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We report an enzyme-activated fluorescence based probe (NHPO)
for the selective detection of N-acetyl-p-p-glucosaminidase (NAG)
activity in a drug-induced kidney injury mice model and NAG level
in crude human urine. We used NHPO to explore the biological
functions of NAG and provide a reference for the prognosis and
prediction of proximal renal tubular dysfunction associated with
various kidney diseases.

Chronic kidney disease (CKD), acute renal failure (ARF) and
terminal-stage renal disease are common in hospitalized patients
and increase the risks of morbidity and mortality. Most kidney
injury is associated with complications of type 2 diabetes mellitus
(DM)! or induced kidney injury by drugs® such as cisplatin.®
Therefore, there is an urgent unmet need for the early diagnosis
of both drug-induced kidney injury and that caused by disease
complications such as diabetes mellitus, hypertension® etc. Over
20 biomarkers as an early clinical index of kidney injury have
been studied both in blood and urine,’ such as urinary albumin,
neutrophil gelatinase-associated lipocalin (NGAL), interleukin-18
(IL-18), kidney injury molecule-1 (KIM-1) and liver-type fatty acid-
binding protein. However, these biomarkers still face numerous
challenges as clinical indicators for the diagnosis of renal injury
due to difficult quantification and detection. The proximal tubule
(PT) part of the kidney nephron, is a vital portion of the duct
system that can efficiently regulate pH values of the urine by
exchanging hydrogen ions in the interstitium for bicarbonate
ions. It is also responsible for secreting organic acids, such as
creatinine and other bases, into the urine filtrate. The proximal
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tubular epithelial cells (PTECs) participate in the progression of
tubulointerstitial injury with a pivotal role in various kidney
diseases. Therefore, it is essential to detect in real-time PTECs
during the development and progression of kidney injury in a
clinical environment.

N-Acetyl-B-p-glucosaminidase (NAG) has gained significant
attention since its clinical implications in the sensitive detection and
accurate prediction of kidney injury.® NAG is mainly distributed in
the cytoplasm of the proximal tubular cell and plasma NAG cannot
be filtered through the glomerulus due to its high molecular weight
(130 kDa). However, during renal tubule injury, the proximal tubular
cell exclusively secretes NAG resulting in a significant increase of
NAG in the urine.”

A commercial assay kit has been developed to assay the NAG
activity in the clinic using a colorimetric method.® However, in
many cases this assay method is infeasible due to low sensitivity,
significant background interference and laborious measurement
procedure. Therefore, it is essential to develop an effective method
for real-time NAG activity monitoring in complex biological
systems. Over recent years fluorescent probes have received
considerable attention for rapid and sensitive diseases diagnosis
due to their numerous advantages, such as high sensitivity, real-time
detection, high spatiotemporal resolution, non-invasive monitoring
and use in living systems.” Relatively few fluorescent probes had
been developed for the detection of NAG in tumours.'® Additionally,
a fluorescence based NAG assay for precision diagnosis of kidney
injury is not currently available.

In our current research, we developed an enzyme-activated
fluorescent probe NHPO possessing excellent selectivity and
sensitivity toward NAG. Resorufin (HHPO) was chosen as the
fluorophore due to its long wavelength emission, high fluorescence
quantum yield, good water solubility, and efficient tuning of the
electrondonating ability via alkylation of the 7-hydroxy group. Due to
favourable ICT (intramolecular charge transfer) properties, HHPO
derivatives always display extremely low background, and the
fluorescence intensity can be modulated by removing substituents
from the hydroxyl group, affording high detection sensitivity for
enzyme activity.'" Furthermore, NHPO can be successfully applied to
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Scheme 1 Chemical structure of NHPO and the mechanism of NAG
detection.

sense endogenous NAG in a cisplatin-induced kidney injury mice
model,"? and for detecting NAG levels in crude human urine. More
importantly, we evaluated the importance of NAG for the early
diagnosis of renal injury and proximal tubule cells, as a diagnostic
marker that can be used as a practical molecular tool for precision
diagnostics in the kidney injury unit.

The fluorescence changes of NHPO after incubating with
NAG were observed, as shown in Fig. S1 (ESIT) and compared
with the negative control (without NAG), a dramatic spectral
increase at 575 nm and distinct colour change from light yellow
to pink (Scheme 1), were observed after addition of the NAG
isoform, in addition a prominent fluorescence emission was
also detected at 598 nm. The influence of pH on the fluores-
cence intensity of NHPO and its metabolite HHPO was inves-
tigated, as shown in Fig. S2 (ESIt), the metabolite HHPO has a
stable fluorescence intensity from pH 7.0-12.0; additionally, we
investigated the effects of pH on the fluorescence of NHPO
reacting with NAG (Fig. S3, ESIt), the results indicate that
NHPO has excellent compatibility with NAG under physio-
logical conditions (about pH 7.4 and 37 °C). Furthermore, the
fluorescence intensity was linear with increasing NAG enzyme
from 0-7 pg mL~'. (Fig. Sic and d, ESIf). Additionally, as
shown in Fig. S4 (ESIf), a new chromatographic peak in the
HPLC was detected after incubating with NAG which was
identified as resorufin (HHPO) using HPLC and ESI-MS/MS
analysis. These results confirmed that NHPO could act as a
turn-on fluorescence based probe for the rapid detection of
NAG under physiological conditions.

The selectivity of NHPO towards NAG was investigated, as
shown in Fig. S5 (ESIT), only NAG could trigger the hydrolysis
reaction to produce a significant fluorescence emission at 598 nm,
other hydrolase enzymes including Ls, o-GLC, Cas, PaK, CE1b, CElc,
CE2, BSA, B-Gla, GLU and B-GLC have no influence on the fluores-
cence intensity of NHPO. Additionally, some common endogenous
substance and metal ions including myristic acid, Ser, Trp, Glu, Gly,
Cys, Arg, Cys, Lys, GIn, GSH, glucose, Mn**, Ca®*, Mg**, Ni**, Zn*",
sn*, K', cu*, Fe*’, Na' and Ba®" all have no effect on the
fluorescence intensity of NHPO. These results demonstrate that
NHPO can serve as a highly sensitive and selective probe to detect
the bioactivity of NAG in complex biological systems.

In order to reveal the key role of NAG in the diagnosis of
kidney injury, a kidney injury model was developed in C57 BL/6
mice using cisplatin. As shown in Fig. 1, after pre-treatment
with cisplatin, the urea nitrogen (BUN) and serum creatinine
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Fig. 1 The activity of (a) BUN, (b) sCr, (c) NAG in the urine of C57BL/6
mice which were treated with cisplatin; (d) the western blot of Albumin in
urine; (e and f) the hematoxylin—eosin staining of paraffin section kidney
tissues in normal (e) and cisplatin treatment group (f), respectively.

(sCr) levels exhibited a significantly larger increase than that of
a control group (BUN 2.9 fold and sCr 4.3 fold). Furthermore,
the western blot detected albumin in the mouse urine after
treatment with cisplatin (Fig. 1d), all of which suggested that
cisplatin could induce significant kidney injury.

Therefore, the NAG activity in urine was assayed using NHPO, as
shown in Fig. 1c, and the results indicated a significant increase in
NAG activity for the urine of the cisplatin-treated group, which was in
agreement with the classic evaluation method (BUN and sCr) for
kidney injury. Lastly, kidney specimens at a thickness of 10 pm were
subjected to hematoxylin—eosin staining and Periodic Acid Schiff
(PAS) staining,"® As shown in Fig. le, f and Fig. S6 (ESIt), after
treatment with cisplatin, significant kidney damage in the proximal
glomerular tubule was observed. All of the above results clearly
indicated that NAG could serve as a biomarker in urine for
evaluating kidney injury and the function change of kidney
proximal glomerular tubule, with NHPO acting as a rapid screening
tool that could efficiently and sensitively diagnose kidney injury by
measuring urine NAG activity.

In order to confirm that NHPO can be used to monitor the
activity of endogenous NAG in human urine, a correlation study
was performed between NHPO and the commercial kit, as
shown in Fig. 2, NAG activity in 12 human urine samples
measured by NHPO was consistent with the commercial kit with
an r value of 0.98, which also indicates that NHPO exhibited
excellent selectivity for human NAG. Next, 58 urine samples from
renal injury patients (n = 28) and healthy individuals (n = 30)
were measured by NHPO, NAG activity of patients with varying
degrees of kidney injury all exhibited much higher (about 8.2
fold, calculated by the mean values) in urine than that of healthy
individuals. These results indicated NHPO could serve as a novel
tool for clinical diagnosis of human kidney injury using real-time
monitoring of the endogenous NAG activity in urine.

Fluorescence imaging of endogenous NAG in living kidney
cells was evaluated. Firstly, NHPO displayed no cytotoxicity at
various concentrations up to 50 uM using a CCK-8 assay. Next, as
shown in Fig. S7d (ESIf), after incubation of NHPO with HK-2
cells for 1 h at 37 °C, the cells were imaged at an excitation
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Fig. 2 (a) Correlation analysis (n = 12) between NAG activity measure-

ment by NHPO and a commercial NAG assay kit; (b) the NAG activity in
several urine samples including healthy individuals and Kidney injury
patients. Data points represent the mean value of triplicate experiments
for samples that were incubated at 37 °C for 1 h.

wavelength of 561 nm and an obvious signal was detected in the
570-620 nm channel, by contrast, the control cells exhibited no
fluorescence (Fig. S7a, ESIT). These results indicated that NHPO
had good cell permeability and exhibits a hydrolysis process
triggered by NAG. Identical fluorescence images were also
obtained with NRK-52e (rat renal proximal tubule epithelial cell
line) and MCT (mouse renal proximal tubule cell line), respec-
tively (Fig. S8 and S9, ESIY).

Moreover, after knocking down the expression of NAG in
HK-2 cells by siNAG transfection, the expression of intracellular
NAG was evaluated by western blotting and NHPO, respectively.
As shown in Fig. 3, the expression of NAG in siNAG transfected
HK-2 cells had a sharp decrease; compared to the control group,
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Fig. 3 Fluorescence, bright field and merged image of HK-2 (a—c) and
siNAG transfected HK-2 cells (d—f) incubated with NHPO (50 uM); (g) the
quantitative analysis of the NAG fluorescence intensity in HK-2 and siNAG
transfected HK-2 cells; (h) the protein level expression of NAG in HK-2
cells and siNAG transfected HK-2 cells. The scale bar is 25 pm.
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Fig. 4 Fluorescence imaging of NAG (a) and immunofluorescence
images of AQP1 (b) for tissue slices of mice kidney, respectively. (c) The
merge of NAG and AQP1; (d) merged images of NAG, AQP1 and DAPI for
cell nuclei. The scale bar is 100 um.

the siNAG transfected group exhibited a significantly suppressed
fluorescence signal after incubation with NHPO. This fluores-
cence decrease was due to the down-regulation of NAG expres-
sion, and further illustrated that NHPO is capable of real-time
imaging of endogenous NAG in living systems.

Fresh kidney specimens were collected and prepared at a
thickness of 10 pm using a cryostat microtome, and subjected
to NHPO for imaging of NAG, additionally, an immunohisto-
chemical staining with Aquaporin 1 (AQP1, a well-known marker of
the proximal tubule) was also performed, as shown in Fig. 4a, the
red signal produced by NHPO was distributed around the proximal
tubule which was consistent with the immuno-histochemical
staining by AQP1 (Fig. 4b). A whole tube was observed in the red
channel after incubation with NHPO, and these results indicate
that NAG is specifically expressed in the proximal tubule. Therefore,
these findings confirm that NHPO can serve as a useful approach
for imaging NAG activity in specific kidney units (proximal
tubule, PT), and might be used for clinical diagnosis of PT
damage in various kidney diseases.

According to the experimental observation mentioned above, we
collected and prepared the cells in urine from kidney injury
patients and healthy individuals, NHPO was used for fluorescence
imaging and to diagnose whether proximal tubule injury had
occurred in the patients who had kidney disease. In our work, very
few cells were detected for the healthy individual (Fig. S10, ESIT);
however, a lot of different cell types were detected in the patients’
urine. Furthermore, as shown in Fig. 5a-c, no fluorescence
background was detected for the cells separated from urine.
Interestingly after incubating with NHPO, ill-1 displayed no fluores-
cence response in the fluorescence channel (570-620 nm), however,
for ill-2, some cells exhibited a significant fluorescence signal in the
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Fig. 5 Fluorescence imaging of cells obtained from the urine of different
kidney disease patients after incubation with NHPO (50 uM); (a—-d) the
fluorescence background of cells; (e—h) the imaging of ill-1 patient; (i-l)
the imaging of ill-2 patient. The scale bar is 50 pm.

570-620 nm channel. Based on the above results, these cells were
confirmed to be proximal tubule epithelial cells. Thus, patient ill-2
might have a proximal tubule injury as part of their kidney disease.
These results indicate that NHPO could serve as an efficient tool to
diagnose and discover PT injury in kidney disease.

In summary, a new enzyme-activated probe NHPO exhibit-
ing excellent selectivity and sensitivity for endogenous NAG
activity has been developed. The results indicate that NHPO
could be used for detecting and imaging endogenous NAG in a
cisplatin-induced kidney injury mice model with low cyto-
toxicity and preferred cell penetration. Importantly, using this
probe, we revealed the much higher levels of NAG in urine of
renal injury patients than from a healthy group, which strongly
suggests that NAG could be used as a clinical marker for the
early diagnosis of renal injury. Furthermore, NHPO could
successfully image proximal tubule cells in order to achieve
real-time precision diagnostics of the dysfunction of the proximal
renal tubules in kidney injury.
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