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d theragnostic prodrug strategy
towards chronic renal failure†

Yihe Song, ‡a Xinming Li, ‡a Donglei Shi, ‡ab Tianyue Sun, a Wenwen Liu, c

Xiaokang Li, a Sicong Qiao, a Xin Chen, a Yuan Guo *b and Jian Li *acde

Selective elimination of senescent cells (senolysis) has become a promising therapeutic strategy for the

management of chronic renal failure (CRF), but the senolytic molecular pathways towards CRF therapy

are limited. Here, we present for the first time a senescence-associated b-galactosidase (SA-b-gal)

activatable theragnostic prodrug strategy to pertinently and effectively treat CRF in mice with the aid of

fluorescence-guided senolysis. The signs of premature senescence, including the overexpression of b-

gal, have been found in kidneys of mice with CRF, making this enzyme particularly suitable as a trigger of

prodrugs for CRF therapy. With this unique design, our pioneering prodrug TSPD achieved the activation

of a fluorophore for tracking and the specific release of the parent drug, gemcitabine, in b-gal-enriched

cells after activation with SA-b-gal. In mice with CRF, abdominal administration of TSPD was effective for

improvement of the kidney functions, supporting the feasibility of the SA-b-gal-dependent senolysis

therapy towards CRF.
Introduction

Chronic renal failure (CRF), also termed chronic kidney disease,
is marked by a progressive decline in the renal structure and
function, which ultimately leads to the need for kidney trans-
plantation therapy.1,2 CRF has become a global pandemic that
affects at least 10% of the population worldwide and results in
millions of deaths every year.3,4 In recent decades, the morbidity
and mortality rate of CRF have been increasing in aged pop-
ulation, especially in those suffering from age-related diseases,
such as diabetes and hypertension.5 Acute kidney injury (AKI),
a sudden loss of kidney excretory function, has been proposed
to be a great risk of kidney damage and progression of CRF, and
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the abnormal repair aer AKI will further affect kidney func-
tions in humans.6–9 Furthermore, oxidative stress and prema-
ture cellular senescence occur in kidneys aer injury,
particularly in those of patients with CRF.10–12 Under physio-
logical conditions, transient development of senescence is
considered to be a safeguard to prevent the accumulation of
damaged cells and the occurrence of cancer,13,14 whereas the
abnormal accumulation of senescent cells (SNCs) caused by
premature senescence is detrimental to renal functions and can
even lead to organ failure.15,16 This is considered to be caused by
the damage of surrounding normal cells by proinammatory
cytokines and chemokines secreted by non-functional SNCs,
termed senescence-associated secretory phenotypes (SASPs).17,18

As such, the selective death induction of SNCs (senolysis)
increasingly becomes a pharmacological approach to alleviate
these pathologies associated with the accumulation of SNCs.19

Experiments in mice support that the administration of seno-
lytic drugs (senolytics), such as ABT-263 or the dasatinib/
quercetin cocktail, can ameliorate chronic renal disease and
promote kidney repair aer AKI.20,21 Obviously, SNCs have
become an emerging therapeutic target for the treatment of
CRF, and the challenge then becomes how to create effective
molecular pathways for senolysis-based CRF therapy.

Since signs of senescence have been found in kidneys of
mice with CRF, hallmarks of cellular senescence are also suit-
able for identifying CRF. So far, a series of senescence
biomarkers have been proposed, such as p16INK4A, lamin B1,
p53, p21, gH2AX, senescence-associated b-galactosidase (SA-b-
gal) and so on.22–25 Among them, SA-b-gal, the most reliable
protein marker, has been widely used in vitro and in vivo for the
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d2sc03525a&domain=pdf&date_stamp=2022-10-17
http://orcid.org/0000-0001-6127-0563
http://orcid.org/0000-0002-1304-1499
http://orcid.org/0000-0002-3934-5650
http://orcid.org/0000-0002-9080-3215
http://orcid.org/0000-0002-1374-6069
http://orcid.org/0000-0001-8154-551X
http://orcid.org/0000-0002-1418-3077
http://orcid.org/0000-0003-2931-2158
http://orcid.org/0000-0003-2081-7264
http://orcid.org/0000-0002-7521-8798
https://doi.org/10.1039/d2sc03525a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc03525a
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC013040


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 3

/1
4/

20
26

 1
1:

07
:4

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
recognition of different types of SNC.26 Of note, this enzyme
located in lysosomes has proved to be overexpressed in aging
and CRF kidney tissues,27 making it particularly suitable as
a trigger of prodrugs for CRF treatment. SA-b-gal is able to
specically hydrolyze the b-galactosidic bond of its substrates,28

paving the way for researchers to design various chemical tools
such as uorescent probes and prodrugs to target SNCs. Up to
now, dozens of b-galactosidase (b-gal) activable uorescent
probes have been constructed to identify SNCs.29–37 The recent
years have also witnessed a rapid development of b-gal activable
prodrugs as senolytics for the treatment of age-related
diseases.38–42 However, to the best of our knowledge, ther-
agnostic prodrugs capable of senolysis and identifying SNCs are
rarely reported, and there is no research on the construction of
SA-b-gal activable prodrugs as senolytics for the treatment of
CRF.

To this end, we now report a new pharmacological strategy
for senolysis towards CRF therapy. With an eye toward the
ability of integrated uorescence imaging and senolysis, a SA-b-
gal activatable theragnostic prodrug TSPD was developed and
used to treat CRF post-AKI for the rst time. Three functional
moieties were included in the design of TSPD (Scheme 1). First,
the coumarin skeleton with good biocompatibility was adopted
to serve as the uorescence carrier. Second, into the skeleton,
we installed a b-galactosidic bond, which can be selectively
triggered by SA-b-gal, to achieve targeting and to quench uo-
rescence by blocking the intramolecular charge transfer (ICT)
process occurring from the hydroxyl group. TSPD was nally
obtained by introducing a prodrug structure with potential
ability to release gemcitabine, a clinically used cytotoxic drug
with potency toward SNCs.41 TSPD can be selectively activated
by SA-b-gal, resulting in the sequential release of both
Scheme 1 Synthetic route for TSPD. Reagents and conditions: (a)
C2H5CO2Na, (C2H5CO)2O, triethylamine, 170 �C, and 10 h. (b) (1) NBS,
AIBN, CCl4, 85 �C, and 12 h; (2) NaOAc, CH3COOH, 120 �C, and 12 h;
(3) HCl, r.t., and 12 h. (c) NaBH4, MeOH, 0 �C, and 2 h. (d) 2,3,4,6-tetra-
O-acetyl-a-D-galactopyranosyl bromide, Ag2CO3, HMTTA, dry
CH3CN, r.t., and 4 h. (e) 4-Nitrophenyl chloroformate, DIPEA, dry
pyridine, THF, N2, 0 �C, and 1 h. (f) (1) LiHMDS, N2, dry THF,−78 �C, and
30 min; (2) dry THF, r.t., and 30 min. (g) (1) TBAF, dry THF, r.t., and
30 min; (2) CH3ONa, dry CH3OH, 0 �C, and 10 min.

© 2022 The Author(s). Published by the Royal Society of Chemistry
uorophore for uorescence imaging and free gemcitabine for
chemotherapy. During this process, an active methylene ben-
zopyrandione (MBP) intermediate was produced and was able
to bioorthogonally form a covalent bond with the nucleophilic
residue of surrounding proteins by an addition reaction. Such
a design gives TSPD the ability to recognize SNCs at single-cell
resolution and selectively eliminate b-gal-overexpressed cells
whether transfected or senescent. Our in vivo studies conrm
that TSPD can attenuate the degree of kidney injury and
improve kidney function aer AKI in mice through senolysis,
supporting TSPD as a promising therapeutic drug for the
management of CRF.
Results and discussion
Synthesis and characterization of TSPD

The synthetic route for the theragnostic-senolytic-prodrug TSPD
is depicted in Scheme 1. Compounds 1 and 2 were synthesized
according to previously reported methods.43,44 The uorophore
3 was afforded by reducing compound 2 with NaBH4 and was
then reacted with commercially available 2,3,4,6-tetra-O-acetyl-
a-D-galactopyranosyl bromide to give 4. Compound 4 was then
reacted with 4-nitrophenyl chloroformate and N,N-diisopropy-
lethylamine (DIPEA) to give a reactive intermediate compound
5, which was successively reacted with TBSGem to yield
compound 6. Finally, our desired prodrug TSPD was obtained
as a light-yellow solid by removal of the tert-butyldimethylsilyl
(TBS) and acetyl group of the compound 6. The detailed
synthetic procedures and original spectra are provided in the
ESI.†
Spectroscopic response of TSPD toward b-gal

With the prodrug in hand, we rst examined the spectral
response of TSPD to E. coli b-gal, a bacterial enzyme widely used
as an in vitro model of SA-b-gal. UV and uorescence spectra
were recorded under physiological conditions (37 �C, pH 7.4,
10 mmol L−1 phosphate buffer solution, PBS). As shown in
Fig. 1A, the absorption bands of TSPD and compound 3 were
centered at 294 nm and 324 nm, respectively. Aer incubation
of TSPD with E. coli b-gal for 15 min, the absorption spectrum
showed two new absorption peaks appearing at 272 nm and
324 nm. Upon the addition of E. coli b-gal, the uorescence
spectrum also changed, and about a 250-fold enhancement in
emission intensity centered at 456 nm was observed, also the
maximum emission wavelength of compound 3 occurred when
excited at 360 nm (Fig. 1B). These results suggest that the
coumarin uorophore can be released aer activation by b-gal.
In addition, the time and concentration-dependent uores-
cence enhancement of TSPD on the addition of E. coli b-gal were
also investigated. As shown in Fig. 1C and D, the uorescence
intensity at 456 nm increased time-dependently and reached
a plateau within 15 min. Upon stepwise addition of E. coli b-gal
(0–5 U mL−1), the uorescence intensity at 456 nm increased
concentration-dependently until reaching a saturation point at
5 U mL−1. In addition, we performed the enzyme kinetics assay
for the b-gal-catalyzed reaction (Fig. S1†). The catalytic efficiency
Chem. Sci., 2022, 13, 11738–11745 | 11739
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Fig. 2 (A) Proposed activation mechanism of TSPD. (B) HPLC analysis
of TSPD (50 mM) in the presence of E. coli b-gal (0.1 UmL−1) at 37 �C for
0–30 min (eluent A, MeOH; eluent B, water; 0–30 min, A/B ¼ 10/90–
80/20; flow rate ¼ 1.0 mL min−1). (C) Release of gemcitabine from
TSPD in the presence of different concentrations of E. coli b-gal. (D)
Fluorescence imaging (left) and Coomassie blue staining (right) of
SDS-PAGE gel. TSPD (20 mM) was incubated with proteins at 37 �C for
0.5 h. 1, TSPD + E. coli b-gal (1 UmL−1) + BSA (1 mgmL−1); 2, TSPD + E.
coli b-gal (1 U mL−1); 3, TSPD; lex ¼ 365 nm.

Fig. 1 (A) Absorption spectra of TSPD (10 mM), compound 3 (10 mM)
and TSPD (10 mM) after incubation with E. coli b-gal (1 U mL−1) at 37 �C
for 15 min. (B) Fluorescence spectra of TSPD (10 mM), compound 3 (10
mM) and TSPD (10 mM) after incubation with E. coli b-gal (1 U mL−1) at
37 �C for 15min. (C) Time dependent fluorescence spectra of TSPD (10
mM) after incubation with E. coli b-gal (1 U mL−1) at 37 �C. Inset:
changes in fluorescence intensity at 456 nm as a function of time after
E. coli b-gal (1 U mL−1) treatment. (D) Fluorescence spectra of TSPD
(10 mM) after incubation with E. coli b-gal (0–5 U mL−1) at 37 �C for
15 min. Inset: changes in fluorescence intensity at 456 nm as a func-
tion of the E. coli b-gal concentration. (E) Fluorescence spectra and (F)
fluorescence intensity at 456 nm of TSPD (10 mM) upon incubation
with E. coli b-gal and other various biological analytes. (lex ¼ 360 nm,
slit: 5 nm/5 nm, PMT: 500 V) (n ¼ 3).
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constant (kcat/Km) was calculated using the Michaelis–Menten
equation and was found to be 0.98 mM−1 s−1 (kcat ¼ 23.95 s−1,
Vmax ¼ 0.103 mM s−1). These results indicate that TSPD has
rapid response ability and high sensitivity to b-gal.

Good anti-interference capability is very important for ther-
agnostic prodrugs to target cellular enzymes in a complex
environment. To assess whether other biologically relevant
substances affect the uorescence response of TSPD toward E.
coli b-gal, we incubated TSPD with various possible cellular
interferent analytes, including Na+, K+, Mg2+, Al3+, HCO3

−,
NO2

−, H2O2, L-cysteine, lysozyme, carboxylesterase, pepsase,
trypsase and cellulase. As depicted in Fig. 1E and F, for TSPD,
signicant uorescence change at 456 nm can only be observed
in the presence of E. coli b-gal, while there is no obvious
enhancement for other potential interferents, conrming the
high selectivity of TSPD toward b-gal.

Considering that SA-b-gal showed good enzyme activity at pH
up to 6.0,45 we subsequently evaluated the reaction of TSPD with
E. coli b-gal in different pH values from 2.0 to 9.0. Fig. S2† shows
the relationship between the uorescence intensity at 456 nm
and the environmental pH. The uorescence intensity of TSPD
11740 | Chem. Sci., 2022, 13, 11738–11745
was very weak and kept stable over the range of pH 2.0–9.0. Aer
incubation of TSPD (10 mM) with E. coli b-gal (1 U mL−1), the
uorescence intensity enhanced signicantly over the pH range
from 6.0 to 8.0, while at pH 9.0, this uorescence intensity
decreased sharply, whichmay be due to the decreased activity of
E. coli b-gal in the unsuitable alkaline environment. Collectively,
these results suggest that TSPD can detect E. coli b-gal at a pH
ranging from 6.0 to 8.0, which is suitable for the detection of SA-
b-gal activity in SNCs with lysosomal pH elevation.
Activation mechanism of the theragnostic prodrug

Based on the release mechanism of self-immolative linkers,46

we propose that the b-D-galactosyl group of TSPD upon reaction
with b-gal is cleaved to produce a phenolate, which then causes
a self-immolation process to release the parent drug, gemcita-
bine, along with the active MBP capable to further react with
surrounding nucleophiles to generate a uorescence signal
(Fig. 2A). To identify the response mechanism, high-
performance liquid chromatography (HPLC) analysis was con-
ducted. As shown in Fig. 2B, aer incubation with E. coli b-gal,
the HPLC peak for TSPD decreases, while the peaks corre-
sponding to gemcitabine and compound 3 appear. The reten-
tion times of gemcitabine, compound 3 and TSPD in HPLC
analysis are identied to be 7.12 min, 23.28 min and 26.55 min,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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respectively (Fig. S3A†). In this assay, gemcitabine was rapidly
and completely released within a few minutes of incubation if
the same proportion of TSPD to b-gal as that in uorescence
analysis assay was adopted (Fig. S4†). In order to obtain the
drug release proles in vitro with time, TSPD was then incu-
bated with a lower concentration of E. coli b-gal, and the
changes in the peaks of gemcitabine and compound 3 over time
were monitored by HPLC. Of note, with the increase of incu-
bation time, the peaks of gemcitabine and compound 3 as the
reaction product of MBP with H2O were subsequently height-
ened. The drug release proles of TSPD (50 mM) aer incubation
with different concentrations of E. coli b-gal (0.1–0.5 U mL−1)
are displayed in Fig. 2C, S3B and S3C†. It can be seen that, with
the increase of the concentration of E. coli b-gal, the released
gemcitabine amount increases as well. These ndings conrm
the formation of gemcitabine and MBP during the reaction of
TSPD with E. coli b-gal, which is also further supported by the
high resolution mass spectrometry (HRMS) titration analysis
(Fig. S5†).

Since the active MBP is able to react with surrounding
nucleophiles including protein nucleophilic residues, we next
investigated the protein uorescent labeling ability of TSPD by
gel imaging. Bovine serum albumin (BSA) was chosen as the
model because the protein contains a strongly nucleophilic free
sulydryl group. Incubation of BSA (1 mg mL−1) with TSPD (20
mM) in the presence of E. coli b-gal (1 U mL−1) elicited a clear
uorescent band (Fig. 2D), while no uorescent signal is
generated in the absence of BSA. These results indicate that
TSPD possesses the ability to uorescently label proteins and
the potential of single-cell resolution imaging.
Fig. 3 (A) Fluorescence images of uninduced NRK-52E cells (control)
and MitoC-induced senescent (sct) NRK-52E cells after incubation
with TSPD (20 mM) for 4 h. Quantification of relative fluorescence
intensity of (A) is on the right (n ¼ 3). Scale bar ¼ 20 mm. (B) X-gal
staining images of uninduced NRK-52E cells and MitoC-induced
senescent NRK-52E cells. The average percentage of SA-b-gal positive
cells of (B) is on the right (n ¼ 3). Scale bar ¼ 20 mm. (C) Quantification
of cell viability of uninduced NRK-52E cells and MitoC-induced sen-
escent NRK-52E cells incubated with increasing concentrations of
TSPD for 2 days (n¼ 3). (D) Western blotting analysis of p53 and gH2AX
in uninduced NRK-52E cells and MitoC-induced senescent NRK-52E
cells. GAPDH was chosen as an internal reference (n ¼ 2). (E) Quan-
tification of cell viability of uninduced NRK-52E cells and MitoC-
induced senescent NRK-52E cells incubated with increasing
concentrations of gemcitabine for 2 days (n ¼ 3). Significant differ-
ences (*P < 0.05, **P < 0.01, and ***P < 0.001) are analyzed with the t-
test.
Fluorescence imaging and selective death in b-gal-
overexpressed cells

Since TSPD showed the excellent uorescence response to b-gal
and the effective drug release behavior in the above in vitro
assays, we next assessed its capability to visualize endogenous
b-gal activity both in LacZ-transfected cells and in drug-induced
SNCs. First, we constructed A549 cells with high expression of E.
coli b-gal through the transfection of the LacZ gene. The over-
expression of E. coli b-gal was veried by using a western blot
assay (Fig. S6E and S6F†). The normal A549 cells (control group)
were set as the LacZ-(−) group. The LacZ-(−) and LacZ-(+) A549
cells were respectively incubated with TSPD (20 mM) at 37 �C for
4 h and then imaged with a Nikon TS2R microscope. As shown
in Fig. S6A†, the uorescence within the LacZ-(−) A549 cells was
barely observed, while the LacZ-(+) A549 cells showed an
obvious uorescence signal in the cyan channel. Next, we
treated LacZ-(−) and LacZ-(+) A549 cells with various concen-
trations of TSPD to test whether TSPD could selectively induce
the death in b-gal-overexpressed cells. As expected, the results
conrm that TSPD has higher cytotoxicity to LacZ-(+) A549 cells
than LacZ-(−) A549 cells (Fig. S7A†). However, the parent drug
gemcitabine was highly toxic to both LacZ-(−) and LacZ-(+) A549
cells (Fig. S7C†). To further understand the application of TSPD
in the detection of cellular SA-b-gal activity, we conducted other
imaging experiments on Mitomycin C (MitoC) induced SNCs.
© 2022 The Author(s). Published by the Royal Society of Chemistry
MitoC is a well-known DNA damage agent able to induce
senescence in A549 cells.47 The cytotoxicity experiments of
MitoC to cells were rst performed to select a safe dose to
induce senescence (Fig. S8†). Aer being treated withMitoC (0.5
mM) for 48 h and further cultivated in fresh Ham's F12K
medium for another 48 h, A549 cells became senescent and
expressed enhanced levels of SA-b-gal, which was veried using
X-gal staining (Fig. S6C and S6D†). The overexpression of p53
and p21, other two key cellular senescence biomarkers, in
MitoC-induced senescent A549 cells was also veried by
a western blot assay (Fig. S6E, S6G and S6H†) to guarantee the
reliability of this technique for inducing cell senescence. The
senescent A549 cells and the uninduced A549 cells as controls
were separately incubated with TSPD (20 mM) for 4 h and then
imaged. As shown in Fig. S6B†, the control group exhibited
a negligible uorescence response, while the uorescence
intensity in SNCs increased signicantly and was proportional
to the TSPD concentration (Fig. S9†). Furthermore, the
Chem. Sci., 2022, 13, 11738–11745 | 11741
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quantitative results of the uorescence (Fig. S6B†) strongly
corresponded to the percentage of SA-b-gal positive cells
(Fig. S6D†). Such results indicate that TSPD was able to accu-
rately differentiate SNCs from non-senescent cells. Next, the
ability of TSPD in lysosomal localization was evaluated by co-
staining with LysoTracker Green and MitoTracker Green,
respectively, in MitoC-induced senescent A549 cells. As shown
in Fig. S10†, TSPD shows nice correspondence with LysoTracker
with a Pearson's correlation coefficient (PCC) value as high as
0.98, while with MitoTracker with a low PCC value of 0.67,
supporting that our uorophore predominantly accumulated in
the lysosomes of SNCs enriched with lysosomal SA-b-gal. Next,
the CCK-8 assay was conducted to evaluate the efficacy of TSPD
in selective elimination of SNCs. As can be seen in Fig. S7B†,
TSPD exhibited potent cytotoxicity toward MitoC-induced SNCs.
When the concentration of TSPD was at 5 mM, the viability of
SNCs was below 25%, while only marginal cytotoxicity can be
observed in control cells. Unlike TSPD, the same dose of the
parent drug gemcitabine killed both uninduced cells and
MitoC-induced SNCs without selectivity (Fig. S7D†). These
results, together with the aforementioned data, suggest that
TSPD could be selectively activated to release the uorophore
and gemcitabine in SNCs and might have the potential to serve
as an effective senolytic drug for the treatment of age-related
diseases.

We then set our sights on the treatment of CRF, which is
a disease closely related to senescence, as explained above.
NRK-52E cells, a kind of rat renal tubular epithelial cell, were
employed to verify our theragnostic prodrug strategy. The sen-
escent NRK-52E cells were obtained by the same method as the
senescent A549 cells and veried by the overexpression of
senescence-associated protein markers in X-gal staining and
western blot assays (Fig. 3B and D). Aer incubation with TSPD,
no signicant uorescence signal in uninduced NRK-52E cells
was observed, while the uorescence in senescent NRK-52E
cells enhanced signicantly (Fig. 3A), conrming the targeting
of TSPD to senescent kidney cells. Furthermore, the cell viability
test of TSPDwas performed by CCK-8 assay. As shown in Fig. 3C,
TSPD could selectively remove the senescent NRK-52E cells even
at a low concentration of 0.01 mM, showing an excellent seno-
lytic ability. As expected, the parent drug gemcitabine without
this ability showed high cytotoxicity to both uninduced cells
and MitoC-induced SNCs (Fig. 3E). All the above ndings in
kidney cells support the therapeutic potential of our ther-
agnostic prodrug strategy for CRF.
Senolysis-based CRF therapy in vivo

We next examined the therapeutic effect of TSPD on CRF in vivo
by employing a renal unilateral ischemia reperfusion injury
(UIRI) murine model (Fig. 4A). UIRI is a severe clinical AKI with
a high risk of progression to CRF and associated with high
mortality.48 To evaluate the safety of TSPD in vivo, we carried out
a subacute toxicity test in mice (Fig. S11 and S12†). The treat-
ment of TSPD displayed no obvious toxicity even at a high dose
of 25 mg kg−1 for two weeks from the results of body weight,
serum biochemical test and HE staining assay of vital organs.
11742 | Chem. Sci., 2022, 13, 11738–11745
We treated the kidney-injured mice with the vehicle, gemcita-
bine or TSPD via intraperitoneal injection (twice a week for
three weeks). Aer 21 days, the kidneys of these treated mice
were harvested for analysis. Meanwhile, the levels of blood urea
nitrogen (BUN) and serum creatinine (SCr) were measured to
assess renal function of mice in each group. To our delight, the
results indicate that both the BUN and SCr levels upregulated in
UIRI mice were reduced to the normal range aer treatment
with TSPD (Fig. 4D and E), suggesting that the declined renal
function caused by UIRI had been restored. Then, we observed
the color and size of the kidneys. As illustrated in Fig. 4C and
S13,† the kidneys in the vehicle group (UIRI) were signicantly
smaller and lighter than those in the UIRI group using TSPD
(5 mg kg−1), indicating that a signicant improvement was
observed aer treatment, while treatment with TSPD at a low
concentration (1 mg kg−1) or gemcitabine (1 mg kg−1 or 5 mg
kg−1) failed to improve the morphology of kidney. Then we
tested whether TSPD could reduce renal senescence post-UIRI
by staining renal sections with anti-lamin B1 antibody and X-
gal, respectively. A reduction in the abundance of lamin B1
protein in the nuclear envelope has been considered as a char-
acteristic of senescence.25,49 As seen in Fig. 4B, treatment with
TSPD (5 mg kg−1) remarkably increased the nuclear lamin B1
content, while the gemcitabine-treated mice group showed
scant improvement compared with the vehicle group. In addi-
tion, treatment with TSPD decreased the percentage of SA-b-gal-
positive cells in kidney by 1.56-fold compared to that without
TSPD incubation, and by 1.23-fold compared to that with
gemcitabine treatment (Fig. 4F). Taken together, our ndings
indicate that TSPD has the potential to eliminate SA-b-gal-
positive cells and increase another type of senescence-
negatively-associated marker lamin B1 in damaged kidneys.
Importantly, although gemcitabine had some effect on senol-
ysis due to its broad spectrum of cytotoxicity, its effect was far
lower than that of TSPD. This should be attributed to our pro-
drug design strategy that endows TSPD with the ability to be
selectively activated and accumulated in SNCs.

As renal tubulointerstitial brosis is a prominent patholog-
ical characteristic of CRF,20,50 we next investigated whether
TSPD can alleviate post-UIRI renal brosis. As shown in Fig. 4G,
the degree of renal brosis in the vehicle-treated kidneys, as
measured by picrosirius red (PSR) staining, was higher than
that in the sham group and could be signicantly reduced by
administration of TSPD (5 mg kg−1), while there was a negli-
gible difference in the degree of brosis between gemcitabine-
treated and vehicle-treated groups. Since the expression of
cellular Ki67, a cell proliferation marker, can be increased aer
injury,21,51–53 we then used this marker for the evaluation of our
molecule. As shown in Fig. 4H, the proliferative cells, repre-
sented by Ki67 staining, increased signicantly in the UIRI
group, and the number of these Ki67-positive cells was mark-
edly reduced aer treatment with only TSPD, rather than gem-
citabine. These data suggest that the TSPD-treated tubular cells
have a response to injury and can enter the proliferative cycle
again from the quiescent state. Kidney injury molecule 1 (KIM-
1) participates in differentiation, proliferation and migration of
renal tubule epithelial cells and can be used as an early
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Experimental design for renal unilateral ischemia reperfusion injury (UIRI). Mice (7 weeks-old) were subjected to renal unilateral
ischemia reperfusion injury surgery or sham surgery 7 days before drug treatment. UIRI mice were intraperitoneally injected with gemcitabine
(1 mg kg−1 and 5 mg kg−1), TSPD (1 mg kg−1 and 5 mg kg−1) or vehicle (2% DMSO, 90% PBS, 4% Tween-80, and 4% polyethylene glycol) twice
a week for three weeks; sham surgerymicewere treatedwith vehicle in the sameway. (B) Representative images (left) and quantification (right) of
lamin B1 staining of kidneys from sham or UIRI mice after vehicle, gemcitabine or TSPD treatment (n ¼ 9 for each group). (C) Representative
images of kidneys from sham or UIRI mice after vehicle, gemcitabine or TSPD treatment (n¼ 5 for each group). (D and E) Serum biochemical test.
The levels of blood urea nitrogen (BUN) and serum creatinine (SCr) in sham or UIRI mice after vehicle, gemcitabine or TSPD treatment as shown
(n ¼ 5 for each group). (F) Representative images (left) and quantification (right) of SA-b-gal staining of kidneys from sham or UIRI mice after
vehicle, gemcitabine or TSPD treatment (n¼ 4 for each group). (G) PSR (n¼ 7 for each group). (H) Ki67 (n¼ 9 for each group). (I) KIM-1 (n¼ 3 for
each group). Scale bar¼ 20 mm. Significant differences (##P < 0.01 and ###P < 0.001, comparedwith the Sham group, *P < 0.05 and ***P < 0.001,
compared with the UIRI group, and +P < 0.05, ++P < 0.01, and +++P < 0.001, compared with the UIRI + Gem group) are analyzed with the t-test.
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detection indicator of kidney disease because of its acute up-
regulation in damaged proximal tubules.9,54–56 We then quanti-
ed the level of KIM-1 protein aer UIRI in diseased kidneys. As
shown in Fig. 4I, the KIM-1 level was signicantly reduced in
TSPD-treated UIRI versus vehicle-treated UIRI kidneys. This
indicates that it is reliable to consume KIM-1, the marker of
progressive tubular injury, through TSPD-mediated senolysis in
vivo, and the senolytic therapy with TSPD is expected to prevent
the CRF progression by improving injury. Instead, positive
signals of KIM-1 were observed in the same gure (Fig. 4I) with
high intensity in the gemcitabine-treated group, showing poor
therapeutic efficacy of gemcitabine instead of TSPD. From the
above results, TSPD, as a senolytic drug, has played a good role
in alleviating CRF post-AKI and improving renal function,
© 2022 The Author(s). Published by the Royal Society of Chemistry
which conrms the advancement of our prodrug design strategy
for the treatment of renal failure.
Conclusions

Using a senolysis-based molecular design strategy, we have
successfully designed and synthesized a pioneering ther-
agnostic prodrug TSPD towards CRF. The present prodrug
reasonably integrates the parent drug gemcitabine structure
and a potential uorophore skeleton with the enzyme substrate
of b-gal to achieve the precise theragnosis for CRF. With this
creative design, TSPD has shown its superior ability not only to
track SNCs at single-cell resolution by SA-b-gal-triggered uo-
rescent labelling of proteins, but also to be selectively activated
Chem. Sci., 2022, 13, 11738–11745 | 11743
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by SA-b-gal to release the cytotoxic parent drug, gemcitabine,
into the CRF kidney where renal failure causes premature
senescence and SNC accumulation. This capability of TSPD has
been demonstrated by selective imaging of SA-b-gal in SNCs and
excellent senolysis-based therapeutic activity specic to mice
with CRF. As such, our theragnostic prodrug TSPD has proved
to be unprecedentedly effective in the specic treatment of CRF
in mice, providing a promising molecular approach and the
conclusive evidence for treating renal failure by senolysis.
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Esṕın, FEBS J., 2021, 288, 56–80.

23 D. J. Baker, T. Wijshake, T. Tchkonia, N. K. LeBrasseur,
B. G. Childs, B. van de Sluis, J. L. Kirkland and J. M. van
Deursen, Nature, 2011, 479, 232–236.

24 G. P. Dimri, X. Lee, G. Basile, M. Acosta, G. Scott,
C. Roskelley, E. E. Medrano, M. Linskens, I. Rubelj,
O. Pereira-Smith, et al., Proc. Natl. Acad. Sci. U. S. A., 1995,
92, 9363–9367.

25 A. Freund, R.-M. Laberge, M. Demaria and J. Campisi, Mol.
Biol. Cell, 2012, 23, 2066–2075.

26 J. A. de Mera-Rodriguez, G. Alvarez-Hernan, Y. Ganan,
G. Martin-Partido, J. Rodriguez-Leon and J. Francisco-
Morcillo, Front. Cell Dev. Biol., 2021, 9, 623175.

27 F. A. Valentijn, L. L. Falke, T. Q. Nguyen and
R. Goldschmeding, J. Cell Commun. Signaling, 2018, 12, 69–
82.

28 L. Lu, L. Guo, K. Wang, Y. Liu and M. Xiao, Biotechnol. Adv.,
2020, 39, 107465.

29 W. Qiu, X. Li, D. Shi, X. Li, Y. Gao, J. Li, F. Mao, Y. Guo and
J. Li, Dyes Pigm., 2020, 182, 108657.

30 Y. Gao, Y. Hu, Q. Liu, X. Li, X. Li, C. Y. Kim, T. D. James, J. Li,
X. Chen and Y. Guo, Angew. Chem., Int. Ed., 2021, 60, 10756–
10765.

31 Z. Li, J. Cheng, L. Huang, W. Li, Y. Zhao and W. Lin, Anal.
Chem., 2021, 93, 13800–13806.

32 B. Lozano-Torres, J. F. Blandez, I. Galiana, J. A. Lopez-
Dominguez, M. Rovira, M. Paez-Ribes, E. González-Gualda,
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