shows abundance of collagen-1 mRNA, and diagram (F)
shows immunoblotting for alpha-smooth actin (a-SMA) protein in kidney cortex tissue from patients with (n = 12) and without (n = 12)
hydronephrosis. Diagram (G-I) shows kidney tissue abundance of COX-2 and COX-1 mRNAs in cortex (G), outer medulla (H), and inner
medulla (I) in patients with hydronephrosis (n = 12) and control subjects (n = 12). Results are expressed as fold change in hydronephrotic
patients compared to controls. (*) p<0.05.
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FIGURE 5 Kidney tissue abundance of PGE,-EP receptors and PGE,-synthase in patients with hydronephrosis and fibrosis and age-
and gender-matched controls. Abundance of PGE,-EP, _, receptors and PGE, synthase (PTGES) mRNAs in cortex (A), outer medulla (B), and
inner medulla (C) in patients with hydronephrosis (n = 12) and control subjects (n = 12). Results shown in diagrams (A-C) are expressed

as fold change in patients with hydronephrosis compared to controls. (D) shows immunoblotting data from cortex tissue homogenate from
patients with hydronephrosis and control for PGE,-EP, receptor (D, 52kDa). Double fluorescent immunolabeling of tissue sections from
hydronephrosis group for AQP1 and EP, receptor (E-L) and AQP2 and EP, receptor (M-T). Labeled segments for EP, co-localized with
AQP2 (M-T) but not AQP1 (E-L). (*) p<0.05, (") p<0.01.

C57BL/6J background developed a mild renal phenotype more prone to developing kidney fibrosis after UUO due
compared to 129/C57 mice from the original breeder  to congenital renal defects cannot be eliminated. A phar-
pairs.*® The possibility that COX-2 deficient mice are macological study using a selective COX-2 inhibitor in the
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FIGURE 6 Kidney tissue prostanoid profiling in patients with hydronephrosis and fibrosis and control subjects. All data are from
kidney tissue (cortex, outer, and inner medulla) homogenates from patients subjected to unilateral nephrectomy due to hydronephrosis
(“Hydroneph”, n = 12) and from subjects nephrectomized due to cancer (“control” n = 12). Kidney tissue mRNA abundance was
determined by qPCR for prostacyclin receptor (IP), prostacyclin synthase (PGIS), thromboxane prostanoid (TP) receptor, and thromboxane
synthase (TXAS) in cortex (A), outer medulla (B), and inner medulla (C). Protein levels were assessed by immunoblotting for TXAS-1 in
cortex (D), outer (E), and inner medulla (F, 60kDa). Tissue level of prostanoids TxB, and PGE, was determined by mass spectrometry in
kidney cortex (G, I) and outer medulla fractions (H, J). (*) p<0.05, Q) p<0.01.
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model of UUO corroborates the present data and found an
increased interstitial ECM deposition in celecoxib-treated
UUO mice compared to vehicle.® Uncertainties with the
use of a pharmacological model are related to dose and
pharmacokinetic differences, drug susceptibility between
sexes, toxicology, and animal stress by drug administra-
tion. UUO increases COX-2 and mPGES.!*** Thus,
COX-2 exerts anti-fibrotic action at least after 7days,® an
effect found also in lung.?®**® We confirm that COX-2 is
localized in interstitial fibroblasts after obstruction of mu-
rine kidney'® with the strongest signal from the medulla
where the fold-change in COX-2 abundance is largest.'
COX-2isimportant for the survival of renal interstitial cells
after osmotic stress and mechanical stretch.*”~* Cultured
fibroblasts from COX-2 KO mice confirmed dysregulated
synthesis and amplified mRNA abundance of ECM pro-
tein. Wild-type fibroblasts subjected to non-selective in-
domethacin did not recapitulate this, suggesting either
insufficient COX-2 inhibition, an effect dissociated from
COX-2 activity or related to environmental differences in
vitro vs. in vivo. Furthermore, cell sorting was not con-
ducted, and it cannot be ruled out that cells have differen-
tiated in different directions during ontogeny. Also, serum
starvation of cells prior to experiments likely attenuated
COX-2 abundance and masked potential effects.

The UUO-induced COX-2 increase is highly transient
in obstructed rat kidney.® Pharmacological interventions
showed that COX-2 accounts predominantly for the tran-
sient accumulation of PGE, in cortex/outer medulla of ob-
structed rat kidney.'® The absence of change in COX-2 (or
COX-1), PGE-S and tissue PGE, concentration in human
kidney with chronic obstruction corroborates the observa-
tion from rat kidney that the PGE, signal is transient. On
the other hand, existing data show increased COX-2 mRNA
abundance in end-stage human kidneys removed surgically
after significant artery stenosis and ischemia,® a condition
not comparable to the kidneys in the present study. COX-2
isincreased in human ureter wall with obstruction, but kid-
ney parenchyma was not previously investigated.’** It is
concluded that the PGE, synthesis pathway is not altered in
the more chronic fibrotic setting of ureter obstruction.

At a molar level, PGE, is the major prostanoid accu-
mulated in kidney tissue after UUO in chronic kidney dis-
ease.'* Although PGE, is present in fibrotic human kidney
tissue in similar levels as in non-fibrotic tissue, a shift in
PGE,-EP receptor subtype expression pattern may favor
an anti-fibrotic action of PGE,. The EP, receptor was up-
regulated in the fibrotic human kidney tissue as in murine
kidney'*** and downregulation of EP, was confirmed in
human kidney as observed in murine kidney.' Significant
downregulation of PGE,-signaling through EP; is a con-
sistent finding in pro-fibrotic models which could also
contribute to downstream beneficial effects of increased

ACTA PHYSIOLOGICA B ke

COX-2, a notion that was not tested. An EP, receptor ago-
nist butaprost protects against fibrosis in vivo and in human
kidney slices ex vivo.”*** EP, receptor is an attractive target
to counter fibrosis in chronic kidney disease in humans
whereas in mice, PGE, may also act through EP, receptors
which are upregulated.®* Such upregulation was not seen
in fibrotic human kidney. We have previously shown that
increased COX-2 protects against apoptosis and oxidative
stress following UUO.! The association of EP, receptors
with epithelial cells in outer medulla tubular segments that
experience ischemia and osmotic stress but which do not
participate in regulated water transport would be compati-
ble with cAMP-mediated survival effects described both in
renal™ but also intestinal epithelia.®

Myofibroblasts are responsible for the exaggerated
ECM synthesis and secretion during fibrosis (reviewed in
Ref. [57]) and in mouse kidneys with obstruction, COX-2
was associated with myofibroblasts. There was a signifi-
cant accumulation of a-SMA-positive interstitial cells and
enhanced a-SMA abundance in COX-2 KO UUO mice
suggesting that COX-2 normally attenuates myofibroblast
activity, an effect mimicked in mice by EP, receptor ago-
nist**** but also PGE,-EP, receptor agonist.?’

Cortex and outer medulla regions of human hydrone-
phrotic kidneys showed increased thromboxane synthase
protein abundance confirmed by increased cortex tissue
concentration of TxB,. In agreement, TxB, was increased
in tissue from obstructed rat kidney.'® Treatment with a
TxAS inhibitor decreased TxB, and improved urine out-
put and clearance in hydronephrotic rat.® Cortical micro-
somes from human hydronephrotic kidneys showed TxB,
as the major metabolite and inhibition of TxAS ex vivo re-
duced TXB, production.*® In the 5/6 nephrectomy injury
model in rats, treatment with a TxA, receptor antagonist
and the synthesis inhibitor ridogrel had beneficial effect
on hypertension and increased kidney function.®® The
sum of data converge by showing significant beneficial
effects not only on fibrosis but also kidney function by tar-
geting TxAS and TxB, in chronic kidney disease settings.

3.2 | Summary and conclusion

In a murine model of UUO-induced fibrosis, COX-2 was
upregulated in interstitial fibroblasts in kidney. Deletion
of COX-2 promoted fibrosis, enhanced myofibroblast ex-
pansion and extracellular matrix deposition, including
collagen I and III accumulation. Human kidneys from
patients with ureter obstruction and hydronephrosis
showed fibrosis but no change in COX-1, COX-2, PTGES,
PGI-S, IP, TP, EP and EP, mRNAs in cortex and medulla.
Obstructed human and murine kidneys responded simi-
larly with upregulation of PGE,-EP, and downregulation
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of EP; receptor. Kidneys from hydronephrotic patients
exhibited increased TXAS and TxB, tissue concentration.
We conclude that the absence of COX-2 activity in mice
promotes kidney fibrosis and thus that COX-2 activity is
likely to mitigate fibrosis and preserves microvasculature
up to 7days after an in injury. Downstream of COX-2,
thromboxane synthase, EP, receptor, and TP receptor are
potential pharmacological targets to counter interstitial fi-
brosis in human chronic kidney disease.

4 | METHODS

4.1 | Human Kkidney tissue

Human kidney tissue samples were obtained from patients
undergoing unilateral nephrectomy at the Department of
Urology, Odense University Hospital. Nephrectomy was
performed due to, for example, recurring infection or resist-
ant hypertension after confirmed hydronephrosis of loss
of functional contribution by scintigraphy. Tissue samples
were collected from patients only with a pathologically veri-
fied diagnosis of hydronephrosis (n = 12). Normally appear-
ing kidney tissue from age- and gender-matched patients
undergoing nephrectomy due to kidney cancer was used
as control subjects (n = 12). Tissue samples were removed
and either snap-frozen in liquid nitrogen or fixed in 4%
paraformaldehyde (PFA) within approximately 60min of
removal from the patient. Tissue was embedded in paraffin
or stored at —80°C until used for analyses. The study was
approved by the Regional Committees on Health Research
Ethics for Southern Denmark (S-20140159) and the Danish
Data Protection Agency (18/1107). All patients gave written
informed consent before inclusion in the study.

4.2 | Animals

Animal experiments conformed to the guidelines for care
and use of laboratory animals (NIH Publication No. 85-
23, Revised 1996) and approvals as described previously.'*
Procedures for backcrossing of COX-2 KO mice and wild-
type littermate controls to the C57BL/6J genetic back-
ground," genotyping,®" and housing of animals* were
performed as previously described. Breeding was done at the
Biomedical Laboratory, University of Southern Denmark.

4.3 | Experimental design and
surgical procedures

UUO was induced for 7days in COX-2 KO mice and
WT littermates. Age- and time-matched sham-operated

controls were prepared and observed in parallel with
each experimental group. Both male and female mice
were represented in each experimental group, in an ap-
proximately 1:1 ratio (gender distribution between groups
available in Table 1). The surgical procedures, harvest-
ing of blood and kidneys were performed as described
previously.'* Kidney tissue fractions (cortex-outer me-
dulla) used for RNA (WT sham: n = 17, COX-2 KO sham:
n = 12, WT 7dUUO: n = 17, and COX-2 KO 7dUUO:
n = 11) and protein analysis (n = 6 in each group) as
well as kidneys from animals fixed by systemic perfusion
with PFA (WT sham: n = 5, COX-2 KO sham: n = 3, WT
7dUUO: n = 4, and COX-2 KO 7dUUO: n = 3) were har-
vested from mice used in previous publication.'* Plasma
creatinine, sodium (Na™¥), urea, and potassium (K*) were
measured using Roche Cobas 6000 Analyzer (Roche
Diagnostic, Basel, Switzerland). Plasma osmolality was
measured using freezing-point depression (Osmomat
030-D, Gonotec, Berlin, Germany) (Table 1).

4.4 | mRNA analyses

Total RNA was extracted using the RNeasy Protect Mini
Kit (Qiagen) and eluted in RNase-/DNase-free water.
RNA concentration was quantified by spectropho-
tometry (NanoPhotometer, Implem; AH Diagnostics).
Complementary DNA synthesis, PCR analyses, and quan-
titative PCR experiments were performed as described
previously.®? For quantitative PCR analyses, a standard
curve was constructed by plotting threshold cycle (C,
values) against serial dilutions of purified PCR product.
Specificity was confirmed by post-run melting point anal-
yses and gel electrophoresis. Primer sequences are avail-
able in Table S3 or as previously published.®’

4.5 | Western blotting

Tissue samples were homogenized in a sucrose/imida-
zole buffer as described previously.®* Protein concen-
tration was determined using the Quick Start Bradford
Protein Assay (Biorad) using a serial dilution of BSA
as standard. For western blotting, 10-30 ug of protein
was separated by SDS-PAGE in a 4%-12% Bis-Tris
gel (Invitrogen). By use of the XCell SureLock Mini-
Cell System (Invitrogen), proteins were transferred
to an activated 0.45pm pore-size polyvinylidene dif-
luoride membrane (Immobilon-P Transfer Membrane;
Millipore). Membranes were blocked with 5% non-
fat dry milk in TBST (137mM NaCl, 20mM Tris at
pH 7.6, 0.05% Tween 20) before incubation with pri-
mary antibodies. The antigen-antibody complex was
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visualized by horseradish peroxidase-conjugated sec-
ondary antibodies (P0448, P0447, 1:2000; DAKO) using
the enhanced chemiluminescence system (Amersham
Pharmacia Biotech or PerkinElmer). Primary antibod-
ies were COX-1 (160109, 1:1000; Cayman Chemicals),
GAPDH (ab9585, 1:10000; Abcam), a-smooth mus-
cle actin (a-SMA) (ab5694, 1:10000, Abcam), VEGF
(ab46154, 1:10000, Abcam), EP, (101750, 1:1000;
Cayman Chemicals), and p-tubulin (ABT171, 1:10 000;
Sigma-Aldrich). Non-cropped images of membranes
are available in supplement.

4.6 | Total collagen analysis

Total collagen abundance in kidney cortex-outer medulla
tissue fractions from sham and UUO mice was assessed
by hydroxyproline content. Assay procedure was per-
formed according to the manufacture's instructions (Total
Collagen Assay Kit, ab222942, Abcam). In brief, tissue
samples were homogenized in RNase-free water (Gibco)
and boiled in 10N NaOH at 120°C for 2 h. A commercial
positive collagen control was run in parallel. Samples
were analyzed on a VersaMax ELISA microplate reader
(Molecular Devices, California, USA).

4.7 | Prostanoid analysis by LC-MS/MS

Prostanoids were extracted from 5 to 10 mg homoge-
nized whole renal tissue samples, and abundances were
measured by LC-MS/MS as described previously.®® In
short, renal tissue samples were incubated with the ex-
traction buffer containing 600pul ethyl acetate, 100 pl
0.15M ethylenediamine tetraacetic acid solution, and
20pl internal standard solution. Samples were ho-
mogenized using a Mixer Mill MM400 (Retsch, Haan,
Germany) and zirconium oxide grinding balls (diameter
3mm). Following centrifugation at 20000g for 5 min,
the organic phase was collected. The extraction was re-
peated, and the pooled organic phases were removed at
45°C under nitrogen. For reconstitution, 50 ul water/
acetonitrile 8:2 (v/v) with 0.0025% formic acid was
used and injected (10 pl) into the LC-MS/MS system.
PBS was used as surrogate matrix for the preparation
of calibration standards (Cayman Chemical, Ann Arbor,
MI, USA) and quality control samples. Prostanoids
were separated with a Synergi Hydro RP HPLC column
2.0x 150 mm and Pre-Column 2.0 X 2 mm (Phenomenex,
Waldbronn, Germany). A gradient elution using water
and acetonitrile with 0.0025% formic acid was applied.
Analyst Software 1.6.3 and MultiQuant Software 3.0.2
(both Sciex, Darmstadt, Germany) was used for data
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acquisition and quantification. Calibration curves were
calculated by linear regression with 1/x* weighting.

4.8 | Renal morphology

Renal morphology was evaluated in periodic acid-Schiff
(PAS) stained kidney sections. For the human cohort, in-
terstitial fibrosis was scored according to Sethi et al.*> In
an observer-blinded design, the percentage of the cortical
region affected by interstitial fibrosis was scored accord-
ing to the following: 0: <10%, 1: 10%-25%, 2: 26%-50%,
and 3: >50%.

4.9 | Histochemistry

Tissue sections were deparaffinized with Tissue Tec-
Tissue Clear (Sakura PsoHosp) and rehydrated in graded
ethanol series (99.9%-70%). Antigen retrieval was per-
formed by boiling in a microwave for 20 min., in a pres-
sure cooker for 5 min. or in a heating cabinet at 60°C for
16 h. Buffers were either TEG (10 mM Tris, 0.5mM EGTA,
pH 9.0), TRS (Dako), or citrate buffer (Dako). Primary an-
tibodies used were as follows: Collagen I (ab34710, 1:250,
Abcam), Collagen III (ab7778, 1:50, Abcam), a-SMA
(ab5694, 1:2000, Abcam), CD34 (ab8158, 1:1000, Abcam),
and EP, (101750, 1:1000, Cayman Chemicals). CD34 was
visualized using the Envision+ System (K4002, Dako). A
negative control with omission of primary antibody was
run in parallel.

Collagen I positive area was determined in kidney
tissue slides by point counting using the VIS image anal-
ysis tool (Visiopharm). Analyses were done at 4X mag-
nification with the observer blinded to the experimental
groups.

Double fluorescence labeling of tissue sections
was performed by use of TSA Cyanine 3 detection kit
(#SAT704A001EA, Akoya Biosciences, USA). In brief,
after deparaffinization and antigen retrieval, endogen
peroxidase activity was blocked by incubation of sections
with 1.5% H,0,/TBST. Next, slides were incubated with
the first primary antibody and the secondary antibody,
followed by incubation with cyanine-3 tyramide reagent
(in dark chamber). In the following steps, slides were shed
from light. Antigen retrieval was repeated followed by in-
cubation with the second primary antibody and fluores-
cent secondary antibody (Alexa fluor 488, #A11034, 1:500,
Thermo Scientific). Nuclei were labeled with 0.1 pgml™*
DAPI (D9542, 1:1000, Sigma Aldrich) and sections
mounted with fluorescence mounting medium (Merck).
Primary antibodies used for double fluorescent labeling
were as follows: EP, (101 750, 1:1000, Cayman Chemicals),
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AQP1 (ab15080, 1:500, Abcam), and AQP2 (sc-9882, 1:200,
Santa Cruz).

410 | Cell cultures

Primary cultures of renal fibroblasts were isolated as de-
scribed previously.** In short, both kidneys were removed
from 1 WT and 1 COX-2 KO mouse and placed in sterile
PBS, pH 7.4 on ice. Kidneys were minced in a petri dish
using a razor blade and then transferred to T75 cell cul-
ture flasks with RPMI (Gibco) supplemented with 10%
fetal calf serum (Gibco) and 1% penicillin/streptomycin
solution (Gibco). Cells were cultured through four to five
generations before being used for experiments. Twenty
hours before initiation of experiments, serum-free me-
dium (SFM) was added to the cells (RPMI supplemented
with 0.5% bovine serum albumin (Gibco) and 1% peni-
cillin/streptomycin solution (Gibco)). For experiments,
cells were either harvested at baseline (WT and COX-2
KO fibroblasts) or stimulated with indomethacin (10 pM,
Sigma Aldrich), NS-398 (10 pM, Sigma Aldrich), (Valeryl
Salicylate, 500uM, Sigma Aldrich), or vehicle (DMSO
0.1%) for 24h. Cells were lysed with RLT buffer from the
RNeasy Protect Mini Kit (Qiagen) supplemented with
p-mercaptoethanol (10 plml™) and snap-frozen in liquid
nitrogen. Samples were stored at —80°C before use.

411 | Statistics

A one-way analysis of variance (ANOVA)with Bonferroni's
comparisons test was used to determine significant differ-
ences between groups of the experimental animal series.
Unpaired Student's t-test was used to analyze data from
the human hydronephrotic cohort. For non-Gaussian dis-
tributed data, Mann-Whitney test or Kruskal Wallis with
Dunn's post hoc test was used. p Values <0.05 were con-
sidered statistically significant. Values are presented as
means+SEM for Gaussian distributed and median with
IQR for non-Gaussian distributed data. GraphPad Prism
software (version 7.0) was applied for data analysis.
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