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Introduction
Acute kidney injury (AKI) is a frequent medical complication seen 
in hospitalized patients. It is associated with an increased length 
of hospital stay, the development of chronic kidney disease, and 
increased risk of mortality (1–4). Over the past decades the rates 
of AKI have progressively increased worldwide, making it a grow-
ing health care burden (3, 5, 6). Unfortunately, there is no targeted 
therapy for hospital-acquired AKI other than avoiding potential 
nephrotoxins and hemodynamic optimization (7–9).

AKI is the consequence of either a direct insult to the kidney 
or an insult to a distant organ, and multiple primary medical con-
ditions are associated with AKI (10–16). AKI is often associated 
with renal ischemia, which occurs in the context of multiple organ 
failure, sepsis, and vascular occlusion (17). Ischemic AKI is partic-
ularly common during cardiac surgery requiring cardiopulmonary 

bypass (12, 18–21). The loss of kidney function is frequently asso-
ciated with infiltration of circulating innate immune cells into the 
renal tissue (14, 22–26). This results in an inflammatory cascade 
that enhances and even causes kidney injury, and is rapidly fol-
lowed by a progressive decline in renal blood flow and glomerular 
filtration rate, and acute tubular injury (4, 27–29). Renal inflam-
mation is associated with both septic and nonseptic AKI (30), and 
recent evidence has indicated that activation of innate immunity 
itself is sufficient to cause AKI (14). In particular, the AKI that fol-
lows ischemia/reperfusion injury (IRI) is associated with infiltra-
tion of inflammatory cells into the kidney stroma (17, 27, 31). Dan-
ger-associated molecular pattern (DAMP) molecules are released 
following tissue stress or injury and activate pattern recognition 
receptors, which initiates sterile inflammation (14, 32–34). Activa-
tion of pattern recognition receptors by DAMPS induces the pro-
duction of chemokines, which attract neutrophils and monocytes 
to the site of inflammation (14). Newly recruited neutrophils and 
monocytes produce cytotoxic substances such as reactive oxygen 
species, and they cause microvasculature congestion, which ulti-
mately impairs renal blood flow, creating a sustained ischemic 
insult (14). This first wave of immune cell infiltration occurs rap-
idly after injury (27). As such, blockade of this very first step in the 
inflammatory cascade may offer therapeutic benefits (7, 8, 14).

DAMPs include, but are not limited to, high-mobility group 
protein B1 (HMGB1), ATP, DNA, and uridine diphosphate–glu-
cose (UDP-Glc) (34–39). UDP sugars are components of glyco-

Ischemic acute kidney injury (AKI), a complication that frequently occurs in hospital settings, is often associated with 
hemodynamic compromise, sepsis, cardiac surgery, or exposure to nephrotoxins. Here, using a murine renal ischemia/
reperfusion injury (IRI) model, we show that intercalated cells (ICs) rapidly adopted a proinflammatory phenotype after 
IRI. Wwe demonstrate that during the early phase of AKI either blockade of the proinflammatory P2Y14 receptor located 
on the apical membrane of ICs or ablation of the gene encoding the P2Y14 receptor in ICs (a) inhibited IRI-induced increase 
of chemokine expression in ICs, (b) reduced neutrophil and monocyte renal infiltration, (c) reduced the extent of kidney 
dysfunction, and (d) attenuated proximal tubule damage. These observations indicate that the P2Y14 receptor participates 
in the very first inflammatory steps associated with ischemic AKI. In addition, we show that the concentration of the P2Y14 
receptor ligand UDP-glucose (UDP-Glc) was higher in urine samples from intensive care unit patients who developed AKI 
compared with patients without AKI. In particular, we observed a strong correlation between UDP-Glc concentration and the 
development of AKI in cardiac surgery patients. Our study identifies the UDP-Glc/P2Y14 receptor axis as a potential target for 
the prevention and/or attenuation of ischemic AKI.

Proinflammatory P2Y14 receptor inhibition protects 
against ischemic acute kidney injury in mice
Maria Agustina Battistone,1 Alexandra C. Mendelsohn,1 Raul German Spallanzani,2,3 Andrew S. Allegretti,4 Rachel N. Liberman,1 
Juliana Sesma,5 Sahir Kalim,4 Susan M. Wall,6 Joseph V. Bonventre,7 Eduardo R. Lazarowski,5 Dennis Brown,1 and Sylvie Breton1

1Program in Membrane Biology, Division of Nephrology, Department of Medicine, Harvard Medical School and Massachusetts General Hospital, Boston, Massachusetts, USA. 2Division of Immunology, 

Department of Microbiology and Immunobiology, Harvard Medical School, Boston, Massachusetts, USA. 3Evergrande Center for Immunologic Diseases, Harvard Medical School and Brigham and Women’s 

Hospital, Boston, Massachusetts, USA. 4Division of Nephrology, Department of Medicine, Massachusetts General Hospital, Boston, Massachusetts, USA. 5Marsico Lung Institute, Department of Medicine, 

University of North Carolina, Chapel Hill, North Carolina, USA. 6Renal Division, Department of Medicine, Emory University School of Medicine, Atlanta, Georgia, USA. 7Division of Renal Medicine and 8Division 

of Engineering in Medicine, Harvard Medical School and Brigham and Women’s Hospital, Boston, Massachusetts, USA.

Conflict of interest: SB is a cofounder of Kantum Pharma (previously “Kantum 
Diagnostics Inc.”), a company developing a diagnostic and therapeutic combination to 
prevent and treat acute kidney injury. SB and her spouse own equity in the privately 
held company. SB and DB are inventors on a patent (US Patent 10,088,489) covering 
technology that has been licensed to the company through Massachusetts General 
Hospital (MGH). SB’s and DB’s interests were reviewed and are managed by MGH and 
Partners HealthCare in accordance with their conflict-of-interest policies.
Copyright: © 2020, American Society for Clinical Investigation.
Submitted: November 5, 2019; Accepted: April 8, 2020; Published: June 8, 2020.
Reference information: J Clin Invest. 2020;130(7):3734–3749. 
https://doi.org/10.1172/JCI134791.

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/7
https://doi.org/10.1172/JCI134791


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

3 7 3 5jci.org   Volume 130   Number 7   July 2020

sive care unit (ICU) and cardiac surgery patients. This study, 
therefore, identifies the UDP-Glc/P2Y14 receptor pathway as a 
potential therapeutic target, which might be used to prevent or 
alleviate IRI-induced AKI.

Results
Elevated urine UDP-Glc after renal IRI in mice. Transgenic male mice 
that express EGFP under the control of the promoter of the IC-spe-
cific V-ATPase B1 subunit (ATP6V1B1) gene (B1-EGFP) were sub-
jected to bilateral renal IRI or sham surgery, and they were put in 
metabolic cages in groups of 3 mice (except for the 2 hours post-IRI 
group). Urine was collected for the first 2 hours, 24 hours, and 48 
hours after operation. UDP-Glc was measured by liquid chromatog-
raphy–tandem mass spectrometry (LC-MS/MS), and urinary values 
were normalized for urine creatinine (uCr). We observed a signifi-
cant increase in the urinary UDP-Glc/uCr ratio in the mice under-
going IRI relative to SHAM during the first 2 hours after IRI. After 24 
hours and 48 hours, the urine UDP-Glc/uCr ratios in the IRI groups 
were similar to the ratios observed in the SHAM groups (Figure 1).

ICs acquire a proinflammatory phenotype after IRI. To deter-
mine the response of ICs to experimental IRI, we evaluated their 
expression of selected proinflammatory transcripts by quantitative 
PCR (qPCR). EGFP+ ICs were isolated by FACS from the kidney 
medulla of B1-EGFP mice 2 hours, 4 hours, and 24 hours after IRI 
or sham surgery (Figure 2A). We selected the medulla in order to 
avoid the isolation of cortical connecting segment cells, which also 
express EGFP in these mice. We observed upregulation of several 
chemokines, including Cxcl1, Cxcl2, and Ccl2, as early as 2 hours 
after IRI (Figure 2B). Cxcl2 remained elevated up to 24 hours after 
IRI. The complete gene expression profile of isolated ICs was, 
therefore, characterized at 2 hours after IRI by RNA sequencing 
(RNA-Seq). The complete transcriptome data set is shown in Sup-
plemental Table 1 (supplemental material available online with 
this article; https://doi.org/10.1172/JCI134791DS1). Volcano plots 
(fold change vs. P value) compare the gene expression profiles of 
ICs 2 hours after IRI versus SHAM, and show increased expression 
of several proinflammatory genes, including P2ry14 itself, as well 
as CxCl1, Cxcl2, Cxcl3, Cxcl5, Cxcl10, Ccl17, Il1b, Il6, and Il34 (Fig-
ure 2C). The complete list of genes upregulated after IRI is provid-
ed in Supplemental Table 2, where proinflammatory transcripts 
are indicated in red. A list of selected genes that were downreg-
ulated after IRI is provided in Supplemental Table 3. These latter 
include genes involved in DNA replication, mismatch repair, and 
metabolism of pyrimidine, glycine, serine, and threonine.

Participation of the P2Y14 receptor in the proinflammatory  
response of ICs. To determine whether the proinflammatory 
response of ICs might be related to the increase in urinary UDP-
Glc after IRI, we next used a potent and highly selective antago-
nist of the P2Y14 receptor, PPTN (4,7-disubstituted 2-naphthoic 
acid derivative) (42, 49, 50), as a means of inhibiting the activa-
tion of IC-specific chemokine expression induced by IRI. Because 
the P2Y14 receptor is located on the apical membrane of ICs (42), 
and because PPTN and UDP-Glc compete for a common P2Y14 
extracellular binding site (35), we first determined whether PPTN 
is excreted intact into the urine. To make this determination, 
urine samples were collected following PPTN administration 
to mice (Figure 3A). PPTN was detected intact in the urine by 

sylation reactions, but they can also act as potent agonists of the 
proinflammatory P2Y14 receptor when secreted from injured 
cells (35, 40–44). Whereas most nucleotides, such as ATP, are 
rapidly degraded by ectonucleotidases after their release, extra-
cellular UDP-Glc exhibited high stability in most tissues and cell 
types investigated (37, 43–45). This high stability of UDP-Glc 
provides a mechanism by which the release of UDP sugars from 
stressed cells could lead to elevated extracellular concentra-
tions (35), leading to proinflammatory receptor activation. The 
UDP-Glc–sensing P2Y14 receptor is expressed in several tissues, 
including the lung and uterus, and epithelial cells can be initia-
tors of inflammation in these organs (35, 41, 46). Elevated UDP-
Glc levels and increased numbers of neutrophils were observed 
in sputum samples from cystic fibrosis patients with moderate 
or severe lung injury compared with control subjects, and intra-
tracheal instillation of UDP-Glc in mice promoted neutrophil 
migration into the lung, indicating a link between UDP-Glc 
and inflammation (43). Similarly, injection of UDP-Glc into the 
mouse uterus induced a 5-fold increase in the number of neu-
trophils present in the endometrium (41). Furthermore, we pre-
viously showed that collecting duct intercalated cells (ICs) are 
sensors of UDP-Glc and mediate the recruitment of neutrophils 
into the kidney via activation of the P2Y14 receptor located on 
their apical membrane (42, 47).

Here, we used renal IRI as a mouse model of AKI (48) to 
examine the role of the UDP-Glc/P2Y14 receptor signaling path-
way in the pathogenesis of the renal inflammation that leads to 
kidney injury. Our study shows that blockade of the P2Y14 recep-
tor with a selective inhibitor or ablation of the P2Y14 receptor 
gene in ICs reduced renal inflammation, attenuated proximal 
tubule (PT) damage, and improved kidney function following 
renal IRI. Finally, in a pilot study, we observed that urine UDP-
Glc levels strongly correlated with the incidence of AKI in inten-

Figure 1. Renal bilateral IRI increases urinary concentration of UDP-Glc. UDP-
Glc was measured by LC-MS/MS in the urine of mice subjected to bilateral IRI 
and sham-operated mice. UDP-Glc concentration was normalized for urine 
creatinine (uCr). Each dot represents urine samples pooled from 3 mice. SHAM 
2 hours, n = 7 samples (21 mice); SHAM 24 hours, n = 16 samples (48 mice); 
SHAM 48 hours, n = 6 samples (18 mice); IRI 2 hours, n = 13 samples (39 mice); 
IRI 24 hours, n = 7 samples (21 mice); IRI 48 hours, n = 6 samples (18 mice). 
Data are means ± SEM, analyzed using 2-way ANOVA followed by Tukey’s post 
hoc test. A significant elevation of UDP-Glc/uCr value was detected 2 hours 
after IRI compared with SHAM (IRI 2 hours vs. SHAM 2 hours, *P = 0.013). No 
difference was observed 24 hours and 48 hours after IRI. IRI 2 hours vs. IRI 24 
hours, P = 0.0006; IRI 2 hours vs. IRI 48 hours, P = 0.0014.
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Prophylactic inhibition of the P2Y14 receptor reduces renal proin-
flammatory immune cell recruitment after IRI. Renal infiltration of 
immune cells was quantified by flow cytometry analysis in mice 
subjected to bilateral IRI. IRI induced significant recruitment of 
CD45+ immune cells (Figure 4A), including CD45+CD11b+Ly6G+ 
cells with a “neutrophil” phenotype (Figure 4B) and CD45+CD-
11b+Ly6C+ cells with a “monocyte” phenotype (Figure 4C), into the 
kidney tissue as early as 2 hours after surgery. In contrast, PPTN 
treatment significantly reduced the recruitment of immune cells, 
neutrophils, and monocytes even at this early time point (Figure 
4, A–C). Neutrophil and monocyte recruitment was also lower in 
the PPTN-treated group compared with the vehicle-treated group 
24 hours after IRI (Figure 4, D and E). However, by 48 hours after 
IRI, neutrophil and monocyte numbers had returned to baseline 
with values similar in PPTN- and vehicle-treated mice (Figure 4E).

LC-MS/MS, and its concentration was 87.8 ± 24.1 nM 2 hours after 
mice received a single i.v. injection corresponding to the dose of 
0.18 mg/kg. A constant higher concentration at around 200 nM 
was detected at 24 hours and 48 hours, when mice received a 
daily dose of 4.55 mg/kg via osmotic minipumps. Control mice 
received equivalent amounts of the vehicle, DMSO.

To determine whether PPTN could modulate the IC inflamma-
tory response induced by IRI, chemokine expression was assessed 
by qPCR in ICs isolated by FACS from B1-EGFP mice treated with 
PPTN or vehicle. ICs were isolated 2 hours after IRI or SHAM pro-
cedure. Figure 3B shows that PPTN treatment significantly reduced 
the increase in IC-specific chemokine expression induced by IRI. 
No difference in chemokine expression was detected between the 
SHAM-DMSO and SHAM-PPTN groups, and these 2 groups were, 
therefore, combined into a single SHAM group in the graph.

Figure 2. Renal bilateral IRI increases 
expression of proinflammatory 
transcripts in ICs. (A) Representative 
pseudoblot of EGFP+ ICs isolated by 
FACS from kidney of B1-EGFP mice 
2 hours after bilateral IRI. (B) qPCR 
showing expression of selected 
proinflammatory chemokines 2, 4, 
and 24 hours after IRI or sham surgery 
(SHM). Each dot represents 1 mouse. 
No difference was detected in SHM- 
operated mice (2, 4, and 24 hours), and 
all groups were then combined into 
a single SHM group. Data are means 
± SEM, analyzed using 1-way ANOVA 
followed by Dunnett’s post hoc test. 
For Cxcl1, SHM (n = 8), IRI 2 hours (n 
= 8), IRI 4 hours (n = 5), IRI 24 hours 
(n = 6); **P = 0.0036, ****P < 0.0001. 
For Cxcl2, SHM (n = 6), IRI 2 hours (n 
= 10), IRI 4 hours (n = 6), IRI 24 hours 
(n = 6); *P = 0.034, ***P = 0.0009. For 
Ccl2, SHM (n = 8), IRI 2 hours (n = 6), 
IRI 4 hours (n = 6), IRI 24 hours (n = 
6); *P = 0.018, ***P = 0.0006. For Il1b, 
SHM (n = 7), IRI 2 hours (n = 8), IRI 4 
hours/24 hours (n = 6). For Il6, SHM (n 
= 7), IRI 2 hours (n = 10), IRI 4 hours/24 
hours (n = 5). For Ccl3, SHM (n = 7), IRI 
2 hours (n = 9), IRI 4 hours (n = 5), IRI 
24 hours (n = 6). For Ccl4, SHM (n = 
8), IRI 2 hours (n = 11), IRI 4 hours/24 
hours (n = 6). For Tnf and Ccl5, SHM (n 
= 8), IRI 2 hours (n = 10), IRI 4 hours (n 
= 5), IRI 24 hours (n = 6). (C) Volcano 
plots (fold change [FC] vs. P value) 
of gene expression profiles of ICs, 
isolated by FACS 2 hours after IRI (IRI 
IC) versus SHAM (CTR IC). Each sample 
of RNA (n = 3) was obtained from 
a pool of 2 kidneys from 2 mice per 
group. Yellow lines show ± 2 FC. Genes 
upregulated after IRI are shown in red, 
genes downregulated after IRI in blue. 
Black dots represent transcripts that 
were not significantly differentially 
expressed. Data were analyzed using 
Student’s t test, 2 tailed.
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Prophylactic inhibition of the P2Y14 receptor reduces kidney 
damage after IRI. Histopathological examination of kidney sec-
tions stained using H&E was conducted to determine the effect 
of PPTN on kidney tubules following IRI versus SHAM. As shown 
in Figure 6A, many damaged PTs were detected 24 hours and 
48 hours after IRI compared with SHAM in vehicle-treated mice 
(left). A reduction in the number of damaged PTs was observed in 
the PPTN-treated groups (right) compared with vehicle- treated 
groups. This protection was observed 24 hours and 48 hours 
after IRI. No effect of PPTN was observed in the SHAM group 
(compare top right and top left). We quantified the number of 
intact, moderately damaged, and very damaged renal tubules, as 
shown in Figure 6B. The percentage of intact tubules significantly 
increased in the PPTN group compared with DMSO at 48 hours 
after IRI. This was accompanied by a significant reduction in the 
number of very damaged tubules at 24 hours.

Protection by PPTN following IRI was also demonstrated in 
kidney sections labeled using phalloidin–Alexa Fluor 647, a mark-
er of F-actin. IRI induced a marked actin depolymerization in the 
brush border membrane and along the basolateral membrane of 

Prophylactic inhibition of the P2Y14 receptor reduces the extent 
of kidney dysfunction after IRI. Further studies explored whether 
PPTN treatment attenuated the fall in renal function and the rise 
in markers of kidney injury that follow AKI. Serum creatinine (sCr), 
blood urea nitrogen (BUN), albuminuria, and the PT injury urine 
marker KIM-1 were assessed in control mice (SHAM) and mice sub-
jected to renal bilateral IRI. A significant elevation of sCr and BUN 
was observed following IRI in vehicle-treated mice, as previously 
shown by several laboratories (refs. 51, 52, and Figure 5, A and B). 
Mice treated with PPTN showed a significant reduction in sCr and 
BUN compared with the SHAM group, indicating preservation of 
kidney function after IRI. No effect of PPTN was observed at the 
early 2-hour time point, indicating intrinsic damage caused by isch-
emia, and sCr did not go up above this initial elevation 24 hours and 
48 hours after IRI. IRI also caused albuminuria (Figure 5C) and ele-
vation of KIM-1 urinary concentration (Figure 5D) indicating dam-
age to PTs (53, 54), which are known to be among the most affected 
tubules after IRI. However, PPTN treatment significantly attenu-
ated albuminuria severity and KIM-1 elevation 48 hours after IRI, 
showing preservation of PT function (Figure 5, C and D).

Figure 3. Inhibition of P2Y14 with PPTN attenuates IC-specific upregulation of proinflammatory chemokines induced by IRI. (A) Concentration of PPTN, a 
specific P2Y14 antagonist, in the urine of mice treated with a single i.v. injection corresponding to 0.18 mg/kg (2 hours), or via continuous infusion with ALZET 
osmotic minipumps implanted s.c. for 24 or 48 hours corresponding to a dose of 4.55 mg/kg/d, versus controls (CTR; treated with vehicle only). PPTN urinary 
concentration was measured using LC-MS/MS. Data are means ± SEM analyzed using 1-way ANOVA and Dunnett’s test. CTR vs. 4.55 mg/kg/d 24 hours ***P 
= 0.0007; CTR vs. 4.55 mg/kg/d 48 hours ***P = 0.0006. (B) qPCR analysis of selected chemokines in ICs isolated by FACS 2 hours after IRI versus SHAM. 
PPTN-treated mice received a dose of 4.55 mg/kg/d through osmotic minipumps, while nontreated mice received vehicle. Data are means ± SEM, analyzed by 
1-way ANOVA and Tukey’s test. No difference in chemokine expression was detected between the SHAM-vehicle and SHAM-PPTN groups, which were then 
combined into a single SHAM group (SHM). Some IRI groups are the same as those shown in Figure 2B (IRI 2 hours). Each dot represents 1 mouse. For Cxcl1, 
SHM (n = 6), IRI (n = 8), IRI-PPTN (n = 8); **P = 0.0039, ***P = 0.0002, ****P < 0.0001. For Cxcl2, SHM (n = 6), IRI (n = 10), IRI-PPTN (n = 8); *P = 0.013, ****P < 
0.0001. For Ccl2, SHM (n = 8), IRI (n = 8), IRI-PPTN (n = 8); **P = 0.0092, ***P = 0.0005. For Il1b, SHM (n = 7) vs. IRI (n = 8) ***P = 0.0006; IRI vs. IRI-PPTN (n = 
8) ***P = 0.0006. For Il6, SHM (n = 7), IRI (n = 10), IRI-PPTN (n = 8); *P = 0.042. For Cxcl10, SHM (n = 4), IRI (n = 6), IRI-PPTN (n = 7); *P = 0.015. For Tnf, SHM (n 
= 9), IRI (n = 10), IRI-PPTN (n = 8). For Il34, SHM (n = 4), IRI (n = 6), IRI-PPTN (n = 7). For Il1f6, SHM (n = 3), IRI (n = 5), IRI-PPTN (n = 6).
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PT cells 24 hours and 48 hours after IRI (Supplemental Figure 1A, 
left), as previously shown in rats (55). In the treated group, intact 
brush border membrane and basolateral staining was detected, 
indicating preservation of the actin cytoskeleton in PT cells (Sup-
plemental Figure 1A, right). Similarly, labeling for the PT-specif-
ic scavenger receptor megalin showed loss of apical membrane 
after IRI (Supplemental Figure 1B, left), and marked protection by 
PPTN 24 hours and 48 hours after IRI (Supplemental Figure 1B, 
right). To further assess PT cell polarity, we labeled kidney sec-
tions for aquaporin 1 (AQP1), which is located in the brush border 
and basolateral membrane of intact PT cells (56). IRI induced 
the redistribution of AQP1 from the plasma membrane into the 
entire cell body in PTs 24 hours and 48 hours after IRI (Figure 7A, 
left). This intracellular AQP1 redistribution was less pronounced 
in the PPTN-treated group (Figure 7A, right). After IRI in both 
vehicle- and PPTN-treated groups, while some PT cells showed 
a complete loss of AQP1 polarity with absent apical and basolat-
eral staining after IRI (Figure 7B, very damaged PTs), some cells 
showed partial redistribution with basolateral staining still visible 
(Figure 7B, moderately damaged PTs). We quantified the number 
of intact, moderately damaged, and very damaged PTs based on 
these AQP1 staining patterns, and found a significant reduction in 
the number of very damaged PTs together with an increase in the 
percentage of intact PTs and a decrease in the percentage of very 
damaged PTs in the treated groups compared with the untreated 
group 24 hours and 48 hours after IRI.

Deletion of the P2Y14 receptor in ICs confers kidney protection after 
IRI. To confirm the role of the P2Y14 receptor in ICs in renal inflam-
mation and kidney damage leading to ischemic-induced AKI, we 
next generated an IC-specific P2Y14 receptor–KO mouse by using 
the Cre-lox system. Transgenic mice expressing Cre under the pro-
moter of the V-ATPase B1 subunit (ATP6V1B1) in ICs (B1Cre) (57, 58) 
were bred with P2Y14 receptor Lox mice (B6.129-P2ry14<tm1Gac>/
Orl; European Mouse Mutant Archive [EMMA], EM:05368). B1Cre+ 

P2Y14flox/+ mice (IC KO) and B1Cre– P2Y14flox/+ (IC F/F; controls) were 
generated. Expression of P2ry14 was assessed by qPCR in ICs that 
were isolated by FACS based on their expression of the cell surface 
receptor c-Kit (CD117) (59). A negative selection for CD45+ immune 
cells, which also express c-Kit, was performed (Figure 8A, left, red 
dots). A significant reduction in P2ry14 expression was observed in 
IC KO mice compared with IC F/F mice (Figure 8A, right). IC KO 
and IC F/F mice were then subjected to bilateral IRI as described 
above. Deletion of the P2Y14 receptor in ICs improved kidney func-
tion, illustrated by a reduction in the IRI-induced sCr elevation, in 
comparison with IC F/F mice (Figure 8B), and reduced renal inflam-
mation (Figure 8, C and D) 24 hours after IRI. Protection of renal 
tubule integrity was shown and quantified in H&E-stained sections 
(Figure 8E), and a protective effect of PTs was demonstrated in kid-
ney sections labeled for AQP1 (Figure 8F) or F-actin (Supplemental 
Figure 2). These results confirm the role of the P2Y14 receptor in 
ischemic-induced AKI.

Taken together, the results obtained in this preclinical AKI 
model show the participation of ICs in the rapid onset of renal 
inflammation, followed by renal dysfunction and PT damage, after 
an ischemic insult. In our current model (Figure 9), UDP-Glc lev-
els are increased in the urine after renal IRI. Stressed PT epithe-
lial cells, which are the most affected cell type in this model (and 
potentially other renal cell types), would release UDP-Glc, which 
then reaches the lumen of the collecting duct, where it activates 
the P2Y14 receptor located on the apical membrane of ICs. This 
stimulates the production of proinflammatory chemokines by ICs, 
followed by rapid renal recruitment of neutrophils and monocytes. 
Consistent with our flow cytometry analysis, we found many neu-
trophils positive for N-elastase (Supplemental Figure 3) or Ly6G 
(Supplemental Figure 4) adjacent to PTs (positive for AQP1) in the 
DMSO group 24 hours after IRI, and we showed that this neutro-
phil recruitment was strongly attenuated by PPTN. Very few neu-
trophils were detected in both SHAM groups (DMSO or PPTN). 
Many neutrophils were also detected near intact ICs 24 hours after 
IRI in nontreated mice, while very few neutrophils were detected in 
PPTN-treated mice (Supplemental Figure 5). These inflammatory 
cells contribute to creating additional injury by invading PTs, and 
clogging the microvasculature of the kidney, which perpetuates 
and aggravates ischemic injury. We observed similar levels of mod-
erate renal tubule damage at 2 hours after IRI in both the DMSO 
and PPTN groups (Supplemental Figure 6). Altogether, our results 
show that PPTN confers protection by facilitating repair mech-
anisms in the renal tubules and/or by attenuating further dam-
age via reduction of postischemia renal inflammation. The latter 
possibility is supported by our data showing reduced numbers of 
apoptotic cells 24 hours after IRI in the PPTN versus DMSO groups 
(Supplemental Figure 7), as well as in the IC KO mice (Supplemen-
tal Figure 8). Thus, blocking the P2Y14 receptor with a small mole-
cule or deleting the receptor specifically in ICs significantly reduc-
es the impact of IRI by reducing renal inflammation, preserving 
kidney function, and reducing kidney tubule damage.

Urine UDP-Glc is elevated in ICU and cardiac surgery patients 
who develop AKI. Based on these preclinical model data, we next 
examined whether urinary levels of UDP-Glc in ICU patients could 
serve as a potential biomarker for AKI. A longitudinal pilot study 
was conducted using 108 urine samples collected from 35 patients. 

Figure 4. IRI induces the renal recruitment of proinflammatory immune 
cells, and this process is attenuated by PPTN. (A) Flow cytometry analysis 
of renal recruitment of live CD45+ immune cells (pink boxes) 2 hours after 
IRI compared with SHAM. SHM-DMSO (n = 6), IRI-DMSO (n = 8), IRI-PPTN 
(n = 8); *P = 0.037, **P = 0.004, ****P < 0.0001. (B) Renal recruitment of 
live neutrophils (CD45+CD11b+Ly6G+) relative to the live renal cell population 
(pink boxes) 2 hours after IRI compared with SHAM. SHM-DMSO (n = 8), 
IRI-DMSO (n = 7), IRI-PPTN (n = 8); **P = 0.0013, ***P = 0.0001, ****P < 
0.0001. (C) Renal recruitment of live monocytes (CD45+CD11b+Ly6C+Ly6G–) 
relative to the live renal cell population (pink boxes) 2 hours after IRI com-
pared with SHAM (n = 8 mice in each group). *P = 0.048, ***P = 0.0002. 
(D) Renal recruitment of live neutrophils (CD45+CD11b+Ly6G+) relative to the 
renal live cell population 24 hours (left, pink boxes) and 48 hours after IRI 
compared with SHAM. SHM 24 hours DMSO (n = 7), SHM 24 hours PPTN (n 
= 7), SHM 48 hours DMSO (n = 6), SHM 48 hours PPTN (n = 6), IRI 24 hours 
DMSO (n = 7), IRI 24 hours PPTN (n = 6), IRI 48 hours DMSO (n = 11), IRI 48 
hours PPTN (n = 10); *P = 0.04, **P = 0.0057, ****P < 0.0001. (E) Renal 
recruitment of live monocytes (CD45+CD11b+Ly6C+Ly6G–) relative to the 
live renal cell population 24 hours (left, pink boxes) and 48 hours after IRI 
compared with SHAM. SHM 24 hours DMSO (n = 7), SHM 24 hours PPTN (n 
= 6), SHM 48 hours DMSO (n = 6), SHM 48 hours PPTN (n = 6), IRI 24 hours 
DMSO (n = 6), IRI 24 hours PPTN (n = 6), IRI 48 hours DMSO (n = 11), IRI 48 
hours PPTN (n = 10). *P = 0.039, ****P < 0.0001. In all bar graphs, data are 
means ± SEM, and each dot represents 1 mouse. (A–C) One-way ANOVA 
and Tukey’s post hoc test. (D and E) Two-way ANOVA and Tukey’s test.
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These urine samples were collected daily from patients admitted 
to the ICU for up to 8 days. Patient characteristics are displayed in 
Table 1. Briefly, median age was 73 years, 97% of enrolled patients 
were white, and 26% were women. Twenty-six patients underwent 
elective cardiac surgery requiring cardiopulmonary bypass, and 5 
patients had sepsis. Figure 10A displays the peak urinary UDP-Glc 
concentration observed for each patient stratified by presence or 
absence of AKI (defined by at least 0.3 mg/dL increase in sCr). In 
this cohort, 12 patients developed AKI (AKIN stages 1, 2, 3) for an 
incidence of 34%. When patients progressed to a more advanced 
AKI during the hospital stay, the higher AKI stage was used. Sig-
nificantly higher urinary UDP-Glc concentrations were observed 
in patients who developed AKI versus patients who did not. At a 
cutoff value of 40 nM, UDP-Glc predicted AKI with a sensitiv-
ity of 83.3% and specificity of 78.3% (positive predictive value of 
66.7% and negative predictive value of 90.0%). When cardiac 
surgery patients were analyzed separately, similar statistic param-
eters were obtained (Figure 10B), and at a cutoff value of 40 nM, 
UDP-Glc predicted AKI with a sensitivity of 66.7% and specificity 
of 90.0% (positive predictive value of 66.7% and negative predic-
tive value of 90.0%). Results of the receiver operating character-
istic (ROC) analysis are shown in Figure 10C for all ICU patients 
(AUC 0.84; 95% CI 0.71, 0.97) and Figure 10D for cardiac surgery 

patients only (AUC 0.91; 95% CI 0.77, 1.00). These results indicate 
that UDP-Glc is a promising actionable biomarker as a predictor of 
AKI owing to its high sensitivity and specificity.

Discussion
Here we report a major role for the UDP-Glc/P2Y14 receptor sig-
naling pathway in driving early renal inflammation, leading to kid-
ney dysfunction and proximal tubule (PT) damage following renal 
IRI. We show that inhibition of the P2Y14 receptor using a selective 
antagonist, or deletion of the IC P2Y14 receptor, confers strong kid-
ney protection following bilateral renal IRI. The role of the P2Y14 
receptor ligand UDP-Glc as a potential DAMP involved in acute 
kidney disease is supported by the strong correlation between UDP-
Glc urinary levels and AKI diagnosis in ICU patients, with a particu-
larly robust statistical association in cardiac surgery patients.

Using transgenic mice that express EGFP driven by the pro-
moter of the IC-specific V-ATPase subunit ATP6V1B1, we charac-
terized the transcriptomic profiles of medullary ICs under control 
conditions and following renal IRI. Under control conditions, we 
confirmed expression of several genes previously shown to be 
expressed in ICs by RNA-Seq of isolated ICs, as well as single-cell 
RNA-Seq (59). These include high expression levels of the tran-
scription factor Foxi1; the cell surface receptor c-Kit; the cyto-

Figure 5. PPTN protects kidney function after IRI. (A) Serum creatinine (sCr) over time after IRI in vehicle-treated mice (DMSO) versus PPTN. Each dot 
represents 1 mouse. SHM-DMSO (n = 24), SHM-PPTN (n = 18), IRI 2 hours DMSO (n = 14), IRI 2 hours PPTN (n = 7), IRI 24 hours DMSO (n = 8), IRI 24 hours 
PPTN (n = 6), IRI 48 hours DMSO (n = 10), IRI 48 hours PPTN (n = 10). **P = 0.0011, ****P < 0.0001. (B) BUN over time after IRI. Each dot represents 1 mouse. 
SHM-DMSO (n = 24), SHM-PPTN (n = 18), IRI 2 hours DMSO (n = 14), IRI 2 hours PPTN (n = 7), IRI 24 hours DMSO (n = 8), IRI 24 hours PPTN (n = 6), IRI 48 
hours DMSO (n = 10), IRI 48 hours PPTN (n = 8). *P = 0.038, ****P < 0.0001. (C) Urine microalbumin/creatinine ratio (mALB/Cre) over time after IRI. Each dot 
represents urine collection from 3 mice. SHM-DMSO (n = 13, representing 39 mice), SHM-PPTN (n = 9; 27 mice), IRI 2 hours DMSO (n = 7; 21 mice), IRI 2 hours 
PPTN (n = 5; 15 mice), IRI 24 hours DMSO (n = 7; 21 mice), IRI 24 hours PPTN (n = 6; 18 mice), IRI 48 hours DMSO (n = 4; 12 mice), IRI 48 hours PPTN (n = 4; 12 
mice). *P = 0.047, ****P < 0.0001. (D) Urinary concentration of KIM-1 over time after IRI. Each dot represents urine collection from 3 mice. SHM-DMSO (n = 6; 
18 mice), SHM-PPTN (n = 6; 18 mice), IRI 24 hours DMSO (n = 6; 18 mice), IRI 48 hours PPTN (n = 3; 9 mice), IRI 48 hours DMSO (n = 4; 12 mice), IRI 48 hours 
PPTN (n = 3; 9 mice). *P = 0.041, ****P < 0.0001. For all graphs, data are means ± SEM, and 2-way ANOVA followed by Tukey’s test was performed.
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similar proinflammatory function will require additional studies. 
These results are in agreement with a previous study showing ele-
vation of cytokines and chemokines in cells isolated by laser cap-
ture microdissection from different kidney regions (60). Interest-
ingly, we found that the P2ry14 receptor itself was upregulated 
after IRI, and we set out to investigate the role of the UDP-Glc/
P2Y14 receptor signaling pathway in the onset of AKI following 

solic enzyme carbonic anhydrase type 2 (Car2); V-ATPase sub-
units including Atp6v1e1, Atp6v1g3, Atp6v1b1, Atp6vod2, Atp6v1f, 
and Atp6v1h; the solute transporter Slc26a4; and the purinergic 
receptor P2ry14. qPCR and RNA-Seq showed that following IRI, 
medullary ICs rapidly adopted a proinflammatory profile char-
acterized by upregulation of inflammatory mediators, includ-
ing chemokines and cytokines. Whether cortical ICs also have a 

Figure 6. PPTN protects kidney structure and renal tubules after IRI. (A) Kidney sections stained using H&E in SHAM 24 and 48 hours after IRI. Right 
panels show higher magnification of the regions delineated by the boxes in left panels. Severe alteration of renal tubule morphology is observed 24 and 
48 hours after IRI in the DMSO group. Protection of kidney tubules is observed in the PPTN group versus DMSO at both time points after IRI. No effect of 
PPTN alone was observed in the SHAM group. Scale bar: 1 mm; inset scale bar: 100 μm. (B) Quantification of the percentage of intact tubules (green bars), 
moderately damaged tubules with detectable cellular structures (blue bars), and very damaged tubules with a complete loss of cell architecture (red bars). 
SHAM-DMSO (n = 7 mice), SHAM-PPTN (n = 10), IRI 24 hours DMSO (n = 7), IRI 24 hours PPTN (n = 6), IRI 48 hours DMSO (n = 7), IRI 48 hours PPTN (n = 8). 
IRI 24 hours DMSO vs. IRI 24 hours PPTN, *P = 0.029; IRI 48 hours DMSO vs. IRI 48 hours PPTN, *P = 0.016; by 2-way ANOVA followed by Tukey’s post hoc 
test. Between 940 and 1700 tubules were analyzed in each group.
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We show here that renal infiltration of neutrophils and mono-
cytes occurs rapidly, within 2 hours after IRI, in agreement with 
previous reports (27). Blocking this early response with PPTN pro-
tects kidney function and reduces tubular damage, further sup-
porting the notion that inflammation is involved in the pathogen-
esis of AKI (14). The role of the P2Y14 receptor in triggering renal 
inflammation following renal IRI is in agreement with our previous 

renal IRI. We found that UDP-Glc is rapidly excreted by the kid-
ney following IRI, where it is positioned to activate apical P2Y14 
receptors. Importantly, PPTN is a small molecule that is excreted 
intact into the urine, and so it is a suitable therapeutic compound 
for the prevention/alleviation of AKI. As described below, PPTN 
has a protective effect not only in the kidney, but also in the lung 
and uterus, indicating its multiple therapeutic potential.

Figure 7. PPTN maintains PT polarity after IRI. (A) Kidney sections labeled for AQP1 showed apical and basolateral localization in PTs from sham- operated 
mice. Twenty-four hours and 48 hours after IRI, a significant loss of AQP1 polarity was detected. In mice treated with PPTN, several PTs showed intact AQP1 
localization at the brush border and basolateral membrane. PPTN alone did not affect AQP1 distribution in sham-operated mice. Scale bar: 1 mm; inset 
scale bar: 100 μm. (B) Quantification of the number of intact PTs with apical and basolateral AQP1 labeling (green bars), moderately damaged PTs with loss 
of apical labeling but detectable basolateral labeling (blue bars), and very damaged PTs with a complete loss of AQP1 polarity (red bars). PPTN induced a 
significant reduction in the number of very damaged PTs (IRI 24 hours DMSO [n = 8] vs. IRI 24 hours PPTN [n = 6] **P = 0.0043, IRI 48 hours DMSO [n = 11] 
vs. IRI 48 hours PPTN [n = 9] *P = 0.011) together with an increase in the number of intact PTs 24 hours and 48 hours after IRI (IRI 24 hours DMSO vs. IRI 24 
hours PPTN *P = 0.026, IRI 48 hours DMSO vs. IRI 48 hours PPTN *P = 0.012, compared with the untreated group; SHAM-DMSO [n = 5], SHM-PPTN [n = 4]). 
Two-way ANOVA followed by Tukey’s post hoc test was performed. Between 1500 and 3000 PTs were analyzed in each group.
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tor, etc.), and larger circulatory DAMPS such as the TLR ligand 
HMGB1 may not cross the glomerular barrier to reach their tar-
get. The role of TLRs in AKI has been investigated by several 
groups. TLR2 activation was proposed to promote PT repair fol-
lowing cisplatin-induced AKI (66, 67). Inhibition of TLR2 reduces 
myocardial IRI in pigs (68). In the kidney, while TLR2 and TLR4 
expression is triggered by renal IRI, this increase is preceded by 
an abrogation of TLR expression 1 and 6 hours after reperfusion 
(38, 69). This indicates that they are probably not involved in the 
early phase of neutrophil and monocyte extravasation, which 
occurs within 2 hours after IRI (this study and ref. 27). By con-
trast, P2Y14 receptor expression is high at baseline and increases 
further following IRI, and its ligand UDP-Glc is rapidly excreted 
by the kidney, indicating its readiness in initiating the very first 
steps in the inflammatory cascade that accompanies AKI.

Bilateral renal IRI mimics the reduction in renal blood flow 
that occurs in different hospital settings such as during a direct 
surgery to remove a kidney tumor, or during transportation of 
transplanted kidneys. It also models the significant reduction in 
renal oxygenation that occurs during a cardiac surgery requiring 
cardiopulmonary bypass (CPB). Indeed, it has been suggested that 
renal hypoxia secondary to a significant reduction in renal blood 
flow during CPB time plays a causative role in post–cardiac sur-
gery AKI (CS-AKI) (12, 21). Moreover, heart ischemia occurs in 
addition to renal ischemia during a cardiac surgery requiring CPB, 
which would further contribute to the production of DAMPs. Thus, 
not only a local insult to the kidney, but damage to a remote organ 
such as the heart during surgery might play a role in CS-AKI. This 
is supported by the strong correlation that we observed between 
UDP-Glc and AKI in cardiac surgery patients, in whom both renal 
and heart ischemia may contribute to AKI via activation of the 
UDP-Glc/P2Y14 receptor signaling pathway.

Paradoxically, PTs do not express the P2Y14 receptor, but inhi-
bition of this receptor in ICs protects them. The unique architec-
ture of the kidney with collecting ducts, blood vessels, and PTs all 
running in parallel with each other in the kidney medulla provides 
a unique morphological environment that is conducive to a cell-
cell crosstalk between ICs and PTs. It is conceivable that chemo-
kine production specifically in ICs, followed by massive immune 
cell infiltration, would affect neighboring PT cells, and thus inhibi-
tion of this process would reduce the impact of ischemia. Indeed, 
PTs have the ability to regenerate following ischemia (17), and they 
would do so more easily in the absence of harmful inflammatory 
cells. In support of this hypothesis, we observed similar increases 
in sCr, BUN, and mALB/Cre 2 hours after IRI in both the DMSO 
and PPTN groups. While sCr remained stable in the PPTN group, 
it continued to increase after 24 hours in the nontreated group. In 
addition, similar levels of moderate tubular damage were observed 
2 hours after IRI in the DMSO and PPTN groups, but the percent-
age of very damaged renal tubules (assessed in H&E sections) and 
PTs (assessed in AQP1-labeled sections) decreased in the PPTN 
group compared with DMSO 24 hours after IRI. This was accompa-
nied by a significant increase in the percentage of intact tubules at 
48 hours in the PPTN versus DMSO groups. In addition, the reduc-
tion in albuminuria and urinary KIM-1 levels that we observed at 48 
hours after IRI in the treated group compared with nontreated mice 
indicated that PPTN attenuated the PT damage caused by IRI. 

study showing that a single i.v. injection of UDP-Glc is sufficient 
to cause renal neutrophil infiltration in healthy mice (42). Other 
groups have also revealed the proinflammatory role of the P2Y14 
receptor in different tissues, including the lung and uterus (41, 
43). Patients with cystic fibrosis have elevated levels of UDP-Glc 
in their lung secretions, and instillation of UDP-Glc into the tra-
chea of WT mice induced lung neutrophil recruitment, a process 
that was inhibited by PPTN (43). The P2Y14 receptor is expressed 
in the uterus epithelium, but not in the stroma, in humans and 
mice, and patients with pelvic inflammatory disease have elevat-
ed levels of P2Y14 receptor, IL-8, and IL-1β in their endometrial 
epithelial lining (41). The renal IRI-induced increase in P2Y14 
receptor expression, together with elevated levels of CXCL1 and 
CXCL2 (the IL-8 murine homologs), IL-1β, and other proinflam-
matory mediators, and the attenuated kidney damage in response 
to IRI that we observed after silencing the P2Y14 receptor in ICs 
are in agreement with this previous study, which also showed that 
knocking down the P2Y14 receptor using siRNAs reduced the 
number of inflammatory neutrophils in the uterus (41). Collec-
tively, these results indicate that UDP-Glc/P2Y14 receptor signal-
ing occurs across species and that it acts at the luminal surface of 
organs that are in contact with the external environment. The high 
stability of UDP-Glc in the extracellular compartment, in contrast 
to other DAMPs, provides a mechanism by which high extracellu-
lar UDP-Glc levels could be achieved following stress and injury 
(35). This is supported by the rapid elevation of urinary UDP-Glc 
concentration that we detected after IRI.

The role of epithelial cells in mediating injury is rapidly emerg-
ing (17, 27). A previous study showed that α-ICs protect against uri-
nary pathogenic bacteria by producing the bacteriostatic protein 
lipocalin 2 (also known as NGAL) (61). Our study provides addi-
tional evidence that ICs play a defense role in addition to their 
traditional role in the regulation of acid/base balance. A previous 
study showed that ischemic AKI activates the MAPK pathway 
(60). Interestingly, activation of P2Y14 receptor by UDP-Glc also 
activates this pathway, further supporting its role in the initiation 
of AKI (35, 42). One of the transcripts that were upregulated in 
ICs after IRI is IL-1β. This cytokine was recently implicated in the 
initiation and progression of tubulointerstitial fibrosis (62), and it 
is, therefore, possible that the increase in IL-1β that we show here 
might contribute to the progression of early inflammation toward 
fibrosis and might participate in the transition from AKI to chron-
ic kidney disease (CKD). We also detected strong upregulation of 
IL-34 in ICs, a cytokine that was recently implicated in the onset 
of AKI and worsening of subsequent CKD (63). While this article 
described the upregulation of IL-34 by renal tubular cells 3 days 
after IRI, the present study now shows that this cytokine transcript 
is rapidly upregulated in ICs and could participate in the very early 
response to AKI.

Other DAMPs produced in different clinical settings may 
also induce local organ inflammation (64). For example, ATP, 
ADP, and UDP are known DAMPS, and they may contribute to 
the pathophysiology associated with ischemic AKI. Their con-
tribution is tightly regulated by extracellular ectonucleotidases, 
which metabolize ATP and ADP into adenosine (65). In addition, 
some pattern recognition receptors are located on the apical sur-
face of tubular cells (e.g., Toll-like receptors [TLRs], P2Y14 recep-
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effect size, a true benefit to therapeutics development programs. 
The fact that UDP-Glc is not only an indicator of AKI, but is also a 
causal marker that induces early renal inflammation, would pro-
vide the advantage of selecting patients who are likely to benefit 
from the use of a specific inhibitor that would block the UDP-Glc/
P2Y14 receptor proinflammatory pathway. While the IC-specific 
baseline expression level of the P2Y14 receptor is high (this study 
and ref. 59), its increased expression following IRI makes it a 
likely player in the very early steps of inflammation. Importantly, 
ICs do not appear to be affected by IRI, as they continue to show 
apical expression of the V-ATPase, in agreement with previous 
studies showing that collecting ducts are more resistant to isch-
emia compared with PTs (70). While the current work supports 
the use of a P2Y14 receptor antagonist to prevent/attenuate AKI 
following a planned ischemic episode, additional studies will be 
required to determine whether this strategy could also be used in 
other clinical settings.

In conclusion, our study provides evidence that inhibiting the 
UDP-Glc/P2Y14 receptor pathway in ICs plays a protective role 
in kidneys submitted to an ischemic insult by targeting the early 
inflammation pathway, a prominent feature of AKI. Our observa-
tion that elevated urine levels of UDP-Glc are associated with AKI 
in ICU and cardiac surgery patients supports further investigation 
in humans to test the potential therapeutic benefits of inhibiting 
this pathway to prevent/alleviate AKI in hospital settings.

Methods
Animals. Adult C57BL/CBAF1 WT male mice were purchased from 
The Jackson Laboratory. Transgenic mice that express EGFP under 
the control of the promoter of the IC-specific V-ATPase B1 subunit 
(ATP6V1B1) gene (71) were also used; they are referred to as B1- 
EGFP mice. Transgenic mice expressing Cre under the control of the 
ATP6V1B1 promoter (B1Cre) (57, 58) were bred with P2ry14 Lox mice 
(B6.129-P2ry14<tm1Gac>/Orl; EMMA, EM:05368). B1Cre+ P2ry14fl/+ 
(IC KO) and B1Cre– P2ry14fl/+ (IC F/F; controls) mice were generated.

Animal model of IRI. Mice were housed in groups of 3 in meta-
bolic cages (Tecniplast), and were acclimated to the metabolic cag-
es for 4 days before the beginning of the experiment. They received 

Indeed, both an increased expression of KIM-1 and albuminuria 
have been previously attributed to PT injury (53, 54). Importantly, 
24 hours after IRI, many neutrophils were found in close proximity 
to damaged PTs in the nontreated group, but very few were detect-
ed in the PPTN group. Altogether, these results indicate that PPTN 
confers renal tubule protection following IRI by allowing repair 
mechanisms to occur and/or by attenuating further damage via 
reduction of renal inflammation. The latter mechanism is support-
ed by the reduced numbers of apoptotic cells that we detected 24 
hours after IRI in the PPTN group versus DMSO.

AKI is a multifactorial disease, and targeted, patient-centered 
approaches are now proposed to develop effective therapeutics. 
In this context, enrichment strategies based on biomarkers that 
are linked to the therapy being tested would allow intervention 
to a specific group of patients. This would yield a much larger 

Figure 8. Deletion of P2Y14 in ICs protects kidney function, reduces 
inflammation, and attenuates damage after IRI. (A) Left: ICs (CD117+CD45–; 
red dots) were isolated from B1Cre+ P2Y14fl/+ (IC KO) and B1Cre– P2Y14fl/+ (IC 
F/F; controls) mice. Right: P2ry14 expression by qPCR in IC KO versus IC F/F 
mice. ****P < 0.0001 by unpaired 2-tailed Student’s t test (n = 4). (B) sCr 
24 hours after IRI versus SHAM in F/F and IC KO mice. *P = 0.031, ***P = 
0.0008. (C) Recruitment of CD45+CD11b+Ly6G+ live cells 24 hours after IRI in 
F/F mice versus SHM (***P = 0.0003), and attenuation in IC KO mice (IRI 
KO vs. IRI F/F; *P = 0.041). (D) Recruitment of CD45+CD11b+Ly6C+Ly6G– live 
cells 24 hours after IRI in F/F versus SHM (****P < 0.0001), and attenuation 
in IC KO mice (IRI KO vs. IRI F/F; *P = 0.032). **P = 0.0014. (E) H&E staining 
of kidney of SHM and 24 hours after IRI in F/F and IC KO mice. Bar graph 
shows reduction of very damaged tubules (red bars; ***P = 0.0002) and 
increase in intact tubules (green bars; **P = 0.006) 24 hours after IRI in KO 
versus F/F mice. Scale bar: 50 μm. (F) AQP1 staining of kidney of SHAM 
and 24 hours after IRI in F/F and IC KO mice. Bar graph shows reduction 
of very damaged PTs (red bars; **P = 0.0012) and increase in intact PTs 
(green bars; **P = 0.0093) 24 hours after IRI in IC KO versus F/F. Scale 
bar: 50 μm; inset: 10 μm. Data are means ± SEM. Each dot represents 1 
mouse. (B–D) One-way ANOVA followed by Tukey’s test. (E and F) Two-
way ANOVA followed by Tukey’s test. (B–D) n = 5 for SHM F/F, SHM KO, 
and IRI KO; n = 6 for IRI F/F. (E) n = 6 for IRI F/F, SHM KO, and IRI KO; n 
= 7 for SHM F/F. (F) n = 6 mice for SHAM F/F, IRI 24 hours F/F, and IRI 
24 hours KO; n = 5 for SHAM KO. Between 1400 and 2500 tubules were 
analyzed per group (E and F).

Figure 9. Activation of P2Y14 in ICs triggers renal inflammation leading to PT injury. 
Renal ischemia induces the release of UDP-Glc from injured cells. UDP-Glc reaches the 
collecting duct lumen, where it binds P2Y14 located on the apical membrane of ICs. ICs 
then produce proinflammatory chemokines (PICs), which attract circulating neutrophils and 
monocytes from the blood vessel into the kidney stroma. Neutrophils and monocytes clog 
the microvasculature, and extravasated cells attack PT cells, creating additional injury.
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At the end of the experimental period, mice were 
anesthetized with pentobarbital (60 mg/kg body, i.p.), 
and a blood sample was collected from the left cardiac 
ventricle. Mice were perfused via the left cardiac ven-
tricle with PBS until kidneys were cleared of blood. The 
left kidney artery was clamped, and the left kidney was 
harvested and processed for flow cytometry analysis. 
The perfusion continued with paraformaldehyde- lysine-
periodate fixative (PLP) as previously described (72). 
The right kidney was used for histopathology and immu-
nofluorescence analysis.

UDP-Glc measurement by LC-MS/MS. UDP-Glc con-
centration was measured in mouse urine samples using 
the LC-MS/MS method performed at the Small Molecule 
Mass Spectrometry Facility, Faculty of Arts and Sciences, 
Harvard University (Cambridge, Massachusetts, USA). 
The parameters used are listed in Supplemental Methods.

Isolation of EGFP+ ICs from B1-EGFP mice, RNA extraction, and 
RNA-Seq. Isolation of EGFP+ ICs from the renal medulla of B1- EGFP 
mice was performed as we previously described (72). The RNA of 
EGFP+ ICs from SHAM or IRI animals was isolated using a Pico-
RNA Kit (Thermo Fisher Scientific). Each sample was obtained using 
2 kidneys (from 2 mice). RNA-Seq libraries were prepared using the 
Clontech SMARTER Kit v4, followed by sequencing on an Illumina 
HiSeq2500 instrument. Transcriptome mapping was performed with 
STAR (73) using the Ensembl annotation of mm9 reference genome. 
Read counts for individual genes were produced using HTSeq (74). 
Differential expression analysis was performed using the EdgeR pack-
age (75) after normalization of read counts and inclusion of only those 
genes with counts per million greater than 1 for one or more samples. 

4-[4-(4-piperidinyl)phenyl]-7-[4-(trifluoromethyl)phenyl]-2-naph-
thalenecarboxylic acid hydrochloride (PPTN-HCl; Tocris, cata-
log 4862) or vehicle (DMSO). Mice were divided into 4 groups 
(SHAM-DMSO, SHAM-PPTN, IRI-DMSO, and IRI-PPTN). For the 
2-hour time point, mice were treated via a single injection through 
the tail vein, and for the 24-hour and 48-hour time points, they were 
treated via osmotic minipumps (ALZET) implanted subcutaneously 1 
day before the day of IRI surgery.

On the day of bilateral IRI surgery, mice were anesthetized with 
isoflurane and the kidneys were exposed through flank incisions. The 
renal pedicle was clamped with an atraumatic vascular clip during 35 
minutes. After the IRI surgery, animals were placed back into metabolic 
cages and allowed to recover for 2 hours, 4 hours, 24 hours, or 48 hours.

Figure 10. Elevated UDP-Glc urinary levels are asso-
ciated with AKI in ICU and cardiac surgery patients. 
(A) Average peak urinary UDP-Glc concentration in ICU 
patients with AKI (ICU-AKI, n = 12) and without AKI (No 
AKI, n = 23). Significantly higher UDP-Glc concentration 
was detected in patients who developed AKI versus 
patients who did not. (B) Average peak urinary UDP-Glc 
concentration in cardiac surgery patients with AKI 
(CS-AKI, n = 6) and without AKI (No AKI, n = 20). Sig-
nificantly higher UDP-Glc concentration was detected 
in patients who developed AKI versus patients who did 
not. (C) Receiver operating characteristic (ROC) curve 
for the diagnosis of AKI (stages 1, 2, and 3 combined) in 
ICU patients. Peak UDP-Glc levels versus the higher AKI 
stage for each patient were compared. (D) ROC curve 
for the diagnosis of AKI (stages 1, 2, and 3 combined) 
in cardiac surgery patients. Data are expressed as 
median ± IQR for continuous variables from a cohort 
of 35 patients. (A and B) Statistical analysis was 
performed using Wilcoxon’s rank-sum test, χ2 test, and 
Fisher exact test. (C and D) A χ2 test was performed 
to compare the area under the ROC curve (AUC) with 
that of an intercept-only model, which has an AUC of 
0.5. Two-sided P values less than 0.05 were considered 
statistically significant.

Table 1. Patient characteristics

All patients AKI No AKI P value
n = 35 n n = 12 n = 23

Age, years 73 (63, 82) 78 (71, 86) 68 (63, 82) 0.08
Female (%) 9 (26%) 1 (8%) 8 (35%) 0.22
White (%) 34 (97%) 12 (100%) 22 (96%) 1.00
Reason for ICU admission (%) 0.04

Cardiac surgery 26 (74%) 6 (50%) 20 (87%)
Sepsis 5 (14%) 3 (25%) 2 (9%)
Other 4 (11%) 3 (25%) 1 (4%)

Baseline creatinine, mg/dL 1 (0.9, 1.3) 1.2 (1.0, 1.6) 0.9 (0.8, 1.1) 0.04
Peak creatinine, mg/dL 1.1 (0.9, 1.5) 1.8 (1.4, 2.8) 0.9 (0.8, 1.1) <0.001

Continuous variables are presented as median (IQR).
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The percentage of intact, moderately damaged, and very damaged 
renal tubules was quantified in H&E-stained sections, and the percentage 
of intact, moderately damaged, and very damaged PTs was quantified in 
AQP1-labeled sections by 2 investigators who were blinded to the study. 
The following AQP1 staining patterns were used: Intact PTs were iden-
tified when AQP1 was located in the brush border and basolateral mem-
brane. A complete loss of AQP1 polarity with absent apical and basolater-
al staining indicated very damaged PTs. A partial redistribution of AQP1 
with basolateral staining still visible but loss of apical staining indicated 
moderately damaged PTs. The number of apoptotic cells was quantified 
by counting of the number of cells positive for cleaved caspase-3 per area 
of tissue (16,900 μm2) in deidentified samples by 2 people.

ICU patient pilot study. This prospective pilot study was conduct-
ed at Massachusetts General Hospital. Exclusion criteria were age 
under 18 years, pregnancy, long-term or acute dialysis, and organ 
transplantation within the prior year. Written informed consent was 
obtained from all study participants. Medical records were reviewed 
prospectively to retrieve baseline demographic characteristics and 
preoperative clinical and laboratory variables, including serial sCr 
measurements. Urine samples were freshly collected daily, and collec-
tion started the time of arrival at the ICU for the patients not requiring 
cardiac surgery, or before surgery for the cardiac surgery group.

Urine samples were centrifuged to remove cells and cell debris, 
and urinary aliquots were stored at –80°C until assayed. Urinary UDP-
Glc concentration was measured using the UDP-Glc pyrophosphory-
lase–catalyzed conversion of UDP-Glc and 32P-labeled pyrophosphate 
(32PPi) to [32P]UTP and glucose-1P, as previously described (43, 76), 
and as detailed in Supplemental Methods.

Statistics. The numeric data were analyzed using GraphPad Prism 
(version 8; GraphPad Software). Data were analyzed using Student’s t 
test (2 tailed), 1-way ANOVA, or 2-way ANOVA followed by Tukey’s or 
Dunnett’s post hoc tests. A P value less than 0.05 was considered signif-
icant. Data were expressed as the means ± SEM. For each set of data, at 
least 4 different animals were examined for each condition. Collection, 
analysis, and interpretation of data were conducted by at least 2 inde-
pendent investigators, who were blinded to the study.

Patient characteristics were described as median ± IQR for 
continuous variables, and counts and percentages for categorical 
variables. The differences between patients who developed AKI 
and those who did not were compared using Wilcoxon’s rank-sum 
test, χ2 test, and Fisher exact test, as appropriate. We also drew the 
ROC curves for all patients, and for cardiac surgery patients (77). 
A χ2 test was performed to compare the area under the ROC curve 
(AUC) with that of an intercept-only model, which has an AUC of 
0.5. Analyses were conducted using SAS 9.4, and 2-sided P values 
less than 0.05 were considered statistically significant.

Study approval. All preclinical procedures were approved by the 
Massachusetts General Hospital (MGH) Subcommittee on Research 
Animal Care and were performed in accordance with the NIH Guide 
for the Care and Use of Laboratory Animals (National Academies Press, 
2011; protocol 2015N000016). The patient pilot study was approved 
by the MGH IRB (protocol 2015P000511).
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Differentially expressed genes were defined based on the criteria of 
more than 2-fold change in expression value, P less than 0.05, and 
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used to obtain differential gene expression. RNA-Seq data sets from 
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Isolation of CD117+CD45– ICs. Renal medulla single-cell sus-
pensions were generated from B1Cre+ P2ry14fl/+ mice (IC KO) and 
B1Cre– P2ry14fl/+ mice (IC F/F; controls), as described in Supplemental 
Methods for the EGFP+ IC isolation procedure. Cell suspensions were 
incubated with anti-mouse antibodies (1:100) against PE/Cy7-CD117 
(clone 2B8) and BV711-CD45 (clone 30-F11). Antibodies were pur-
chased from BD Biosciences, FACS isolation of CD117+CD45– ICs from 
the renal medulla was performed at the Harvard Stem Cell Institute–
Center for Regenerative Medicine Flow Cytometry Core. The RNA of 
CD177+CD45– ICs was isolated using a PicoRNA Kit (Thermo Fisher 
Scientific). Each sample was obtained using 2 kidneys (1 mouse).

Proinflammatory molecule expression in EGFP+ ICs by qPCR. EGFP+ 
ICs were isolated by FACS from B1-EGFP mice 2 hours, 4 hours, and 24 
hours after IRI or sham surgery, and total RNA was isolated from EGFP+ 
cells as described in Supplemental Methods. cDNA was synthesized 
from 1000 pg RNA using the SuperScript VILO cDNA Synthesis Kit 
(Invitrogen) according to the manufacturer’s instructions. Quantitative 
real-time PCR was performed using the Power SYBR Green PCR Mas-
ter Mix (Life Technologies) and primers listed in Supplemental Table 4. 
Results are reported as mean ± SEM using the formula –ΔCt = –[Ct target 
gene – Ct control gene Gapdh]. Relative expression is derived from 2–ΔΔCt, 
where –ΔΔCt = ΔCt treated group – mean of ΔCt control group.

PPTN measurement. The urine concentration of PPTN was quan-
tified by LC-MS/MS at the Small Molecule Mass Spectrometry Facil-
ity, Faculty of Arts and Sciences, Harvard University, as described in 
detail in Supplemental Methods.

Flow cytometry analysis. Renal medulla single-cell suspensions 
were generated as described previously (72) and in Supplemental 
Methods. Cell suspensions were incubated with anti-mouse antibod-
ies (1:100) against PE/Cy7-F4/80 (clone BM8), BV711-CD45 (clone 
30-F11), APC/Cy7-CD11b (clone M1/711), FITC-LY6C (clone AL-21), 
PE-LY6G (clone 1A8), and Alexa Fluor 647–CD64 (clone X54-5/7.1). 
Antibodies were purchased from BD Biosciences or BioLegend.

Measurement of urinary and serum markers of kidney function. 
Whole-blood samples were allowed to clot 30 minutes at room tem-
perature before centrifugation at 4000 g for 10 minutes for collection 
of serum. Blood urea nitrogen (BUN) and serum creatinine (sCr) were 
measured using a Heska DriChem 7000 chemical analyzer (http://
www.heska.com/product/element-dc5x), and urine creatinine and 
microalbuminuria were measured using the DCA Vantage Analyz-
er (Siemens Healthineers), available at the Center for Comparative 
Medicine of Massachusetts General Hospital. Urinary KIM-1 concen-
tration was measured using the mouse KIM-1 ELISA (R&D Systems, 
catalog MKM100).

Immunocytochemistry (H&E) and immunofluorescence. PLP-fixed 
kidney slices were processed for cryosectioning, immunocytochem-
istry, and immunofluorescence. Kidney sections were labeled using 
H&E, phalloidin (marker of F-actin), and antibodies against AQP1 
and megalin (PT markers), V-ATPase B1 subunit (IC marker), N-elas-
tase and Ly6G (neutrophil markers), and cleaved caspase-3 (apoptotic 
marker), as described in detail in Supplemental Methods.
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