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Prednisolone-folate conjugate (PFC) was synthesized to
achieve renal-targeted delivery and specific intracellular
release of prednisolone. Our results highlight the significance
of folate-mediated targeted delivery to kidney and the
consequent in vivo therapeutic efficacy of PFC against renal
ischemia/reperfusion injury.

Renal ischemia/reperfusion injury (IRI) commonly occurs in kidney
transplantation, cardiopulmonary and aortic bypass surgery, trauma,
hemorrhage, hypotension and burns which affects a large population
of patients worldwide '~. As a leading cause for acute renal failure,
renal IRI is associated with very high morbidity and mortality *.
Glucocorticoids (GCs) are a class of steroid hormones that have been
successfully used in clinic for their anti-inflammatory and
immunosuppressive effects . GCs have shown reno-protective
effects against renal IRI by a receptor-dependent, non-genomic
mechanism in the rat renal IRI model *7. GCs exert effects by
entering target cells and binding to the inactive cytoplasmic
glucocorticoid receptors. The activated ligand-receptor complex then
translocates into the nucleus to regulate gene transcription either
directly or indirectly ® °. However, extensive and severe adverse
effects were reported for GCs when administered systemically
mainly due to a non-specific distribution of GCs in vivo, including
osteoporosis, peptic ulcer, hyperglycemia and weight gain ' ',
Thus, a renal specific delivery of GCs would be beneficial to
improve their therapeutic efficacy against renal IRI while limiting
systemic adverse effects.

Our lab has focused on the development of renal-specific delivery
systems for years using prednisolone as the selected therapeutic
molecule. Previously, several strategies have been explored to
deliver prednisolone selectively to the kidney, e.g., N-acetylated low
molecular weight chitosan-prednisolone conjugates, prednisolone-
glucose, and prednisolone-glucosamine conjugates which showed
significantly higher intrarenal drug concentration compared to the
free drug and the specificity to proximal tubule epithelial cells
(PTECs) '>'®. These glycoconjugates were designed to achieve renal
targeting attributed to the specific interaction between sugar moieties
and glucose transporters or megalin/cublin receptors that are
extensively distributed in the renal proximal tubules. However,
extensive distribution of glucose and other related transporters
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throughout the human body present potential challenges on the
targeted delivery of prednisolone to kidney via glycoconjugates.
Therefore, more specific delivery strategies need to be developed to
overcome existing challenges. In general, a successful renal-specific
delivery system requires: i). an efficient renal-targeting moiety, e.g.,
ligands that can interact with specific receptors in the kidney; ii).
good aqueous solubility that favors rapid distribution to the kidney
via systemic administration; iii). a suitable linker that is stable in the
blood circulation and can further be cleaved to achieve drug release
at the target site.

Herein, we report a new prednisolone conjugate candidate derived
from prednisolone and folate to selectively deliver prednisolone to
PTECs in the kidney. High folate receptor-o. expression was well
demonstrated in the PTECs thus making it an excellent target for
specific drug delivery to the kidney '” '*. Previously, folate-
conjugated agents for tumor imaging were shown to distribute
specifically in the kidney in addition to the tumor site 1920 This is
mostly likely due to a relatively high level of folate receptor-a
expression in PTECs. Moreover, the re-absorption of filtered solutes
by PTECs may also contribute to the accumulation of folate
conjugates in the kidney. However, tumor-targeted folate conjugates
did not display nephrotoxicity which implies that folate conjugates
might undergo rapid exocytosis and might be further transported
across the basolateral membrane and into the circulation '*?!. Folate
conjugates are suggested to enter cells via receptor-mediated
endocytosis and undergo stages of endosomal and lysosomal
metabolism and degradation in the cytoplasm. Folate receptor-
containing endosomal pH was proven around 6.5 which is critical to
the intracellular release of parent drug *. Based on these findings, an
acid-labile acetal linker was introduced in the design of
prednisolone-folate conjugate (PFC) to allow specific cleavage and
activation of the prodrug in the endosomes of PTECs. The structure
of acetals offers a reasonable stability under extracellular conditions
while undergoing fast hydrolysis in an acidic milieu **. Derived
from previous studies®” ** %, the proposed PFC structure consists of
a water soluble pentapeptide spacer rendering the conjugate more
water-soluble, a folic acid moiety with targetability to PTECs in the
kidney, an acid-labile linker that allows the intracellular release of
drug and the therapeutic moiety of prednisolone (Fig. 1). A straight
forward synthetic strategy was thus developed in the study to
synthesize PFC (Scheme S1, ESIt).
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Fig. 1 Renal-specific delivery of prednisolone. (R=H or Ac)

To confirm cleavage and release of prenisolone under mildly
acidic conditions, the in vitro stability of PFC was evaluated at
varying pH conditions. PFC showed an aqueous solubility of about
3.27 mg/mL in the neutral buffer saline while prednisolone was
reported to be nearly insoluble in water. At 37°C, 99% of PFC
remained unchanged for 29h. Also, PFC remained stable in the rat
plasma with 90% of the conjugates remaining unchanged for 6h and
85% of the conjugates remaining unchanged for 12h (Fig. S1, ESIY).
Maintaining plasma stability is critical to the successful delivery of
the conjugate to the target organ through systemic administration
without encountering quick hydrolysis or degradation in the plasma.
At pH 5, less than 50% of the conjugate was hydrolyzed by 12h,
while at pH 2, over 60% of the conjugate was hydrolyzed by 4h (Fig.
S2, ESIY). Thus, the acid-labile property of the conjugate would
trigger the specific release of prednisolone in the mildly acidic
endosomes via folate-receptor mediated endocytosis while remaining
stable in the circulation.
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Fig 2. The time-concentration profile of prednisolone in plasma after
injection of prednisolone and prednisolone-folate conjugate (PFC). Data
represent mean = S.D. (n=3).

To gain insight into the in vivo profiles of the PFC conjugate, the
pharmacokinetic profiles of PFC and prednisolone were evaluated in
rats. Both PFC and prednisolone displayed a profile with decreasing
plasma concentration over time in vivo (Fig. 2). Interestingly, PFC
displayed significantly higher plasma concentrations at all time
points than prednisolone (p < 0.05). In contrast to prednisolone, a
7.7-fold higher AUC, value and a 1.9-fold higher mean-residence-
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time (MRT,,) value were observed for PFC. Pharmacokinetic
parameters, including maximum plasma concentration (Cpy),
relative uptake efficiency (Raney) and concentration efficiency
(Cekidney) of PFC and prednisolone in kidney, are presented in Table
S2 (ESTY).
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Fig. 3 The concentration-time profile of prednisolone and PFC in rat kidney
after intravenous injection (equivalent to 3 mgkg' prednisolone). Data
represent mean + S.D., (n=5).

Regarding kidney bioavailability (Fig. 3), PFC displayed
significantly higher levels of distribution in the rat kidney compared
to free prednisolone over the course of investigation (p < 0.05).
Compared to previously reported prednisolone conjugate systems, a
remarkably higher Reyigney of 116.83 was observed for PFC (Table
S3, ESIT), while a Reyjgney of 5.64 was reported for prednisolone-
glucosamine system®®, which provided strong evidence for selecting
folate as the targeting ligand for specific renal drug delivery.

To further evaluate the kidney targetability of PFC, the tissue
distribution profile of PFC and prednisolone was measured at 4 and
30 min after i.v. injection (Fig. 4). At 4 min, PFC displayed
significantly higher distributions in both kidney and plasma than in
other organs, while concurrently prednisolone showed higher
distributions in intestine and pancreas. At 30 min, PFC maintained
the specific distribution in the kidney with a much higher
concentration compared to all other organs. However, PFC also
displayed increased distribution in the intestine at 30 min after single
i.v. injection, a phenomenon that has been previously reported.”> The
increase in the intestinal distribution may be due to the folate
receptor expression in the intestine. Additionally, promiscuous
organic anion transporters (OATP) may also contribute to the
transport of folate conjugates in the intestine. Studies showed that
folate conjugates avoided being recognized and transported by
OATP through increasing the steric hindrance of the linker linking
folate and therapeutic agent.”’

To investigate the reno-protective effect of PFC against renal IRI
in rats, a rat renal IRI model was established with some
modifications to the previous study.”® PFC, which was consecutively
given at 3mg/kg for three days, effectively prevented and alleviated
acute injury to renal tubules by maintaining serum creatine (CRER)
and blood urea nitrogen (BUN) at normal levels compared to the
sham group (Table S4, ESIY). Furthermore, the renal morphology of
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ischemia/reperfusion (I/R) group displayed common renal damages
such as dilatation of the tubular lumen, degeneration of the renal
tubular epithelial cells, infiltration of leukocytes, and formation of
protein casts (Fig. 5B). Compared with I/R group, renal damages
were relieved to a certain extent in the I/R group treated with
prednisolone, though dilation of the tubular lumen, degeneration of
tubular epithelia cells and protein casts were observed (Fig. 5D).
Only mild degeneration of the renal tubular cells, dilatation of the
tubular lumen and few casts were observed in the I/R group treated
with PFC compared to the sham-operated group (Fig. SA and C)
which demonstrated a better therapeutic performance for PFC in vivo
and thus a great potential in renal IRI treatment.
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Fig 4. Tissue distribution in rats 4 min (A) and 30 min (B) after i.v.
injection of prednisolone (white columns) and PFC (black columns).
Data represent mean + SD, (n=5).

In summary, we utilized folate as the targeting ligand to achieve
renal-specific delivery of prednisolone. PFC was demonstrated to
have improved water solubility, plasma stability, and acid-sensitive
properties that are crucial to achieving targeted kidney delivery via
systemic administration. Moreover, PFC displayed excellent renal
targetability in vivo, which was also proven to successfully reverse
the disease progression in the rat renal I/R model indicating that PFC
can serve as a potential prodrug candidate for renal IRI therapy.
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Fig 5. Renal morphology of sham-operated (A), /R (B), /R + PFC
(C) and I/R + prednisolone (D) treated kidneys by hematoxylin-eosin
staining. Prednisolone treated group showed significantly more
severe damages than the PFC treated group. Magnification for all
panels is 200%. Black arrows in panels B, C and D indicate the areas
of damage. These are representative sections from five animals
analyzed for each condition.
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