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ABSTRACT

Acute kidney injury (AKI) is a prevalent and life-threatening condition, particularly in patients undergoing high-
risk surgeries, where the incidence can exceed 50 %. Despite its growing impact, therapeutic options remain
limited, with dialysis being the primary treatment. Drug repurposing offers a better risk-versus-reward trade-off
for accelerating the development of effective therapies. Mesalamine, a clinically approved anti-inflammatory
agent for ulcerative colitis, can be a promising candidate for AKI treatment due to its ability to modulate
various inflammatory pathways. However, their risk of nephrotoxicity from systemic exposure underscores the
need for strategies to control off-target effects. Here, we propose a mesalamine prodrug, a conjugate between
mesalamine and a cathepsin B-cleavable peptide, which spontaneously forms nanoassemblies through inter-
molecular interactions. In a mouse AKI model, these nanoassemblies accumulate in the inflamed kidney by
becoming trapped between disrupted tight junctions, subsequently releasing mesalamine precisely at the site of
injured tubular cells to alleviate the disease. Meanwhile, side effects from non-specific drug release are mini-
mized as the nanoassemblies remain inactive in healthy tubular cells and other normal organs with relatively low
cathepsin B expression. This study provides valuable insights into a rational approach to facilitating drug
repositioning for the effective and safer use of mesalamine in AKI.

1. Introduction

cardiovascular procedures or in those with conditions like sepsis or
hypovolemic shock, where the incidence can reach 50-80 % [2,3]. Renal

Acute kidney injury (AKI) is a clinical syndrome characterized by a
sudden decline in renal function, affecting approximately 21 % of hos-
pitalized patients and contributing to high rates of morbidity and mor-
tality [1]. Renal ischemia-reperfusion injury (IRI) is a major cause of
AKI, particularly in patients undergoing high-risk surgeries such as

IRI disrupts kidney microvascular integrity and activates inflammatory
pathways, thereby exacerbating both local and systemic inflammatory
responses [4,5]. Despite its increasing incidence and the significant
healthcare burden it poses, therapeutic options for AKI are limited to
dialysis, which is merely a symptomatic and palliative approach [6].
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Given the urgent need for effective AKI treatments and the limita-
tions of current options, drug repurposing—the identification of new
therapeutic uses for existing drugs—offers several benefits, including
reduced development time, lower costs and potentially more assured
safety profiles, compared to de novo drug development [7,8]. Mesal-
amine (5-aminosalicylic acid), primarily used to treat mild to moderate
ulcerative colitis, works by downregulating the production of pro-
inflammatory cytokines and chemokines and inhibiting the mitogen-
activated protein kinase (MAPK) pathway, which plays a key role in
the inflammatory response [9,10]. Considering its long-standing clinical
use alongside these extensive anti-inflammatory effects, mesalamine
could be a promising candidate for repurposing as a new treatment
option for AKI.

However, its application for kidney-related pathological conditions
is hindered by significant concerns about nephrotoxicity [11]. A clini-
cally well-known adverse effect of treatment with mesalamine in pa-
tients with inflammatory bowel disease (IBD) is interstitial nephritis,
which can lead to progressive renal damage and chronic kidney disease
[12]. This nephrotoxicity arises from mesalamine’s extensive systemic
exposure due to significant absorption in the upper gastrointestinal (GI)
tract following oral administration [13]. High intrarenal concentrations
of mesalamine may amplify oxidative damage and inflammation,
further contributing to kidney injury [14]. Additionally, mesalamine has
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been associated with rare but severe adverse effects of myocarditis and
pancreatitis, further limiting its use in vulnerable patient populations
[15,16]. These considerations highlight the need for the development of
methodologies to precisely control the activity of mesalamine at the
target site for its repurposing to AKIL

We herein propose a promising approach to overcome these limita-
tions through the effectively coordinated mesalamine prodrug nano-
assembly (MPN) for the treatment of AKI (Scheme 1A). This formulation
enhances target selectivity and reduces the side effects of mesalamine
through linkage with a cathepsin B-specific cleavable peptide, FRRG
(Phe-Arg-Arg-Gly). The key components include: i) an “F” residue that
promotes self-assembly of the system by intermolecular n-n interactions
between aromatic segments [17-21], ii) an “RR” motif cleavable by
cathepsin B, which is overexpressed as a biomarker in injured tubular
cells [22-25] and iii) a “G” spacer sequence to enhance the sensitivity
toward target enzyme. Thus, these prodrugs spontaneously self-
assemble in the aqueous phase without requiring additional carrier
materials (e.g., polymers, lipids and other organic/inorganic sub-
stances), leading to significant advantages such as high drug loading
capacity and minimized risk of potential toxicity related to these
substances.

In an ischemia-reperfusion-induced AKI (IR-AKI) model, the MPNs
administered intravenously accumulates passively in inflamed kidneys
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Scheme 1. The methodology for repurposing mesalamine in acute kidney injury (AKI). This study aims to repurpose mesalamine, a clinically approved anti-
inflammatory agent for ulcerative colitis, for the treatment of AKI. (A) Conjugation of the functional peptide FRRG enables the resulting mesalamine prodrugs to
spontaneously form nanoparticles (MPNs) through intermolecular interaction-mediated supramolecular assembly. (B) In a mouse AKI model, MPNs accumulate in the
inflamed kidney by becoming trapped between disrupted tight junctions, subsequently releasing mesalamine precisely at the site of injured tubular cells to alleviate

the disease.
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due to being trapped by disrupted tight junctions during the progression
of the disease (Scheme 1B). Upon reaching the target site, the cathepsin
B in injured tubular cells triggers the release of mesalamine, which al-
leviates inflammation by modulating the MAPK signaling pathways. In
contrast, the nanoassemblies remain inactive in healthy tubular cells
with relatively low cathepsin B expression, thus preventing the exacer-
bation of AKI due to unwanted drug exposure. In a similar context,
treatment with MPNs also mitigates off-target toxicity to other healthy
organs observed with the administration of mesalamine, highlighting its
potential for targeted, effective and safe management of AKI patients.
This study identifies both functional and structural improvements in AKI
using animal and human samples, ultimately introducing a nano-
medicine approach that efficiently targets these changes to repurpose
mesalamine effectively.

2. Results and discussion
2.1. Synthesis and characterizations of MPNs

MPNs were prepared via the self-assembly of the mesalamine pro-
drugs in an aqueous solution. The mesalamine prodrug was synthesized
through a one-step chemical conjugation of mesalamine and the FRRG
peptide by amide condensation and characterized using an high-
performance liquid chromatography (HPLC) system (Fig. S1). The
MPNs exhibited an average size of 123.4 + 11.48 nm and a spherical
morphology with a uniform size distribution (Fig. 1A and B). A previous
study identified the driving force for the self-assembly of the mesal-
amine prodrug into MPNs as hydrogen bonding and n-n stacking in-
teractions between the mesalamine molecules and the aromatic rings of
phenylalanine, respectively [26-28]. The nanoassemblies also demon-
strated exceptional stability under serum conditions, maintaining their
hydrodynamic size and polydispersity index (PDI) without significant
changes for 48 h (Fig. 1C and S2). These highly stable nano-sized
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particles under blood conditions result in prolonged circulation in
vivo, enhancing the likelihood of their accumulation in inflamed renal
tissues due to capture by disrupted tight junctions.

The target biomarker-specific cleavage of MPNs was assessed after
incubation with various enzymes. Rapid cleavage of approximately 99 %
MPNs occurred within 1 h when exposed to cathepsin B, resulting in the
release of mesalamine (Fig. 1D and S3). In contrast, no detectable
cleavage was observed in the absence of cathepsin B after 24 h of in-
cubation, showing that MPNs do not undergo non-specific hydrolysis.
Comparable results were also noted when the nanoassemblies were
incubated for 24 h with other enzymes, such as cathepsin D, E, L,
caspase-3 (Cas-3) and matrix metalloproteinase-9 (MMP-9; Fig. S4).
Finally, while treatment with mesalamine led to considerable cell death
in the proximal tubular cell line HK-2, no significant toxicity was
observed with MPN treatment at a high dose containing the same
amount of mesalamine (Fig. 1E). This shows that non-inflamed, healthy
tubular cells express an insufficient level of cathepsin B to induce the
release of mesalamine from MPNs, ultimately suggesting that this may
prevent the exacerbation of AKI caused by the toxic side effects of
mesalamine.

The anti-inflammatory potential of MPNs was investigated HK-2 cells
after treatment with hydrogen peroxide (Hy05) to mimic IR-AKI con-
ditions. Immediately following reperfusion of ischemic renal tissue, cells
generate large amounts of reactive oxygen species (ROS), including
H50,, superoxide anions and hydroxyl radicals. First, HK-2 cells upre-
gulated cathepsin B to 2.3 to 2.41 times higher after incubation with
H20, compared to the naive cells, indicating a significant over-
expression of the target enzyme in injured hepatocytes (Fig. 1F). MPNs
exerted anti-inflammatory effects in injured cells through the release of
mesalamine via enzymatic cleavage by elevated cathepsin B, resulting in
the modulation of pathways related to kidney inflammation. Excessive
ROS causes cellular oxidative damage, which in turn upregulate the
MAPK signaling pathway that play a crucial role in regulating kinases
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Fig. 1. Physicochemical characterization of MPNs. (A) Hydrodynamic size distribution and (B) TEM image of MPNs. (C) Changes in hydrodynamic size and
polydispersity index (PDI) of MPNs in mouse serum over 48 h (n = 3). (D) Cleavage behavior of MPNs in the presence or absence of cathepsin B (Cat-B). (E)
Cytotoxicity of mesalamine and MPNs toward tubular cells (n = 3). (F) Relative expression of cathepsin B in tubular cells before and after H,O, treatment (n = 3). (G)
Relative expression of MAPK and KIM-1 in H,O,-treated tubular cells and those incubated with mesalamine or MPNs (n = 3). Data are represented as mean + SEM.
P™ > 0.05, **P < 0.01, ***P < 0.001; significance was determined by one-way ANOVA with Tukey’s post hoc test (B, F) or Student’s t-test (D, E).
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involved in kidney diseases [29]. Exposure of HK-2 cells to HyO5
induced a significant upregulation of MAPK family proteins, phosphor-
ylated c-Jun N-terminal kinases (JNKs) and p38. Subsequent treatment
with MPNs effectively decreased the levels of these inflammatory me-
diators, including p-p54 JNK, p-p46 JNK and p-p38, as well as the kid-
ney injury marker KIM-1 (Fig. 1G). Importantly, the effects of MPNs in
downregulating the MAPK signaling pathway were more pronounced
than those of mesalamine, owing to the enhanced cellular uptake
facilitated by nanoparticle formulation [30]. Taken together, these
findings indicate that MPNs, composed solely of mesalamine prodrugs
without any additional carrier materials, could potentially target
inflamed kidneys, subsequently releasing mesalamine selectively at the
cathepsin B-overexpressed injured tubular cells.

2.2. Enhanced renal accumulation of MPNs

Next, we aimed to investigate the in vivo availability and localization
of MPNs in injured kidneys compared to normal kidneys under the
pathological conditions of IR-AKI. As expected, significant upregulation
of cathepsin B was observed in renal tissues from AKI patients and an-
imal models (Fig. 2A and S5). Additionally, disruption of tight juntions
was confirmed by demonstrating the loss of two major tight junction-
associated proteins, occludin-1 and zonula occludens-1 (ZO-1), in both
injured kidney samples compared to healthy tissues (Fig. 2B and S6).
Nanoparticles larger than 100 nm in diameter generally cannot pass
through the glomerular filtration barrier and eventually extreted via the
renal tubule system [31]. However, we expected that inflamed kidneys
would allow passive accumulation of nanoparticles due to the disruption
of tight junctions between epithelial cells in the peritubular capillaries.

Interestingly, whole-body near-infrared fluorescence (NIRF) images
of AKI mice revealed substantial accumulation of MPNs in the kidneys
(highlighted by the red dotted line) compared to the Sham group
(Fig. 2C). Ex vivo fluorescence images of major organs excised from AKI
mice 6 h after MPN administration further showed significantly higher
accumulation in the inflamed kidneys than healthy renal tissues
(Fig. 2D). MPNs exhibited typical in vivo nanoparticle behavior, accu-
mulating in the liver after entering the bloodstream due to several fac-
tors (e.g., large blood volume, slow sinusoidal blood flow and the
presence of Kupffer cells), followed by renal excretion (Fig. S7) [32].
Histological analysis directly visualized the localization of MPNs within
the inflamed tissues of AKI mice, demonstrating marked accumulation in
both the renal medulla and cortex, the primary sites of lesions, compared
to normal mice (Fig. 2E and S8). Further investigation showed that the
nanoasseemblies were mostly cleared from the kidneys of normal mice
by 24 h, whereas their persistent retention in the inflamed kidneys was
observed even 48 h after injection (Fig. 2F). As a control, hyaluronic acid
(HA) nanoparticles failed to accumulate within injured renal tissues due
to their relatively larger size of 200 nm compared to MPNs (Fig. S9).
Importantly, there were no differences in renal accumulation of HA
nanoparticles between sham and AKI mice. These results verify that
MPNs with appropriate physical features passively target inflamed renal
tissues through disrupted tight junctions during the onset of AKI, leading
to sustained retention over a long period.

2.3. Therapeutic efficacy of MPNs in IR-AKI Model

The in vivo anti-inflammatory effects of MPNs were assessed in an
IR-AKI mouse model with four groups: (i) untreated healthy mice
(Sham), (ii) IR-AKI + PBS (PBS), (iii) IR-AKI + mesalamine (mesal-
amine) and (iv) IR-AKI + MPNs (MPNs). The mice were intravenously
injected with an equivalent dose of mesalamine or MPNs based on the
active compound 1 h after the onset of of IR injury, followed by analysis
24 h after administration (Fig. 3A). MPN treatment led to a significant
improvement in renal function deterioration compared to the PBS and
mesalamine groups (Fig. 3B). The anti-inflammatory effects of the
nanoassemblies were further evaluated by measuring inflammatory
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cytokines in kidney tissues. IR injury triggers the release of pro-
inflammatory cytokines in the kidneys, which recruit activated white
blood cells and ultimately exacerbate inflammation, cell damage and
organ dysfunction [33]. The MPN group demonstrated a pronounced
decrease in the levels of tumor necrosis factor alpha (TNF-a), interferon
gamma (IFN-y), interleukin-1 beta (IL-1p) and IL-6 compared to the PBS
and mesalamine groups (Fig. 3C). In contrast, the anti-inflammatory
cytokine, IL-10 returned to levels similar to those of the sham group
following MPN treatment (Fig. 3D). A single 6 mg/kg dose of MPNs fully
restored renal function impaired by IRI within 24 h to levels comparable
to the sham group, whereas lower doses of 1 or 3 mg/kg resulted in
minimal therapeutic effect (Fig. S10). In contrast, mesalamine failed to
show any therapeutic effects compared to the PBS group, which can
originates from the unfavorable pharmacokinetic (PK) profile of the
small molecule structure that exhibits rapid in vivo clearance.

Pathological analysis revealed that kidney tissues treated with MPNs
showed significantly alleviated renal congestion compared to those
clearly observed in the PBS and mesalamine groups (Fig. 3E and S11).
Histopathological analysis using periodic acid-schiff (PAS) staining also
revealed reduced tubular damage and renal congestion in MPN-treated
mice compared to those in the PBS and mesalamine groups (Fig. 3F).
Additionally, MPN treatment reduced the infiltration of F4/80-positive
macrophages and Ly6G-positive neutrophils in the injured renal tubu-
lointerstitium (Fig. 3G). TUNEL staining also showed a decrease in
apoptotic cells in kidney tissues from AKI mice treated with MPNs
compared to those treated with PBS or mesalamine (Fig. 3H). Treatment
with mesalamine resulted in significantly greater apoptotic cell death
compared to the PBS group, indicating renal damage due to its cyto-
toxicity, as shown in Fig. 1D. These results suggest that MPNs minimize
mesalamine-related nephrotoxicity through selective drug release in
cathepsin B-overexpressing injured tubular cells, effectively restoring
kidney structure and function without the risk of side effects.

To directly investigate the mechanism by which MPNs reduce
mesalamine toxicity, we assessed their pharmacokinetic (PK) profile in
an IR-AKI mouse model. Following intravenous administration, MPNs
remained detectable in the blood for up to 24 h, indicating prolonged
circulation in vivo (Fig. S12A). Additionally, no degradation occurred
after 48 h of incubation in mouse serum (Fig. S12B). For the pharma-
codynamic (PD) analysis of MPNs, we first evaluated cathepsin B levels
in normal organs and the inflamed kidney, observing significantly
higher expression in the injured renal tissue (Fig. S13A). Subsequent
incubation of MPNs with lysates from each organ resulted in degrada-
tion into free mesalamine only in the inflamed kidney lysate (Fig. S13B).
These findings suggest that MPNs remain highly stable in the blood-
stream and off-target organs, without non-specific cleavage into
mesalamine.

2.4. The restoration of renal barriers to prevent systemic inflammation by
MPNs

We next investigated whether the anti-inflammatory effects of MPNs
restore the disruption of tight junctions in inflamed kidneys, thereby
suppressing systemic inflammation caused by the leakage of pro-
inflammatory cytokines and immune cells through compromised renal
barriers. In AKI mice, mesalamine had a slight effect on recovering the
destruction of renal tight junctions, as evidenced by the slightly
increased expression of ZO-1 and occludin-1 in the inflamed kidneys
compared to the PBS group (Fig. 4A). Notably, renal tissues from AKI
mice treated with MPNs showed significantly restored tight junctions,
with ZO-1 and occludin-1 levels nearly comparable to those in the Sham
group. This resulted in a marked decrease in the serum levels of TNF-a,
IFN-y, IL-1f and IL-6, whereas these levels remained similarly elevated
in AKI mice treated with PBS or mesalamine (Fig. 4B). To further assess
the impact of systemic inflammation due to cytokine leakage, we
analyzed hematological parameters indicative of hepatic and cardiac
toxicities, including aspartate aminotransferase (AST), alanine
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transaminase (ALT), lactate dehydrogenase (LDH) and creatine kinase
(CK), as well as white blood cell (WBC), neutrophil (NEU), lymphocyte
(LYM) and monocyte (MONO) counts (Fig. 4C, D and S14). While both
the PBS and mesalamine groups exhibited notable alterations in these
parameters compared to the Sham group, AKI mice treated with MPNs
showed substantial improvements, with some indicators returning to
near-normal levels. In addition, MPN-treated AKI mice demonstrated
better outcomes in systemic inflammation markers and histologic
changes, including the neutrophil-to-lymphocyte ratio (NLR),
monocyte-to-lymphocyte ratio (MLR), platelet-to-lymphocyte ratio
(PLR), systemic inflammation response index (SIRI) and systemic im-
mune inflammation index (Fig. 4E). Consistent with these findings, H&E
staining of major organs revealed considerable structural abnormalities
and injury in the PBS and mesalamine groups, but no such histological
toxicity was observed in the MPN group (Fig. S15). Taken together, our
findings highlight the exceptional ability of nanoassemblies to effec-
tively suppress both local and systemic inflammation in AKI sites,
demonstrating remarkable therapeutic potential.

2.5. Invivo safety of MPNs

The safety of MPN treatment was assessed in healthy C57BL/6 mice,
which received single or multiple intravenous doses. The single-dose
concentration was twice that used in the therapeutic efficacy study,

while the multiple doses were administered daily three times at the same
concentration as the therapeutic dose. No changes in body weight were
observed after single or multiple doses of MPNs compared to the un-
treated control group (Fig. 5A). In contrast, both groups treated with
mesalamine experienced significant body weight loss. Additionally,
hematological parameters related to hepatic function (AST and ALT),
renal function (BUN and creatinine) and cardiac function (LDH and CK)
showed considerable increases in the mesalamine-treated group,
whereas these levels in the MPN-treated group remained comparable to
those in healthy mice (Fig. 5B). Interestingly, hematological toxicity was
more pronounced in mice treated with a single dose of mesalamine
compared to those receiving multiple doses. Similar results were also
noted in histological analyses, where structural abnormalities in major
organs were severe after mesalamine single dose than multiple dose
(Fig. 5C). In contrast, no histopathological toxicity was observed in the
MPN group. As a substantial amount of MPNs remained in the kidney 24
h after administration (Fig. S7), repeated dosing may lead to consider-
able renal accumulation. Nevertheless, no adverse effects related to
body weight, hematology or histology were observed compared to
mesalamine-treated mice, underscoring the excellent safety profile.
These findings indicate that the nanoassemblies minimize the side ef-
fects of mesalamine while effectively suppressing both local and sys-
temic inflammation, demonstrating their potential as a valuable
medication for the effective and safe treatment of AKI.
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3. Conclusion

The pathophysiology of acute kidney injury (AKI) involves a complex
interplay of mechanisms, including inflammation, oxidative stress,
mitochondrial dysfunction and vascular damage [34]. While these
processes are essential for initiating renal repair, an imbalance during
recovery can drive the progression to chronic kidney disease [35].
Among these mechanisms, inflammation plays a pivotal role in AKI

progression. The activation of immune cells and the release of pro-
inflammatory cytokines exacerbate tissue damage, impair repair pro-
cesses and contribute to long-term fibrosis. Consequently, targeting
inflammation represents a critical therapeutic strategy for improving
outcomes in AKI [36,37].

The lack of effective organ-targeting treatments for kidney injury
underscores a critical unmet need, as no drug from promising preclinical
trials has advanced to routine clinical use. Drug repurposing involves re-
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tasking existing medications for new clinical uses, offering advantages
such as reduced cost and shorter development times [38]. Candidates
are often identified through serendipity, data analysis or deeper un-
derstanding of disease mechanisms [39,40]. In the context of AKI,
several repurposed drugs, including vasodilators like levosimendan and
vitamin D, have been explored. Other examples include glucose-
lowering drugs (SGLT2 inhibitors, GLP-1 agonists and metformin),
xanthine oxidase inhibitors (allopurinol and febuxostat) and agents like
baricitinib, abatacept, pentoxifylline and hydralazine [41].

This study explores repurposing mesalamine for the treatment of
AKI. Mesalamine, a first-line anti-inflammatory drug for mild to mod-
erate ulcerative colitis (UC), has also been used historically in Crohn’s
disease (CD) [42]. It remains a first-line therapy for over 50 % of patients
with mild to moderate UC and may help reduce colon cancer risk in
more severe cases. Despite its general safety, several instances of
nephrotoxicity have been reported, though the underlying mechanisms
remain unclear [12]. One hypothesis is that salicylates disrupt intra-
renal prostaglandin synthesis and mitochondrial function, increasing
oxidative stress.

The most common kidney-related adverse effect of mesalamine is
interstitial nephritis. Animal studies have shown that even a single high
dose can induce renal tubular and papillary necrosis [43]. Moreover,
prolonged mesalamine use has been linked to chronic tubulointerstitial
nephritis and tubular dysfunction, which may progress to chronic kid-
ney disease [12]. Despite these renal complications, several animal
studies suggest that mesalamine may have renoprotective effects due to
its nitric oxide scavenging and antioxidative properties [10,44]. How-
ever, these promising mechanisms have not yet been translated into
therapeutic applications for kidney diseases, as drug-induced renal
complications remain a significant concern. The FDA and clinical
guidelines advise caution when prescribing mesalamine or related
compounds to patients with impaired renal function or a history of
kidney disease. Regular monitoring of renal function is strongly rec-
ommended during mesalamine therapy [45,46]. In our IRI model, the
inflamed kidneys are already highly susceptible to further injury due to
compromised tubular integrity and increased oxidative stress. The sys-
temic administration of free mesalamine may aggravate renal stress in
this context, potentially explaining the enhanced TUNEL signal
compared to PBS controls. These results underscore the need for
controlled, site-specific delivery of mesalamine to minimize off-target
toxicity, which our nanoassembly strategy addresses.

From this perspective, we proposed that developing a methodology
to precisely control the pharmacokinetic and pharmacodynamic profiles
of mesalamine for selective delivery to injured tubular cells could pro-
vide a potent and safe therapeutic option for AKI. Targeted delivery has
traditionally been achieved using nanoparticulate systems, such as li-
posomes, polymeric nanoparticles and micelles [47]. However, since the
maximum drug loading capacity is typically around 10 %, such carrier-
based drug delivery system carry a risk of potential toxicity because
patients are inevitably exposed to large amounts of carrier materials
relative to the active ingredient [48,49]. In contrast, a prodrug designed
in the present study is capable of self-assembling into nanoparticles
through the intermolecular interactions, exhibiting in vivo behavior
similar to that of conventional nanoparticles and ultimately enabling
AKI biomarker-specific mesalamine delivery.

In the context of IRI-induced AKI, it is well established that tubular
epithelial cells—particularly in the proximal tubules—are highly sus-
ceptible to injury and represent the primary site of pathological damage
[50]. This susceptibility is largely due to their high metabolic demand
and reliance on oxidative phosphorylation for active transport. Addi-
tionally, their location in the outer medulla, a region with relatively low
oxygen tension, makes them particularly vulnerable to hypoxic injury.
In our study, the accumulation of MPNs in the injured kidney was closely
associated with areas showing tubular epithelial disruption and tight
junction breakdown. This observation suggests that impaired tubular
barrier integrity and altered tubular handling likely contribute to the
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renal retention and interstitial distribution of MPNs. Although the
glomerular filtration barrier is generally impermeable to nanoparticles
larger than 100 nm, we do not exclude the possibility of subtle
glomerular filtration barrier alterations under AKI conditions. Our
findings also showed that nanoparticles with a relatively larger size of
200 nm fail to accumulate in inflamed kidneys, highlighting the injured
renal tissue-targeting mechanism of MPNs, which possess appropriate
physical features.

Notably, selective accumulation of MPNs in the injured kidney
significantly restored tight junction integrity, as evidenced by Z0O-1 and
occludin-1 levels that were nearly comparable to those in the Sham
group. This was accompanied by a marked reduction in renal inflam-
matory cytokines, along with decreased infiltration of macrophages/
monocytes and neutrophils. Interestingly, systemic inflammatory
markers were also reduced by MPN treatment, whereas free mesalamine
had no such effect. These results suggest that severe kidney inflamma-
tion in AKI contributes to systemic inflammation, and that targeted
suppression of renal inflammation by MPNs can effectively mitigate this
systemic response. This is further supported by previous studies
demonstrating that AKI-induced systemic inflammation plays a critical
role in the development of distant organ dysfunction and increased
mortality [51], underscoring the potential clinical relevance of MPNs in
preventing multiorgan complications associated with AKI.

In summary, this study offers a promising nanomedicine that maxi-
mizes anti-inflammatory effect of mesalamine in injured tubular cells,
while minimizing its systemic toxicity and nephrotoxic risk. These
findings support the potential repurposing of mesalamine, through a
kidney-targeted prodrug approach, as a safe and effective therapeutic
option for AKI.

4. Materials and methods
4.1. Preparation and physicochemical characterization

To prepare the mesalamine prodrug nanoassemblies (MPNs), the N-
terminal acetylated Phe-Arg-Arg-Gly peptide (FRRG; 200 mg, 0.35
mmol, 1 eq; Peptron Co., Daejeon, Republic of Korea) was coupled with
mesalamine (53.48 mg, 0.35 mmol, 1 eq; Tokyo Chemical Industry,
Toshima, Tokyo, Japan) using carbonyldiimidazole (CDI; 67.5 mg, 0.42
mmol, 1.2 eq; Sigma-Aldrich, St. Louis, MO, USA) as an activating agent.
After 30 min of reaction, the final product was purified and analyzed
using an LC/MS system (Agilent 1200 Series HPLC system). The hy-
drodynamic size distribution and morphology were characterized using
Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK) and
transmission electron microscopy (TEM, CM-200, Philips, USA),
respectively. To evaluate the serum stability, MPNs were incubated with
mouse serum at 37 °C, followed by analysis of hydrodynamic size and
polydispersity index (PDI) over 48 h. The cleavage behavior was
assessed by HPLC after incubation of MPNs with cathepsin B (953CY,
R&D systems, MN, USA), cathepsin L (952-CY, R&D systems), cathepsin
E (1294-AS, R&D systems), cathepsin D (1014-AS, R&D systems),
caspase-3 (707-C3/CF, R&D systems) or MMP-9 (911-MP, R&D
systems).

The cytotoxicity of mesalamine or MPNs was assessed in the normal
human proximal tubule cell line HK-2 (American Type Culture Collec-
tion, Manassas, VA, USA). Briefly, 5 x 10° HK-2 cells were seeded into
96-well cell culture plates and treated with different concentrations
ranging from 0.01 mM to 25 mM based on mesalamine content for 24 h.
Finally, the cell viability was measured using a UV/Vis microplate
reader after incubation with 10 % Cell Counting Kit-8 (CCK-8, Dojindo,
Tabaru, Japan).

For fluorescence imaging, Cy5.5-labeled MPNs were prepared as
follows: NH,-FRRG-COOH peptide (Peptron Co.;178.26 mg, 0.39
mmol), Cy5.5 NHS ester (Lumiprobe, Wan Chai, Hong Kong; 150 mg,
0.195 mmol) and N, N diisopropylethylamine (DIPEA, Sigma Aldrich;
30.18 mg, 0.234 mmol) were mixed in anhydrous dimethylformamide
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(DMEF). After 3 h of reaction, Cy5.5-FRRG-COOH was purified using Sep-
Pak C18 cartridges (Waters, Massachusetts, USA) and subsequently
coupled with mesalamine following the same method described above.
Cy5.5-conjugated mesalamine prodrug and unmodified mesalamine
prodrug were evenly mixed in saline at a 1:99 wt%, resulting in Cy5.5-
labeled nanoassemblies.

4.2. Anti-inflammatory effect by the inhibition of MAPK signaling
pathway

To analyze changes in cathepsin B expression under injured condi-
tions, HK-2 cells were treated with 500 pM H,05. After 4 h of incubation,
the cells were washed twice with DPBS and dispersed in lysis buffer (1 %
sodium deoxycholate, 0.1 % SDS, 1 % NP-40, 25 mM Tris-HCl, 150 mM
NaCl and 1 % protease inhibitor). The proteins were quantified using a
BCA assay kit (23,221, Thermo Fisher Scientific) and were then mixed
with sodium dodecyl sulfate loading buffer. After boiling for 5 min, the
protein samples were separated on a 10 % SDS polyacrylamide gel and
subsequently transferred onto a nitrocellulose membrane. The mem-
branes were blocked with TBS-T buffer containing 3 % BSA for 1 h at
room temperature, followed by an overnight incubation at 4 °C with
antibodies against cathepsin B (sc-365,558, Santa Cruz Biotechnology,
Dallas, Texas, USA) or p-actin (ab8227, Abcam, Cambridge, UK). The
membranes were further incubated with anti-mouse or anti-rabbit im-
munoglobulins-horseradish peroxidase (HRP) antibodies for 1 h. HRP
signal intensities on membranes were detected using an enhanced
chemiluminescence system.

To evaluate the MAPK-inhibitory effects, HK-2 cells were seeded into
6-well culture plates at a density of 5 x 10° cells per well. After 24 h
incubation, the cells were treated with either mesalamine or MPNs in the
presence of 500 uM H,05 for 4 h. Following treatment, western blot
analyses were performed using the same protocol described above to
assess MAPK signaling pathway activation by measuring the expression
levels of KIM-1, phosphorylated JNK and phosphorylated p38.

4.3. Human samples

We performed a retrospective review of medical records from
February 2013 to November 2023, comparing two groups: patients with
AKI, including eight individuals with histologically confirmed acute
tubular necrosis (ATN) or acute tubulointerstitial nephritis (ATIN)
without evidence of chronic lesions and ten patients who underwent
kidney biopsy or partial nephrectomy due to suspected renal cell car-
cinoma but showed normal histology or only mild glomerular alter-
ations. The study was approved by our institutional review board and
complied with the ethical standards of the Declaration of Helsinki (IRB
No 2025AN0064).

4.4. Animal study

All experiments involving animals were conducted in accordance
with relevant laws and institutional guidelines of the Institutional Ani-
mal Care and Use Committee (IACUC, approved number: 2023-013) at
the KIST. The C57BL/6 mice were purchased from NaraBio (Republic of
Korea) and bred under pathogen-free conditions at KIST. All mice were
housed under a 12/12-h light-dark cycle with free access to water and
food, except for fasting on the day of bilateral renal surgery. For the
surgical procedure, the mice were anesthetized with a mixture of Zoletil
and Rompun. All animal experiments were conducted using six-week-
old male C57BL/6 mice because female C57BL/6 mice are resistant to
AKI [52].

4.5. Biodistribution

The renal accumulation of MPNs was compared between healthy
mice and AKI mice. AKI mice were prepared in C57BL/6 mice by
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clamping the renal pedicles for 30 min to induce ischemia, followed by
reperfusion (IRI). To evaluate the in vivo biodistribution in both mice
models, NIRF imaging was performed using the Lumina Series III system
(PerkinElmer, USA) after intravenous injection of Cy5.5-labeled MPNs.
As a control, HA nanoparticles—prepared by modifying hyaluronic acid
(HA-101, Creative PEGWorks) with hydrophobic Cy5.5 amine (470CO,
Lumiprobe) via amide condensation—were intravenously administered.
Fluorescence intensity in NIRF images was quantified using LivingImage
software (PerkinElmer, USA). Ex vivo NIRF imaging was performed on
major organs, including the liver, lungs, spleen, kidneys and heart,
which were collected 6, 12, 24 or 48 h after treatment from the mice.
Subsequently, kidney tissues were sectioned coronally and sagittally at a
thickness of 20 pm and stained with a 4',6-diamidino-2-phenylindole
(DAPI, Invitrogen, USA). The presence of MPNs within the kidney tissues
was observed using confocal laser scanning microscopy (Leica,
Germany).

To assess the PK profiles, MPNs were administered intravenously to
AKI mice at a dose corresponding to 6 mg/kg of mesalamine. Blood
samples were collected at the indicated time points, centrifuged for 20
min at 2200 rpm, and the resulting serum was treated with acetonitrile
(1:3, v/v) for protein precipitation. Fluorescence intensities in the su-
pernatants were then quantified using a Lumina Series III (PerkinElmer,
USA). For PD analysis, major organs (liver, lung, kidney and heart) and
injured kidney tissue were collected and subjected to protein quantifi-
cation. Cathepsin B expression in each sample was evaluated by western
blot as described above. Equal amounts of protein lysates from each
organ were incubated with MPNs for 48 h, followed by HPLC analysis.

4.6. Therapeutic efficacy

To evaluate therapeutic efficacy, AKI mice were intravenously
administrated PBS, mesalamine (6 mg/kg) or MPNs (1, 3 or 6 mg/kg
based on mesalamine content) 1 h after IRI injury. Following 24 h of
treatment, whole blood was collected via the inferior vena cava. The
blood samples were centrifuged to obtain serum, which was then
analyzed for kidney injury markers, including blood urea nitrogen
(BUN) and creatinine. The supernatants from homogenized kidney tis-
sues were analyzed for inflammatory cytokines such as TNF-a (43,907,
BioLegened, CA, USA), IL-1p (MLBOOC, R&D systems), IL-6 (M6000B,
R&D systems) and IL-10 (DY217B, R&D systems) using ELISA assays.
Additionally, portion of kidney tissues were subjected to immunobhis-
tochemical staining with PAS, F4/80 (MCA497G, Serotec) antibody,
Ly6G (11-9668, eBioscience) antibody or terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL) to assess tissue damage and
inflammation. Tubular injury, including necrotic tubules, formation of
tubular casts and loss of brush borders, was quantified using a scoring
system from O to 4, with the average score calculated. All evaluations of
the slides were performed in a blinded manner. To quantify the staining,
5-6 high-power fields were randomly selected from each slide. Positive
cell areas were measured and compared between groups using Fiji
ImageJ software (NIH, USA).

4.7. Evaluation of systemic inflammation

The tight junction disruption in the kidneys was evaluated by
analyzing the levels of occludin-1 and ZO-1. Following the previously
described protocol [26,53], the kidney tissues collected from healthy or
AKI mice were stained using a mouse anti-mouse Alexa Fluor 488-conju-
gated occludin-1 antibody (TFS-331588, Invitrogen, USA) and a rabbit
anti-mouse Alexa Fluor 647-conjugated ZO-1 antibody (98225S, Cell
Signaling, USA). The levels of TNF-a, IFN-y, IL-1f, IL-6 and IL-10 in seum
samples were analyzed via ELISA assays to evaluate systemic inflam-
matory responses. Additionally, the following hematological parameters
from AKI mice treated with PBS, mesalamine or MPNs were analyzed:
aspartate aminotransferase (AST), alanine transaminase (ALT), lactate
dehydrogenase (LDH) and creatinine kinase (CK) in the serum; and
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white blood cell (WBC), neutrophil (NEU), lymphocyte (LYM), mono-
cyte (MONO) and platelet (PLT) in the whole blood. Major organs,
including the liver, lungs, spleen, kidneys and heart, colledted from the
mice were stained with H&E and subsequently examined using micro-
scopy (BX 51, Olympus, USA).

4.8. Biocompatibility

To assess in vivo safety, healthy 6-week-old male C57BL/6 mice were
intravenously administered mesalamine or MPNs, either as a high/sin-
gle dose (12 mg/kg based on mesalamine content) or as multiple doses
(6 mg/kg based on mesalamine content) over three consecutive days.
Body weights were measured daily. On day 7, blood samples and major
organs were collected for further analysis: AST, ALT, BUN, creatinine,
LDH and CK in the serum; and structural abnormalities in the major
organs stained with H&E.

4.9. Statistical analysis

Statistical significance between the two groups was analyzed using
the Student’s t-test. In the case of more than two groups, one-way
analysis of variance (ANOVA) was used, and multiple comparisons
were performed using the Tukey-Kramer post-hoc test. Survival results
were plotted using Kaplan—Meier curves and analyzed using the log-
rank test. All results are presented as mean + SD, and P values of
>0.05", < 0.05%, < 0.01** and < 0.001*** were considered statistically
significant.
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