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ABSTRACT
Renal ischemia–reperfusion injury (IRI) is a common prerequisite of acute renal injury (AKI) that
involves the entire system and induces critical illness. The C domain of insulin-like growth factor-
1 (IGF-1C) plays an important role in promoting angiogenesis and enhancing the inflammatory
response. However, given the shortcomings of its short half-life and poor stability, the application
of IGF-1C is restricted. In the present study, IGF-1C nanoparticles (NP-IGF-1C) were constructed
by combining 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide (polye thylenegl-
ycol)](DSPE-PEG-MAL) and IGF-1C through a Michael addition reaction to evaluate the effects of
NP-IGF-1C on preventing IRI. In vitro studies have shown that NP-IGF-1C is not cytotoxic and pro-
tects cells from oxidative damage. The renal enrichment and biocompatibility of NP-IGF-1C were
determined in vivo by connecting fluorescent molecules to NP-IGF-1C for in vivo imaging and
pathological staining of important organs. After IRI, renal function decreased, and inflammatory
cell infiltration, oxidative stress and apoptosis increased. As expected, NP-IGF-1C reversed these
changes, indicating that NP-IGF-1C played a protective role in the process of IRI, which may be
mediated by its antioxidant, anti-inflammatory and antiapoptotic activities.
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Introduction

As a common clinical syndrome, acute kidney injury
(AKI) is characterized by a rapid decline in renal func-
tion and a decrease in the glomerular filtration rate,
with the clinical manifestations of oliguria, anuria,
edema, anorexia, and chest tightness. AKI occurs with
the rapid decline in renal function in a short time
caused by various factors and is usually critical [1].
According to statistics, approximately 10–15% of hospi-
talized patients experience AKI, and 5% of hospitalized
patients require lifelong dialysis, making prevention
and treatment urgent needs [2,3]. Early diagnosis
and treatment contribute to improving the
patient prognosis.

Accounting for 60% of AKI etiologies, renal ischemia
reperfusion injury (IRI) refers to the process of an initial
restriction of the blood supply to kidney and subse-
quent reperfusion of the tissue with blood. The preva-
lence of ischemic AKI is increasing worldwide,
especially in critically ill patients or patients undergoing
major surgery [4,5]. However, no effective therapeutic
interventions are available to prevent, reduce or repair

acute tubular necrosis (ATN) in clinical practice.
Therefore, drugs with potential therapeutic value must
be identified.

Insulin-like growth factor-1 (IGF-1) is essential for
normal growth and development. Furthermore, IGF-1 is
important for the normal development of prenatal and
postpartum kidneys and is considered to play an
important role in facilitating the recovery of renal func-
tion in individuals with AKI [6,7]. IGF-1 is a long-chain
polypeptide composed of dozens of amino acids,
including four domains, A, B, C and D. The C domain
peptide (IGF-1C) is considered the active domain of
IGF-1.

However, the circulating half-life of peptides is con-
siderably less than that required for frequent use. The
absorption, distribution, metabolism and excretion of
peptides can be improved by increasing cell permeabil-
ity, enhancing chemical and proteolytic stability and
reducing the overall clearance in the kidney to prolong
the cycling half-life.

Nanotechnology has emerged as a tool to solve
these problems. Drugs consisting of peptides
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incorporated in nanoparticles have the potential to
reduce the side effects and toxicity associated with the
current available treatments for renal diseases and may
produce higher intrarenal drug concentrations than
free drugs. Given its beneficial features, such as biocom-
patibility, nontoxicity, inexpensiveness and nonimmu-
nogenicity, polyethylene glycol (PEG) is an ideal
candidate material for modification [8]. Furthermore,
the ability of PEG to increase binding with plasma pro-
teins, including albumin, and decrease renal clearance
has been extensively explored. In 2018, Wang et al.
developed a PEG-based dexamethasone macromolecu-
lar prodrug (ZSJ-0228) that self-assembles into micelles
in aqueous medium, penetrates into inflammatory sites
through leaky blood vessels, and locally releases active
drugs. Compared with daily treatment with the same
dose of dexamethasone 21-phosphate, monthly intra-
venous injection of ZSJ-0228 for two months signifi-
cantly increased the survival rate of lupus-susceptible
NZB/WF1 mice and alleviated proteinuria with no obvi-
ous systemic toxicity [9].

In the present study, DSPE-PEG-MAL was connected
to IGF-1C through a Michael addition reaction to con-
struct nanoparticles (NP-IGF-1C). We evaluated whether
NP-IGF-1C improved the renal function of the mouse IRI
model and explored its mechanism of alleviating renal
injury to provide a new theoretical basis and scientific
guidance for the treatment of AKI.

Materials and methods

Animals and groups

Twenty male BALB/c mice (20–30 g, 8 weeks) supplied
by the Laboratory Animal Center of Nankai University
were used in the current study. Mice were fed a stand-
ard mouse chow diet throughout the study and were
housed (five per cage) under controlled laboratory con-
ditions (12/12: light/dark, 23 ± 2 �C, 60 ± 10% humidity).
All animal studies were performed according to the
guidelines established by the Tianjin Committee of Use
and Care of Laboratory Animals, and the overall project
protocols were approved by the Animal Ethics
Committee of Nankai University. The accreditation num-
ber of the laboratory is SYXK (Jin) 2019–0003 promul-
gated by Tianjin Science and Technology Commission.
Mice were randomized into four groups: sham, sham
operation group (abdominal surgical explorationþ tail
vein injection of PBS); IRI, IRI model group (renal ische-
mia–reperfusion surgeryþ tail vein injection of PBS);
IGF-1Cþ IRI, IGF-1C treatment group (renal ischemia–re-
perfusion surgeryþ tail vein injection of IGF-1C); and
NP-IGF-1Cþ IRI, NP-IGF-1C treatment group (renal

ischemia–reperfusion surgeryþ tail vein injection of NP-
IGF-1C). Mice were injected with 200 mL of PBS, IGF-1C
or NP-IGF-1C 2 h before the operation and 24 h and
48 h after the operation. The IGF-1C solution was
obtained by dissolving 25mg of the IGF-1C polypeptide
in 1mL of PBS.

Synthesis and characterization of NP-IGF-1C
and NP

First, 1mL of tetrahydrofuran was added to dissolve the
mixture of fluorescent molecules TPE-PH-DCM (1mg,
synthesized in our laboratory) and DSPE-PEG-MAL5000
(3mg, purity �99%, Tianjin Haoyang Biological
Products Co., Ltd. Tianjin, China). Second, this solution
was slowly added to ultrapure water (9mL) and soni-
cated with an ultrasonic cell crusher for 3min, followed
by volatilization to remove tetrahydrofuran. Next, the
remaining solution was ultrafiltered to 1mL to obtain
1mg/mL nanoparticles, and the nanoparticles were dia-
lyzed in ultrapure water thrice to completely remove
tetrahydrofuran. Finally, IGF-1C (2.5mg, purity �98%,
Jill Biochemical Co., Ltd.) was added to the aforemen-
tioned solution, and the mixture was placed on a shak-
ing table overnight to allow the nanoparticles to
completely bind polypeptides and obtain NP-IGF-1C
nanoparticles.

Only DSPE-PEG-MAL5000 was added to ultrapure
water and sonicated with an ultrasonic cell crusher, fol-
lowed by volatilization to remove tetrahydrofuran and
ultrafiltration to obtain 1mg/mL blank nanoparticles
(NPs). The specific procedures were the same as those
used for the synthesis of NP-IGF-1C.

After obtaining the nanoparticle solution, the sample
cells containing the NP solution and IGF-1C solution
were individually placed into a Zetasizer Nano ZS
(Malvern Instruments, UK) to measure the size and
potential. They were also dropped on a copper mesh to
assess the ultrastructure with transmission electron
microscopy (TEM).

Determination of the encapsulation efficiency and
drug loading

First, the UV absorption of polypeptide molecules with
different masses was measured to generate the stand-
ard curve. By measuring the UV absorption of NP-IGF-
1C, which was substituted into the standard curve, the
mass of the remaining polypeptide molecules in the
solution was calculated. The drug loading (DL%) and
encapsulation efficiency (EE%) were calculated using
the following formulas: DL%¼drug weight in

RENAL FAILURE 1377



nanoparticles/(carrier massþdrug mass in nano-
particles)�100%; EE%¼weight of drug in nanoparticles/
weight of drug initially added � 100%, DL%¼drug
weight in nanoparticles/(carrier massþ drug mass in
nanoparticles)�100%.

MTT assay

Cell viability was measured using the 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT)
assay. A total of 5� 103 human embryonic kidney cells
(HEK293 cells) were seeded in each well of 96-well
plates, which were divided in accordance with experi-
mental experience and the related literature into 6
groups (control, H2O2 (100 lM), H2O2 (100 lM)þNP-IGF-
1C, H2O2 (100 lM)þIGF-1C, H2O2 (100 lM)þNP, and NP-
IGF-1C). After 24 h of treatment, the cultured cells were
incubated with an MTT solution (0.5mg/mL) for 2 h,
and the optical density (OD) values at 570 nm
were obtained.

Live-dead staining of cells

HEK293 cells were incubated in confocal microscopy
dishes at a density of 5� 104 cells/dish at 37 �C in a 5%
carbon dioxide incubator for 24 h. After the incubation,
the cells were incubated with PBS, H2O2 (100 lM), H2O2

(100 lM)þNP-IGF-1C, H2O2 (100 lM)þIGF-1C, H2O2

(100 lM)þNP or NP-IGF-1 for an additional 24 h. Next,
the Calcein/PI Cell Viability/Cytotoxicity Assay Kit
(Beyotime, Cat: C2015 M, Shanghai, China) was used to
detect living and dead cells according to the manufac-
turer’s instructions. Finally, the cells were viewed under
a fluorescence microscope, and cell viability was calcu-
lated using the following equation: cell viability
(%)¼(number of calcein-AMþ cells)/(number of calcein-
AMþ cellsþnumber of PIþ cells)�100.

Construction of the renal ischemia–reperfusion
injury model

Mice were anesthetized with isoflurane throughout the
procedure. The skin was incised along the midline of
the back of each mouse, and both kidneys were
exposed. After separating and clamping both renal
arteries for 45min to block blood flow to the kidney,
the color of the kidney changed from red to dark pur-
ple, indicating renal ischemia. The artery clamps were
removed 45min later. The color of the kidneys grad-
ually returned to bright red, and the back incision
was sutured.

Imaging of main organs and fluorescence decays
of NP-IGF-1C in kidneys

Two mice each from the sham operation group and
operation group were randomly selected and injected
with 200 lL of the NP-IGF-1C solution through the cau-
dal vein. Under the conditions of an excitation wave-
length of 465 nm and an emission wavelength of
640 nm, the relevant parameters were adjusted to col-
lect images. The kidneys of mice in the operation group
were collected images at 3, 6 ,9 and 12 hours respect-
ively. Data were analyzed using Living Image software.

Blood and tissue sample collection

Seventy-two hours after the reperfusion phase, mice
were anesthetized with isoflurane, and blood samples
were collected by removing the left eyeball of the mice.
The blood samples were incubated at room tempera-
ture for 2 h and then centrifuged at 3000 rpm for 5min
to obtain serum samples, which were separated and
stored at �80 �C. The heart, liver, spleen, liver and one
kidney were collected from each mouse and placed in a
10% formalin solution for histological assessment,
whereas the other kidney was preserved at �80 �C for
additional measurements.

Evaluation of biomarkers of renal injury

Using a biochemical automatic analyzer, the stored
serum samples were used to measure the levels of
serum creatinine (Scr) and blood urea nitrogen (BUN),
which are markers of prevailing renal function and are
used for AKI diagnoses. Serum levels of Kidney Injury
Molecule-1 (KIM-1) and NAGL were measured using
ELISA kits according to the manufacturer’s protocols.

Determination of oxidative stress

Tissue lysis buffer was added to kidney tissue samples
of the same weight and ground with a glass homogen-
izer (1mL) on ice, followed by centrifugation at 1500�g
for 30min at 4 �C to collect the supernatant containing
proteins. Before the determination of lipid peroxidation
indicators, the protein concentration was calculated
with the BCA protein assay, and the concentrations of
lysates were adjusted accordingly. Renal activities of
catalase (CAT), malondialdehyde (MDA), and glutathi-
one peroxidase (GSH-Px) were determined using a CAT
determination kit, MDA determination kit and GSH
determination kit (Beyotime, Shanghai, CN), respect-
ively, with a multifunctional microplate reader.
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Western blotting

After the kidney tissue samples were lysed in RIPA buf-
fer containing 1mM PMSF, protein concentrations were
detected using a BCA kit. The samples were electro-
phoresed on 10% SDS–PAGE gels and transferred to
PVDF membranes. Next, the membranes were blocked
with rapid blocking solution, incubated with primary
antibodies overnight, and then incubated with second-
ary antibodies. The membranes were observed using
chemiluminescence imaging (Clinx Science Instruments
Co., Ltd.). Protein bands were quantified by densitom-
etry using ChemiAnalysis software (Clinx Science
Instruments Co., Ltd.).

Immunofluorescence staining

The kidneys were placed into a gradient of sucrose sol-
utions for dehydration and then placed in the embed-
ding solution. Next, the dehydrated and embedded
kidneys were cut into 5-mm-thick frozen sections using
a cryostat microtome (LEICA, GER). Then, the samples
were fixed and blocked with acetone, Triton-X100, H2O2

and goat serum. After an incubation with primary anti-
body overnight and an incubation with secondary anti-
body for 1 h, the samples were incubated with DAPI.
Finally, a field of view was randomly selected and pho-
tographed with a confocal microscope (LSM 800 with
Airyscan, GER).

Histopathological evaluation

The kidney, heart, liver, spleen and lung tissues were
fixed with 4% paraformaldehyde for 48 h and then
rinsed repeatedly with PBS to remove the residual fixa-
tive solution. Next, the tissues were sequentially placed
in embedding cassettes and in an automatic dehydrator
until the samples were dehydrated, dipped in ethanol
and xylene, and embedded in paraffin.

After the tissue samples were removed, they were
cut into 5-mm-thick sections and stained with an HE
staining kit (Solarbio, Beijing, China) according to the
manufacturer’s instructions. HE-stained sections were
randomly selected from each group for observation
and photographed using a light microscope (DM2500,
Leica, Wetzlar, Germany). High-power fields of view
were randomly selected during imaging to ensure a
fair comparison.

TUNEL assay

The terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assay was conducted using an

apoptosis detection kit (KGA702, Nanjing, China) accord-
ing to the manufacturer’s protocol to determine the per-
centage of apoptotic cells. TUNEL-positive cells were
counted at 100� magnification in the cross-sections by a
researcher who was blinded to the protocol. All meas-
urements were performed in a blinded manner.

Evaluation of inflammatory factors in serum

Levels of inflammatory factors (IL-6 and IL-10) were
determined using enzyme-linked immunosorbent assay
(ELISA) with an IL-6 ELISA kit and an IL-10 ELISA kit pur-
chased from Abclonal (Wuhan, CN), respectively. The
samples analyzed were serum, and the tests were per-
formed according to the instructions. Finally, a multi-
functional microplate reader was used to measure the
absorbance of the samples at 450 nm.

Statistical analysis

Statistical analyses were performed using SPSS 22.0
statistical software (IBM, USA). All measurement data
are presented as the means ± standard deviations
(M± SD), and comparisons between two groups were
conducted with an independent sample test.

Results

Characterization of NP-IGF-1C and NPs

Under the transmission electron microscope, the
morphology of NP-IGF-1C and NPs was approximately
spherical (Figure 1(A)). Dissolved NP-IGF-1C was
observed as a transparent yellow liquid (Figure 2(A)).
Due to the slight negative charges, the sizes of the NP-
IGF-1C and NPs in this study were 94.87 nm (PDI ¼
0.174) and 59.58 nm (PDI ¼ 0.169), respectively (Figure
1(B,C)). The excitation wavelength of TPE-Ph-DCM, a
fluorescent dye carried by NP-IGF-1C, was 465 nm, and
the emission wavelength was 640 nm. Imaging under
these conditions revealed minimal fluorescence aggre-
gation in the kidneys of sham mice, whereas a large
amount of fluorescence accumulated in the kidneys of
mice with IRI. Otherwise, the other main organs of the
two groups of mice showed no obvious fluorescence
(Figure 2(B)). The attenuation of fluorescence signal
takes 12 hours, indicating that NP-IGF-1C can stay in
the kidney for a long time (Figure 2(C)).

Cytoprotective effects of NP-IGF-1C

H2O2 is a strong oxidizing reagent, and even if a min-
imal concentration of H2O2 is added to the cells, it will
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cause intracellular oxidative stress and cell death. After
H2O2 was incubated with HEK 293 cells for 24 h, the
relative survival rate of HEK 293 cells was measured
using the MTT method. Clearly, the survival rate of cells
decreased significantly. However, through the protect-
ive effects of IGF-1C and NP-IGF-1C, the cell survival
rate increased, indicating that IGF-1C and NP-IGF-1C
prevented H2O2-mediated damage to HEK293 cells.
Among these two treatment, NP-IGF-1C exerted the
greatest protective effect. The low OD of the H2O2 þ
NP group indicated that the cytoprotective effect of
NP-IGF-1C was not dependent on NPs. In addition, we
also observed the nontoxicity of NP-IGF-1C based on
the high OD of the NP-IGF-1C group (Figure 3(C)).

Live-dead staining of HEK293 cells was conducted to
detect the antioxidant activity of NP-IGF-1C. The sur-
vival rate of cells treated with NP-IGF-1C was similar to
that of the control group, indicating the good biocom-
patibility of NP-IGF-1C. A large number of cells died in
the H2O2 group due to oxidative damage, whereas the
cell survival rates in the H2O2 þ IGF-1C group and H2O2

þ NP-IGF-1C group were significantly greater than

those in the H2O2 group, revealing the capacities of
IGF-1C and NP-IGF-1C to protect cells from oxidative
damage. A greater number of live cells was observed in
the H2O2 þ NP-IGF-1C group than the H2O2 þ IGF-1C
group, and the number of live cells in the H2O2 þ NP
group was similar to that in the H2O2 group
(Figure 3(A,B)).

Analysis of biomarkers of renal injury

As shown in Figure 4(A), higher Scr and BUN levels,
which indicate renal failure, were noted in IRI mice.
However, the levels of these two indicators decreased
after IGF-1C injection. In addition, their levels were sig-
nificantly decreased after the injection of NP-IGF-1C,
indicating that NP-IGF-1C treatment reduced renal dam-
age in IRI mice. Figure 4(B) shows that IRI significantly
upregulated renal KIM-1 and neutrophil gelatinase-
associated lipocalin (NGAL) expression compared to the
sham treatment. Compared with sham rats, NP-IGF-1C
and IGF-1C treatment significantly reduced KIM-1 and
NGAL expression in renal tissue. Furthermore, the

Figure 1. Characterization of NP-IGF-1C. (A) Transmission electron microscopy (TEM) images of NP-IGF-1C and NPs. Scale bar ¼
200 nm. (B, C) Size, zeta potential, PDI, EE% and DL% of NP-IGF-1C and NPs.
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administration of NP-IGF-1C downregulated KIM-1 and
NGAL expression compared to IGF-1C administration.

Figure 4(B) shows that IRI significantly upregulated
renal KIM-1 and neutrophil gelatinase-associated lipoca-
lin (NGAL) expression compared to the sham treatment.
Compared with sham rats, NP-IGF-1C and IGF-1C treat-
ment significantly reduced KIM-1 and NGAL expression
in renal tissue. Furthermore, the administration of NP-
IGF-1C downregulated KIM-1 and NGAL expression
compared to IGF-1C administration.

NP-IGF-1C pretreatment altered antioxidant
enzyme levels in the renal IRI model

Figure 5 shows the relative activities of the 3 different
antioxidant enzymes. GSH-Px and CAT levels in the IRI
group were significantly lower than those in the sham
group. Compared with the IRI group, the IGF-1C group
displayed increased GSH-Px and CAT levels. However,
the NP-IGF-1C group exhibited more obvious increases
in the activities of these enzymes (Figure 5(A,B)). Tissue
MDA levels are shown in Figure 5(C). MDA levels in the
IRI group were significantly increased compared with
those in the sham group (p<.001), whereas MDA levels
in the IGF-1C group were decreased. Furthermore, the
decrease was more pronounced in the NP-IGF-1C group.

NP-IGF-1C decreased apoptosis

Immunofluorescence staining for Bax (Figure 6(A)) and
western blot analyses of Bcl-2 and Bax levels (Figure
6(B,C)) were performed to further investigate the

mechanism by which NP-IGF-1C attenuates renal cell
apoptosis after IRI. Although Bcl-2 levels in the IGF-1C
group were higher than those in the IRI group, the
highest Bcl-2 levels were detected in the NP-IGF-1C
group. In contrast, Bax protein levels in the NP-IGF-1C
group were lower than those in the IGF-1C group and
even lower than those in the IRI group.

In addition, the number of TUNEL-positive cells was
increased significantly in the IRI group, whereas the num-
bers of TUNEL-positive cells were decreased in the NP-
IGF-1C group and IGF-1C group. The lower number of
TUNEL-positive cells indicated the superior antiapoptotic
activities of NP-IGF-1C (Figure 7(A,B)). Therefore, NP-IGF-1C
directly and rapidly protected the kidneys of IRI mice.

NP-IGF-1C decreased pathological injury

As illustrated in Figure 7(C), the kidney tissue structures
of the sham group exhibited no notable histopatho-
logical features under a microscope (HE staining). In con-
trast, severe renal tubular injury and pathological
changes occurred in mice in the IRI group. The degree of
acute tubular necrosis was evaluated by counting indi-
ces, such as renal tubular expansion and abscission, pro-
tein tubular type, brush border loss and cellular necrosis
[10]. The IGF-1C treatment reduced the degree of renal
tubular injury after surgery, suggesting that IGF-1C allevi-
ated renal injury caused by ischemia and promoted tis-
sue repair. In addition, the tissue of the NP-IGF-1C group
exhibited less injury than that of the IGF-1C group, indi-
cating that NP-IGF-1C more effectively reduced renal
pathological damage caused by IRI (Figure 7(D)).

Figure 2. (A) NP-IGF-1C nanoparticle solution (left panel) and IGF-1C solution (right panel). (B) Fluorescence signal of NP-IGF-1C
in the main organs. (C) Fluorescence signal of NP-IGF-1C was attenuated in the kidney. The quantities indicated by the color bar
ranged from 320 to 500 cps.
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NP-IGF-1C inhibited inflammatory
cytokine production

As shown in Figure 8, serum IL-6 concentrations in the IRI
group were significantly increased compared with those in
the sham group, and IGF-1C treatment reduced IL-6 pro-
duction. In addition, IL-6 levels were further reduced in the
NP-IGF-1C group. IL-10 levels in the blood of mice in the
IRI group decreased, whereas IGF-1C treatment increased
IL-10 levels. This increase in IL-10 levels was more obvious
in the NP-IGF-1C group, suggesting that NP-IGF-1C exerted
a protective effect by reducing the inflammatory response
in kidneys suffering ischemia–reperfusion.

In vivo evaluation of NP-IGF-1C toxicity

NP-IGF-1C (200 mL/day) was injected intravenously into
normal mice to evaluate its biosafety. After 3 days, the

major organs, including the heart, liver, lungs and
spleen, were collected from the mice. Compared with
the control group, the main organs of normal mice were
not significantly damaged (Figure 9), indicating that NP-
IGF-1C did not induce adverse side effects on healthy
mice and exhibited excellent biocompatibility in vivo.

Discussion

This experiment using the IVIS Spectrum small animal
in vivo imaging system revealed that NP-IGF-1C admin-
istered through the caudal vein was enriched in the kid-
neys of mice suffering from ischemia–reperfusion injury
induced by clamping the bilateral renal arteries. IRI,
which caused by an abrupt cessation of blood flow into
a specific organ, can occur after heart failure, severe
trauma and surgery and aggravate tissue damage by

Figure 3. Cytoprotective effects of NP-IGF-1C. (A, B) Live-dead staining and quantification of cell viability (%) in each group.
Scale bar ¼ 100 lm. (C) MTT assay showing the optical density (OD) values of HEK293 cells incubated with various treatments
for 24 h. Error bars represent the M ± SD from three independent experiments. �p < 0.05 compared with the control group; #p
< 0.05 compared with the H2O2 group. IGF-1C, C domain of insulin-like growth factor-1; NP-IGF-1C, nanoparticles of NP-IGF-1C.
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initiating oxidative stress, the inflammatory response
and apoptosis pathways [11,12].

When IRI is initiated, it causes a series of pathological
injuries to renal tissue, including tubular epithelial
necrosis, degeneration and abscission, lumen expan-
sion, interstitial congestion and inflammatory cell

infiltration [13]. In vivo experiments showed that treat-
ment with NP-IGF-1C reduced Scr, BUN and tubular
injury scores compared to PBS.

As a significant feature of early acute kidney injury,
inflammatory cell infiltration occurs wSCithin 2 h after
ischemic injury [14]. As a major proinflammatory

Figure 4. SCr, BUN, KIM-1 and NAGL levels, which are biomarkers of renal injury, were detected at Day 3 postinjury. Data are
presented as M ± SD; n ¼ 5. �p < 0.05 compared with the sham group; #p < 0.05 compared with the IRI group; &p < 0.05
compared with the IRIþIGF-1C group. SCr, serum creatinine; BUN, blood urea nitrogen; KIM-1, Kidney Injury Molecule-1; NAGL,
neutrophil gelatinase-associated lipocalin; IRI, ischemia–reperfusion injury; IGF-1C, C domain of insulin-like growth factor-1; NP-
IGF-1C, nanoparticles of NP-IGF-1C.

Figure 5. GSH-Px, CAT and MDA levels were detected at Day 3 postinjury. Data are presented as M ± SD; n ¼ 5. �p < 0.05 com-
pared with the sham group; #p < 0.05 compared with the IRI group; &p < 0.05 compared with the IRIþIGF-1C group. IRI, ische-
mia–reperfusion injury; IGF-1C, C domain of insulin-like growth factor-1; NP-IGF-1C, nanoparticles of NP-IGF-1C; GSH-Px,
glutathione peroxidase; CAT, catalase; MDA, malondialdehyde.
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mediator, IL-6 levels increased earlier than the levels of
other cytokines (such as the systemic inflammatory
marker C-reactive protein) during the inflammatory
response. On the other hand, IL-10 is a potent immuno-
modulator with anti-inflammatory and tissue regenerative
activities [15] that antagonizes the effect of IL-6. Studies
have revealed that IL-10 prevents renal injury caused by
ischemia, cisplatin nephrotoxicity or ureteral obstruction

by limiting the infiltration of immune cells and the pro-
duction of inflammatory cytokines [15]. Because IRI trig-
gers the inflammatory cascade, it results in greater renal
damage, and inhibition of the inflammatory response is a
therapeutic method to protect renal tissue. Treatment
with NP-IGF-1C decreased IL-6 levels and increased IL-10
levels, confirming its ability to reduce the inflammatory
response after renal tubular injury.

Figure 6. (A) Bax expression in renal tissues was analyzed using immunofluorescence staining. Scale bar ¼ 50 mm. (B, C) Bax and Bcl-2
protein levels in renal tissues were quantified using western blotting. Error bars represent the M ± SD from three independent experi-
ments. �p < 0.05 compared with the sham group; #p < 0.05 compared with the IRI group; &p < 0.05 compared with the IRIþIGF-1C
group. IRI, ischemia–reperfusion injury; IGF-1C, C domain of insulin-like growth factor-1; NP-IGF-1C, nanoparticles of NP-IGF-1C.
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In the course of IRI, various forms of cell death, such
as necrosis, apoptosis, pyroptosis and ferroptosis, occur.
Among these forms, apoptosis is a typical mechanism of
renal cell death. When IRI occurs, DNA cleavage and
nuclear condensation are observed as the initial indica-
tors of apoptosis [16], and apoptotic cells appear in the
proximal, distal and loop areas of renal tubules in the cor-
tex and medulla [17]. The Bcl-2 gene family regulates the
progression of AKI by inducing endogenous apoptosis.

When cells suffer from acute injury, proapoptotic factors,
including Bax, translocate to the mitochondrial outer
membrane, resulting in a significant increase in mito-
chondrial outer membrane permeabilization (MOMP) and
accelerating the apoptotic process [18,19]. Consequently,
Bax is used as a primary index to evaluate renal tubular
epithelial cell apoptosis [20,21]. As an antiapoptotic pro-
tein, Bcl-2 inhibits cell apoptosis, in contrast to Bax, which
promotes apoptosis [22]. The detection of apoptosis in

Figure 7. (A) TUNEL-positive apoptotic kidney cells and TUNEL-negative (nonapoptotic, normal) kidney cells. (B) The percentage
of TUNEL-positive apoptotic kidney cells. (C) Hematoxylin and eosin (HE) staining of kidney tissues from each group. Scale bar ¼
50 lm. (D) Semiquantitative histological assessment of HE staining by determining the acute tubular necrosis (ATN) score. �p <
0.05 compared with the sham group; #p < 0.05 compared with the IRI group; &p < 0.05 compared with the IRIþIGF-1C group.
Error bars represent the M ± SD from three independent experiments. IRI, ischemia–reperfusion injury; IGF-1C, C domain of insu-
lin-like growth factor-1; NP-IGF-1C, nanoparticles of NP-IGF-1C.

Figure 8. Inflammatory cytokine (IL-6 and IL-10) levels were detected at Day 3 postinjury (n ¼ 5). �p < 0.05 compared with the
sham group; #p < 0.05 compared with the IRI group; &p < 0.05 compared with the IRIþIGF-1C group. Data are presented as M
± SD; n ¼ 5. IRI, ischemia–reperfusion injury; IGF-1C, C domain of insulin-like growth factor-1; NP-IGF-1C, nanoparticles of NP-
IGF-1C. IL-6, interleukin-6; IL-10, interleukin-10.
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this study showed that NP-IGF-1C exerted an antiapop-
totic effect by suppressing Bax expression and increasing
Bcl-2 expression.

In the IRI model, IGF-1R expression was upregulated
in proximal tubular cells on the third day after injury,
indicating that IGF-1 was involved in renal self-repair
[23]. In addition, viable renal tubular epithelial cells are
the main cell source involved in the process of renal
repair and have a strong proliferation ability to replace
cells lost due to injury [24]. In contrast, cells that have
not undergone regeneration do not express IGF-1 [25].
Thus, the transient expression of IGF-1 during proximal
tubule regeneration provides a theoretical foundation
for treatment involving recombinant IGF-1. In an experi-
mental model of AKI, IGF-1 treatment increased the
glomerular filtration rate through a direct effect on the
glomerular vascular system, reduced the resistance of
afferent and efferent arteries through the local produc-
tion of nitric oxide and vasodilatory prostaglandins, and
accelerated the recovery of normal renal function and
the regeneration of damaged proximal renal tubular
epithelial cells [26]. The C domain peptide of insulin-like
growth factor-1 (IGF-1), which is composed of 12 amino
acids (GYGSSSRRAPQT), is considered the active region
of IGF-1. By increasing the survival rate of human
embryonic stem cells, angiogenesis, and left ventricular
wall thickness and reducing adverse cardiac remodel-
ing, IGF-1C promotes the recovery of cardiac function
of the ischemic myocardium in mice [27,28].

The stability of commonly used drugs is poor,
whereas nanoparticles exhibit good stability and bio-
compatibility and exert favorable effects on renal ther-
apy. In 1984, a pioneering study by Nefzger et al. [29]
was the first to show that polymerized nanoparticles
constructed from polymethylmethacrylate penetrate
renal tissue from the systemic circulation. In 2003,
Tsutsumi and colleagues reported a copolymer system
for selective renal administration [30].

With advances in nanotechnology, different nano-
particles have been shown to play important roles in
the diagnosis, imaging and treatment of kidney disease.
In the present study, the fluorescence imaging property
of AIE was used to track nanoparticles in vivo, revealing
the renal targeting of NP-IGF-1C. In subsequent experi-
ments, we confirmed that NP-IGF-1C markedly
improved renal function after IRI and provided new
insights into ischemic diseases.

Conclusions

In this paper, we synthesized nanoparticles (NP-IGF1C)
to show that NP-IGF-1C is biocompatible and functions
as an antioxidant compared to IGF-1C. NP-IGF-1C is
enriched in the mouse kidney after renal ischemia–re-
perfusion injury, with no damage to vital organs. In
addition, given its excellent ROS scavenging capacity,
NP-IGF-1C alleviates oxidative stress, reduces apoptosis,
suppresses the inflammatory response, reduces kidney
injury and accelerates renal repair. Compared with con-
ventional medicines, nanomedicines allow poorly sol-
uble drugs to be easily dissolved and absorbed, thus
reducing the dose of drug used, enhancing the enrich-
ment at the target site and further enhancing the
pharmacological effect. Consequently, NP-IGF-1C may
represent a promising drug for ameliorating ischemia–r-
eperfusion injury in the mouse kidney, but additional
molecular studies are needed.
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