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Abstract: The aim of this study was to observe the therapeutic effect of insulin-loaded linear 

poly(ethylene glycol)-brush-like poly(l-lysine) block copolymer poly(ethylene glycol)-b-

(poly(ethylenediamine l-glutamate)-g-poly(l-lysine)) (PEG-b-(PELG-g-PLL) on renal ischemia/

reperfusion-induced lung injury through downregulating hypoxia-inducible factor (HIF) as 

compared to free insulin. Sprague Dawley rats were pretreated with 30 U/kg insulin or insulin/

PEG-b-(PELG-g-PLL) complex, and then subjected to 45 minutes of ischemia and 24 hours of 

reperfusion. The blood and lungs were collected, the level of serum creatinine and blood urea 

nitrogen were measured, and the dry/wet lung ratios, the activity of superoxide dismutase and 

myeloperoxidase, the content of methane dicarboxylic aldehyde and tumor necrosis factor-α, 

and the expression of HIF-1α and vascular endothelial growth factor (VEGF) were measured in 

pulmonary tissues. Both insulin and insulin/PEG-b-(PELG-g-PLL) preconditioning improved the 

recovery of renal function, reduced pulmonary oxidative stress injury, restrained inflammatory 

damage, and downregulated the expression of HIF-1α and VEGF as compared to ischemia/

reperfusion group, while insulin/PEG-b-(PELG-g-PLL) significantly improved this effect.
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Introduction
Renal ischemia/reperfusion injury (RI/RI) is a major clinical problem.1 The morbidity 

and mortality from RI/RI are very high and remain virtually unchanged for the past few 

decades, in part because of a high incidence of extrarenal complications.1,2 In particular, 

pulmonary damage is very frequent in patients suffering from RI/RI. It is a serious 

complication of RI/RI. The extrarenal systemic complication secondary to RI/RI is 

the leading cause of mortality in the intensive care unit.3 Indeed, clinical studies show 

that patients with isolated RI/RI have significantly better prognosis than patients with 

RI/RI plus extrarenal organ dysfunction.4

Inflammation has a major function in the progression of RI/RI, and present studies 

have shown that innate immunity contributes to the pathogenesis of RI/RI.5,6 Proinflam-

matory cytokines including tumor necrosis factor-α (TNF-α) and myeloperoxidase 

(MPO) generated by injured renal tissue have been implicated as the major contribu-

tors of RI/RI.7–9 Indeed, increased circulating proinflammatory cytokine levels are 

detected in rats and human beings with RI/RI.10 Induction of RI/RI results in increased 

circulating proinflammatory cytokines (TNF-α and MPO), and these cytokines directly 

cause pulmonary damage.
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Hypoxia-inducible factor (HIF) is a heterodimeric basic 

helix–loop–helix protein composed of a 91–94 kDa β-subunit 

and a hydroxylase-regulated oxygen-sensitive 120 kDa α 

subunit.11,12 Previous studies have demonstrated that HIF-1 is 

implicated in most aspects of hypoxia-induced gene expression 

and is essential for hypoxia-induced increases in glycolysis 

and angiogenesis in tumor cells as well as normal tissues.13 

High levels of HIF-1α expression and pronounced vascular 

beds with enhanced permeability are seen in tumor.14 It is par-

ticularly indicative of high levels of expression of one HIF-1 

target, the angiogenic/vascular permeability factor vascular 

endothelial growth factor (VEGF).15 HIF-1α and VEGF are 

expressed in activated macrophages.16–18 It has been reported 

that HIF-1α, its target gene VEGF, and its upstream regula-

tor, the von Hippel–Lindau factor, in separate mouse strains, 

express cyclization recombination enzyme (Cre) recombinase 

in granulocytes and monocytes/macrophages.14 This shows that 

HIF-1α directs regulation of survival and function in the inflam-

matory microenvironment. Renal ischemia reperfusion can lead 

to pulmonary circulation dysfunction and can generate many 

proinflammatory cytokines to lung and aggravate pulmonary 

anoxia. These result in the activation of HIF to induce inflam-

matory responses in neutrophils and further damage the lung.

It has been demonstrated that insulin could protect the 

isolated rat kidney from ischemia/reperfusion (I/R) injury 

in diabetes mellitus.19 In the present study, we try to explore 

the protective effect of insulin on RI/RI lung injury. As well 

known, the in vivo half-life of insulin is very short; therefore, 

controlling insulin dose clinically is very difficult with the risk 

of hypoglycemia.20 Here, a linear poly(ethylene glycol) (PEG)-

brush-like poly(l-lysine) (PLL) block copolymer poly(ethylene 

glycol)-b-(poly(ethylenediamine l-glutamate)-g-poly 

(l-lysine)) (PEG-b-(PELG-g-PLL) (structure shown in 

Figure 1) as a potential insulin nanocarrier is reported. 

The block copolymer is composed of a linear PEG block and 

a brush-like PLL block. At physiological pH, the positively 

charged PLL brush block and the negatively charged insulin 

combine to form a polyion complex via electrostatic interac-

tions. The encapsulated insulin demonstrated sustained release, 

which could facilitate the investigation on the protective effect 

of insulin. Insulin-loading capacity and in vitro release were 

determined. In vivo studies were conducted by the subcutane-

ous administration of the insulin/polymer complex to RI/RI 

lung injury in rats, followed by the determination of serum 

creatinine (Scr) and blood urea nitrogen (BUN), measurements 

of superoxide dismutase (SOD) activity, methane dicarboxy-

lic aldehyde (MDA), TNF-α and MPO level in pulmonary 

tissues, and finally the expression of HIF-1α and VEGF in 

pulmonary tissues.

Materials and methods
Synthesis and cytotoxicity of block 
copolymer PEG-b-(PELG-g-PLL)
Detailed methods for the synthesis and cytotoxicity assay 

of block copolymer PEG-b-(PELG-g-PLL) are supplied in 

the Supplementary material.

Encapsulation and in vitro release of 
insulin in PEG-b-(PELG-g-PLL)
Detailed methods for the encapsulation of insulin by PEG-b-

(PELG-g-PLL) and in vitro release of insulin from PEG-b-

(PELG-g-PLL) are supplied in the Supplementary material.

Animal
Sprague Dawley rats (180–220 g) were supplied by the Animal 

Research Center of Shantou University Medical College, 

Shantou, People’s Republic of China. All the procedures 

and care administered to the animals have been approved by 

the Institutional Ethics Committee. In this study, 40 Sprague 

Dawley rats were assigned to four groups (ten rats in each 

group): 1) sham-operated group; 2) I/R group: I/R was 

achieved by clamping renal artery and vein for 45 minutes fol-

lowed by 24 hours reperfusion; 3) Insulin + I/R group: insulin 

was administrated once at a dose of 30 U/kg by abdominal 

subcutaneous injection 6 hours prior to the I/R procedure; 

4) Insulin/polymer + I/R group: insulin/polymer complexes 

were administrated once at a dose of 30 U/kg by abdominal 

subcutaneous injection 6 hours prior to the I/R procedure.

Surgical procedures of I/R
Rats were anesthetized with 1% pentobarbital sodium 

(50 mg/kg) through intraperitoneal injection. The abdomen 

Figure 1 (A) Encapsulation of insulin by linear-brush block copolymers. (B) The 
structure of PEG-b-(PELG-g-PLL).
Note: m and n represent the degree of polymerization.
Abbreviation: PEG-b-(PELG-g-PLL), poly(ethylene glycol)-b-(poly(ethy lenediamine 
l-glutamate)-g-poly(l-lysine)).
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was opened, and the renal artery and vein were separated. 

The artery and vein were clamped for 45 minutes by artery 

clamp followed by 24 hours of reperfusion. The blood 

samples were collected via abdominal aorta and centrifuged 

at 3,600× g for 15 minutes to harvest the sera. A part of left 

lung of rats was removed to weigh the wet lung, and then 

baked for 48 hours at 80°C for weight of the dry lung. A part 

of left lung was immediately excised and stored at -80°C for 

the following analyses.

Measurement of serum BUN and Scr
Serum BUN and Scr were measured according to the reported 

methods.21 Briefly, the blood from abdominal aorta was 

collected after reperfusion for 24 hours and centrifuged at 

3,600× g for 15 minutes to harvest the sera. The serum BUN 

and Scr were measured by o-phthalaldehyde and picric acid 

methods, respectively.21

Measurement of SOD activity and MDA 
content
The levels of SOD and MDA in tissues were measured 

following the reported methods.22 The lung was collected 

after reperfusion for 24 hours, and the blood was washed 

thoroughly, homogenized (100 mg) in ice-cold normal 

saline, and then centrifuged at 3,600× g for 15 minutes to 

harvest the supernatant. The SOD activity and MDA content 

were measured by xanthine oxidase and thiobarbituric acid 

method.22 The absorbance was measured at 550 and 532 nm, 

respectively. The level of lipid peroxides was expressed as U 

of SOD/mg protein and nmol of MDA/mg tissue.

Measurement of TNF-α content
The content of TNF-α in pulmonary tissues was determined 

according to the reported method.23 Lung tissue stored 

at -80°C was thawed and homogenized in a buffer composed 

of phosphate-buffered saline, 0.5% Triton X-100, and pro-

tease inhibitor, pH 7.2. The material was then centrifuged 

at 3,600 rpm for 15 minutes at 4°C and the supernatant was 

collected for enzyme-linked immunosorbent assay. TNF-α 

level in lung tissue was determined by immunoassay in 

accordance with the manufacturer’s directions. Results were 

expressed in pg/mL.

Measurement of MPO activity
The MPO activity of pulmonary tissues was evaluated fol-

lowing the reported method.24 MPO extraction was performed 

by homogenization of the lung tissue in phosphate buffer, pH 

6.0, containing 0.5% hexadecyltrimethylammonium bromide. 

The samples were sonicated, frozen in liquid nitrogen, and 

thawed three times. Homogenates were then centrifuged at 

10,000 rpm for 15 minutes at 4°C and the supernatant was 

collected for the measurement of MPO activity. The changes 

in absorbance at 460 nm were measured by spectrophotom-

etry and recorded at 20-second intervals for 10 minutes. 

Results were expressed as U/μg of tissue.

Western blot analysis
Western blot analysis was conducted following the reported 

methods.25,26 Briefly, pulmonary tissues were homogenized 

in protein lysate buffer. The homogenates were resolved 

on polyacrylamide sodium dodecyl sulfate gels and elec-

trophoretically transferred to polyvinylidene difluoride 

membranes. The membranes were blocked with 3% bovine 

serum albumin, incubated with primary antibodies against 

active HIF-1α and VEGF, and subsequently with alkaline 

phosphatase-conjugated secondary antibodies. HIF-1α and 

VEGF were developed by 5-bromo-4-chloro-3-indolyl 

phosphate/nitroblue tetrazolium. Blots were stained with 

anti-β-actin Ab, and the levels of proteins were normalized 

with respect to β-actin band density.

Statistical analysis
All data were expressed as mean values ± standard deviation. 

Statistical analysis between groups was carried out using 

analysis of variance with post hoc testing. A P-value of less 

than 0.01 (P,0.01) was used for statistical significance.

Results
Synthesis and characterization of PEG-b-
(PELG-g-PLL)
The linear poly(ethylene glycol)-brush-like poly(l-lysine) 

block copolymer PEG-b-(PELG-g-PLL) consists of a linear 

PEG block and a brush-like PLL block (Figure 1A and B). 

In the present study, the molecular weight of PEG block was 

5 kDa, the polymerization degree of the PELG brush back-

bone was 50, while the polymerization degree of the PLL 

brush side chains was 3. The synthesis was performed in a 

four-step procedure as shown in Figure 2. The 1H-nuclear 

magnetic resonance (NMR) spectra of PEG-b-(PELG-g-

PLL) and its intermediates are shown in Figure 3. As seen 

in Figure 3A, the characteristic proton peaks of both PEG 

and poly(benzyl-l-glutamate) (PBLG) block were present, 

confirming that the synthesis proceeded in a controlled 

manner. Characteristic peaks of ethylenediamine are seen in 

Figure 3B, indicating the success of the aminolysis reaction. 

Figure 3C demonstrates the 1H NMR spectrum of PEG-b-

(PELG-g-PZLL) in DMSO-d
6
, while the 1H NMR spectrum 

of the final block copolymer PEG-b-(PELG-g-PLL) in D
2
O 
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is shown in Figure 3D. The disappearance of proton peak of 

benzyl groups in Figure 3D suggests that PEG-b-(PELG-g-

PLL) was synthesized successfully.

The gel permeation chromatograms (GPCs) of PEG-b-

(PELG-g-PLL) and its intermediates are shown in Figure 4, 

and the results are listed in Table 1. All GPCs demonstrated 

a sharp unimodal GPC peak, which suggests that the block 

copolymer is synthesized in a controlled manner. The 

molecular weight of the final product PEG-b-(PELG-g-PLL) 

obtained from the GPC measurement (20.8 kDa) was lower 

than the calculated value from 1H NMR (31.3 kDa), possi-

bly because of the smaller hydrodynamic volumes of brush 

polymers compared with linear polymers.

Cell viability
The cytotoxicity of block copolymer PEG-b-(PELG-g-PLL) 

on EC9706 cells was monitored within 24 hours of culturing, 

and the results are shown in Figure 5A. The block copolymer 

exhibited high cell viability even under a concentration as 

high as 500 mg/L.

Loading capacity of insulin in PEG-b-
(PELG-g-PLL)
Insulin can be efficiently entrapped by block copolymer 

PEG-b-(PELG-g-PLL) under physiological pH via the elec-

trostatic interactions between the positively charged PLL and 

the negatively charged insulin. Fluorescein isothiocyanate-

labeled insulin was mixed with PEG-b-(PELG-g-PLL) at 

a mass ratio of 1:5 and dialyzed (molecular weight cut off 

[MWCO], 100 kDa) against phosphate buffer (PB) solution 

(pH 7.4, 0.01 mmol/L). The dialysis of free insulin in a PB 

solution was also conducted under the same conditions as a 

control. To determine the loading capacity of insulin in PEG-

b-(PELG-g-PLL), the amount of insulin in the dialysate was 

Figure 2 Synthesis of linear-brush copolymer of PEG-b-(PELG-g-PLL).
Abbreviations: BLG, γ-benzyl l-glutamate; BTC, bis(trichloromethyl)carbonate; BLG-NCA, γ-benzyl l-glutamate-N-carboxyanhydride; PEG-NH2: poly(ethylene glycol) amine; 
PEG-b-PBLG, poly(ethylene glycol)-b-poly(γ-benzyl l-glutamate); DMF, N, N-dimethylformamide; 2-HP, 2-hydroxypyridine; EA, ethylenediamine; PEG-b-PELG, poly(ethylene 
glycol)-b-poly(ethylenediamine l-glutamate); ZLL-NCA, ε-benzyoxycarbonyl-l-lysine-N-carboxyanhydride; PEG-b-(PELG-g-PZLL), poly(ethylene glycol)-b-(poly(ethylenediamine 
l-glutamate)-g-poly(ε-benzyoxycarbonyl-l-lysine)); PEG-b-(PELG-g-PLL), poly(ethylene glycol)-b-(poly(ethylenediamine l-glutamate)-g-poly(l-lysine)).
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measured using a fluorimeter and then subtracted from the 

total amount of added insulin. The loading capacity of insulin 

was determined to be 11.5%, expressed as the mass ratio of 

encapsulated insulin to the polymer host (Table 1).

Characterization of insulin/polymer 
complex
The insulin/polymer complex was visualized with transmis-

sion electron microscope, and the representative image is 

shown in Figure 5B. The insulin/polymer complex adopted 

a spherical structure, and the diameter was approximately 

90 nm. The insulin/polymer complex was further character-

ized with a granulometer. The average particle size distribu-

tions of free polymer and insulin-loaded polymer are shown 

in Figure 5C and D, and Table 1. The average diameters of 

block copolymer PEG-b-(PELG-g-PLL) and insulin/polymer 

complex (10% insulin loading) were approximately 13 and 

46 nm, respectively. The larger diameter observed by trans-

mission electron microscope might be due to the aggregation 

of complexes during the drying process.

In vitro release of insulin from PEG-b-
(PELG-g-PLL)
The release of insulin from PEG-b-(PELG-g-PLL) was 

investigated using a dialysis method (MWCO, 100 kDa) 

at room temperature, with 5 mL of insulin-loaded polymer 

against a PB solution of 0.02 mol/L (pH of 7.4). The cumula-

tive release profile of polymer-encapsulated insulin is shown 

in Figure 5E. After 2 hours, approximately 32.7% of the 

insulin was released from insulin/polymer, indicative of an 

initial burst release of insulin. Approximately 57% of the 

insulin was released after 3 days and approximately 70% 

after 5 days, indicative of biphase release profiles from 

insulin/polymer.

Figure 3 1H NMR spectra of block copolymer PEG-b-(PELG-g-PLL) and its intermediates.
Notes: (A) PEG-b-PBLG in CDCl3; (B) PEG-b-PELG in D2O; (C) PEG-b-(PELG-g-PZLL) in DMSO-d6; (D) PEG-b-(PELG-g-PLL) in D2O. Peak labels (a–k) in each spectrum 
correspond to the labels (a–k) in the inserted structural formula.
Abbreviations: 1H NMR, 1H-nuclear magnetic resonance; PEG-b-PBLG, poly(ethylene glycol)-b-poly(γ-benzyl l-glutamate); PEG-b-PELG, poly(ethylene glycol)-b-
poly(ethylenediamine l-glutamate); PEG-b-(PELG-g-PZLL), poly(ethylene glycol)-b-(poly(ethylenediamine l-glutamate)-g-poly(ε-benzyoxycarbonyl-l-lysine)); PEG-b-(PELG-g-
PLL), poly(ethylene glycol)-b-(poly(ethylenediamine l-glutamate)-g-poly(l-lysine)); DMSO, dimethylsulfoxide.
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Serum level of BUN and Scr
As shown in Figure 6A and B, the serum levels of BUN and 

Scr in I/R group rats were higher than that in sham group 

rats (P,0.01). The level of BUN was 6.05±1.73 mmol 

in sham group rats, whereas the level of BUN reached 

20.85±2.03 mmol in I/R group rats. Administration of insulin 

reduced the levels of BUN (17.51±2.18 mmol), whereas 

administration of insulin/polymer significantly reduced the 

levels of BUN (13.03±1.98 mmol) compared with I/R group 

rats (P,0.01). The level of Scr was 9.16±3.18 μmol in sham 

group rats, whereas the level of Scr reached 22.49±4.23 μmol 

in I/R group rats. Administration of insulin reduced the 

level of Scr (18.01±3.08 μmol), whereas administration 

of insulin/polymer significantly reduced the level of Scr 

(14.48±2.78 μmol) compared with I/R group rats (P,0.01).

Dry/wet lung ratios
As shown in Figure 7, the dry/wet (D/W) lung ratios in I/R 

group rats were less than that in the sham group (P,0.01). 

The D/W lung ratio reached 27.5±1.08 in the sham group, 

whereas the D/W lung ratio in I/R group reached 16.6±0.645. 

Administration of insulin increased the D/W lung ratios 

Figure 4 GPCs of (A) PEG-b-PBLG; (B) PEG-b-PELG; (C) PEG-b-(PELG-g-PZLL); and (D) PEG-b-(PELG-g-PLL).
Abbreviations: GPC, gel permeation chromatogram; PEG-b-PBLG, poly(ethylene glycol)-b-poly(γ-benzyl l-glutamate); PEG-b-PELG, poly(ethylene glycol)-b-
poly(ethylenediamine l-glutamate); PEG-b-(PELG-g-PZLL), poly(ethylene glycol)-b-(poly(ethylenediamine l-glutamate)-g-poly(ε-benzyoxycarbonyl-l-lysine)); PEG-b-(PELG-
g-PLL), poly(ethylene glycol)-b-(poly(ethylenediamine l-glutamate)-g-poly(l-lysine)).

8 10 12 14 16 18 16 17 18 19 20 21

10 12 14 16 18 14 16 18 20

Retention time (min) Retention time (min)

Retention time (min)Retention time (min)

A B

C D

Table 1 Molecular weights, polydispersities, particle size, TEM, and insulin-loading capacity of PEG-b-(PELG-g-PLL)

Sample Mn (kDa)/1H NMR Mn (kDa)/GPC PDI Particle size (nm) TEM (nm) Loading capacity (%)

Polymer 31.3 20.8 2.07 13 NA NA
Insulin/polymer NA NA NA 46 90 11.5

Abbreviations: TEM, transmission electron microscopy; 1H NMR, 1H-nuclear magnetic resonance; GPC, gel permeation chromatography; PDI, polydispersity index; 
Mn, number-average molecular weight; PEG-b-(PELG-g-PLL), poly(ethylene glycol)-b-(poly(ethylenediamine l-glutamate)-g-poly(l-lysine)); NA, not applicable.
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(20.0±1.53) compared with the D/W lung ratio in I/R group 

rats (P,0.01), whereas administration of insulin/polymer sig-

nificantly increased the D/W lung ratio (24.0±1.46), which was 

significantly greater than that in the I/R groups (P,0.01).

The activity of SOD and the level of MDA 
in pulmonary tissues
As shown in Figure 8A and B, the activity of SOD in pul-

monary tissues in I/R group rats is less than that in the sham 

group (P,0.01). The activity of SOD in pulmonary tissues 

reached 130.1±2.15 U in sham group, whereas the activity of 

SOD in pulmonary tissues in I/R group reached 67.23±1.18 U.  

Administration of insulin increased the activity of SOD 

(83.86±2.35 U) in pulmonary tissues, compared with the 

activity of SOD in pulmonary tissues in the I/R group rats 

(P,0.01). Administration of insulin/polymer significantly 

increased the activity of SOD (103.1±1.79 U), which was 

significantly greater than that in the I/R groups (P,0.01).

Figure 5 Characterization of PEG-b-(PELG-g-PLL) and insulin/PEG-b-(PELG-g-PLL) complexes.
Notes: (A) Cellular viability of EC9706 cells cultured with different concentrations of PEG-b-(PELG-g-PLL); (B) TEM image of insulin/PEG-b-(PELG-g-PLL) complexes; 
(C) Diameter of block copolymer PEG-b-(PELG-g-PLL) in PB; (D) Diameter of insulin/PEG-b-(PELG-g-PLL) complexes in PB; (E) Cumulative releasing profile of insulin from 
insulin/PEG-b-(PELG-g-PLL) complexes.
Abbreviations: TEM, transmission electron microscopy; PB, phosphate buffer; PEG-b-(PELG-g-PLL), poly(ethylene glycol)-b-(poly(ethylenediamine l-glutamate)-g-poly(l-lysine)).
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Figure 6 Levels of serum BUN (A) and Scr (B).
Notes: The serum of Sham, I/R, Insulin, and Insulin/polymer groups rats was collected 24 hours after reperfusion and results expressed as mean ± SD. (A) A significant 
increase from Sham group is denoted by *P,0.01, a significant decrease from I/R groups is denoted by **P,0.01, and a significant decrease from I/R groups is denoted by 
***P,0.01. (B) A significant increase from Sham group is denoted by *P,0.01, a significant decrease from I/R groups is denoted by **P,0.01, and a significant decrease from 
I/R groups is denoted by ***P,0.01.
Abbreviations: BUN, blood urea nitrogen; Scr, serum creatinine; I/R, ischemia/reperfusion; SD, standard deviation.

The level of MDA in pulmonary tissues in I/R group rats 

was higher than that in the sham group (P,0.01). The level 

of MDA in pulmonary tissues reached 1.28±0.34 nmol in 

sham group, whereas the level of MDA in pulmonary tis-

sues in the I/R group reached 2.17±0.49 nmol. Administra-

tion of insulin reduced the level of MDA (1.94±0.41 nmol) 

in pulmonary tissues, compared with the level of MDA in 

pulmonary tissues in the I/R group rats (P,0.01). Adminis-

tration of insulin/polymer significantly reduced the level of 

MDA (1.52±0.29 nmol), which was significantly less than 

that in the I/R groups (P,0.01).

The level of TNF-α and the activity of MPO 
in pulmonary tissues
As shown Figure 9A and B, the level of TNF-α in pulmonary 

tissues in I/R group rats was higher than that in the sham 

group (P,0.01). The level of TNF-α in pulmonary tissues 

reached 10.17±1.89 pg in the sham group, whereas the level 

of TNF-α in pulmonary tissues reached 39.15±2.35 pg in the 

I/R group. Administration of insulin reduced the level of 

TNF-α (30.65±2.09 pg) in pulmonary tissues, compared with 

the level of TNF-α in pulmonary tissues in the I/R group rats 

(P,0.01). Administration of insulin/polymer significantly 

reduced the level of TNF-α (26.27±2.13 pg), which was 

significantly less than that in the I/R groups (P,0.01).

The activity of MPO in pulmonary tissues in I/R group 

rats was higher than that in the sham group (P,0.01). The 

activity of MPO in pulmonary tissues reached 8.32±2.19 U 

in the sham group, whereas the activity of MPO in pulmonary 

tissues in the I/R group reached 33.17±3.15 U. Administra-

tion of insulin decreased the activity of MPO (28.32±2.03 U) 

in pulmonary tissues, compared with the activity of MPO in 

pulmonary tissues in I/R group rats (P,0.01). Administra-

tion of insulin/polymer significantly decreased the activity 

of MPO (22.16±1.98 U), which was significantly less than 

that in the I/R groups (P,0.01).

The expression of HIF-1α and VEGF 
in pulmonary tissues
HIF-1a and VEGF expression in pulmonary tissues was 

measured by Western blot following the reported method.25,26 

The results were analyzed both qualitatively and quantita-

tively (Figure 10). The expression of HIF-1α in pulmonary 

Figure 7 The level of D/W lung ratios for different groups of rats.
Notes: The pulmonary tissues of Sham, I/R, Insulin, and Insulin/polymer groups 
rats were collected 24 hours after reperfusion and the levels of D/W lung ratios 
measured. Results are expressed as mean ± SD. A significant decrease from 
Sham group is denoted by *P,0.01, a significant increase from I/R groups is 
denoted by **P,0.01, and a significant increase from I/R groups is denoted by 
***P,0.01.
Abbreviations: D/W, dry/wet; I/R, ischemia/reperfusion; SD, standard deviation.
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tissues in I/R groups was higher than that in the sham group 

(P,0.01). Administration of insulin downregulated the 

expression of HIF-1α in pulmonary tissues, compared with 

the expression of HIF-1α by I/R group (P,0.01). Adminis-

tration of insulin/polymer complex significantly downregu-

lated the expression of HIF-1α, compared with that in the 

I/R group (P,0.01).

The expression of VEGF in pulmonary tissues in I/R 

groups was higher than that in the sham group (P,0.01). 

Administration of insulin downregulated the expression of 

VEGF in pulmonary tissues, compared with the expression 

of VEGF in the I/R group (P,0.01). Administration of 

insulin/polymer complex significantly downregulated the 

expression of VEGF, compared with that in the I/R group 

(P,0.01).

Discussion
This is the first study to demonstrate that insulin and insulin/

PEG-b-(PELG-g-PLL) preconditioning are both capable 

of attenuating remote lung injury induced by renal I/R. 

It  was found that pulmonary inflammatory response was 

significantly relieved after insulin and insulin/PEG-b-(PELG-

g-PLL) pretreatment. This protective effect is partially down-

regulated with HIF, indicating that the underlying mechanism 

is associated with either HIF-dependent or -independent 

pathways. In the present study, the blood glucose levels 

Figure 8 The activity of SOD and the level of MDA in pulmonary tissues for different groups of rats.
Notes: The pulmonary tissues of Sham, I/R, Insulin, and Insulin/polymer groups rats were collected 24 hours after reperfusion and the activity of SOD and the level of MDA 
measured. Results are expressed as mean ± SD. (A) A significant decrease from Sham group was denoted by *P,0.01, a significant increase from I/R groups, by **P,0.01, 
and a significant increase from I/R groups, by ***P,0.01; (B) A significant increase from sham group was denoted by *P,0.01, a significant decrease from I/R groups, by 
**P,0.01, and a significant decrease from I/R groups, by ***P,0.01.
Abbreviations: SOD, superoxide dismutase; I/R, ischemia/reperfusion; MDA, methane dicarboxylic aldehyde; SD, standard deviation.

Figure 9 The level of TNF-α and the activity of MPO in pulmonary tissues for different groups of rats.
Notes: The pulmonary tissues of Sham, I/R, Insulin and Insulin/polymer groups rats were collected 24 hours after reperfusion and the level of TNF-α and the activity of 
MPO measured. Results are expressed as mean ± SD. (A) A significant increase from sham group is denoted by *P,0.01, a significant decrease from I/R groups is denoted 
by **P,0.01, and a significant decrease from I/R groups is denoted by ***P,0.01. (B) A significant increase from sham group is denoted by *P,0.01, a significant decrease 
from I/R groups is denoted by **P,0.01, and a significant decrease from I/R groups is denoted by ***P,0.01.
Abbreviations: TNF, tumor necrosis factor; I/R, ischemia/reperfusion; MPO, myeloperoxidase; SD, standard deviation.
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were traced after insulin or insulin/polymer complexes 

were injected; it should be noted that hypoglycemia was not 

observed, in accordance with reported literature.27

RI/RI occurs in approximately 5% of hospitalized patients 

and up to 30% of patients in intensive care units.28,29 Pre-

treatment with insulin can reduce the injury for hospitalized 

patients. At present, insulin preconditioning has been used 

clinically in many hospitals to reduce ischemia reperfusion 

injury.30 Systemic inflammation following renal ischemia/

reperfusion (RI/R) can progress into multiple organ damage 

if inflammatory response is unchecked.31 Indeed, RI/RI causes 

upregulation of inflammatory mediators in local and remote 

organs.32 The release and migration of inflammatory factors 

need a lot of adenosine triphosphate (ATP).33 Inflammatory 

cells depend principally on glycolysis for ATP generation.34–36 

HIF-1α is one of the most important nuclear factors that 

adjusts the expression of anaerobic glycolysis key enzyme in 

inflammatory cells.33 The present study shows that inhibition 

of HIF-1α activation can reduce anaerobic glycolysis ability 

in inflammatory cells and ATP content in cells to weaken 

the adhesion, chemotaxis, and proinflammatory ability of 

inflammatory cells.14 Our study clearly demonstrates that RI/R 

rapidly leads to distant overexpression of HIF-1α and TNF-a 

in the lungs. Insulin and insulin/PEG-b-(PELG-g-PLL) 

pretreatment can reduce the expression of HIF-1α and TNF-α. 

In addition, TNF-α can increase lung MPO activity after 

acute kidney injury.37 MPO is released from neutrophils and 

catalyzes the formation of hypochlorous acid from hydrogen 

peroxide and chloride ions.37 The MPO level indirectly reflects 

the severity of inflammatory response.37 Our study suggests 

that insulin and insulin/PEG-b-(PELG-g-PLL) pretreatment 

can inhibit the activation of HIF-1α to reduce the activity of 

MPO in pulmonary tissues.

VEGF is an important vascular permeability factor.38 

High expression of VEGF within the lung may contribute 

to the development of pulmonary edema by deteriorating the 

state of the adherens junction complexes on the endothelium 

and aggravate microcirculation disturbance and inflamma-

tory response.33,39 Our study shows that insulin and insulin/

PEG-b-(PELG-g-PLL) pretreatment can reduce the expres-

sion of VEGF through downregulating HIF-1α to decrease 

the inflammatory response of pulmonary tissues.

Insulin pretreatment can protect pulmonary tissue against 

renal ischemia/reperfusion-induced injury. However, insu-

lin has a short half-life and its dose is difficult to control, 

and frequent insulin injection increases the suffering of the  

patient.20 In our report, block copolymer PEG-b-(PELG-

g-PLL) serves as a carrier and protects insulin from rapid 

Figure 10 The qualitative expression (C) and quantitative analyses of HIF-1α (A) and VEGF (B) in pulmonary tissues for different groups of rats.
Notes: The pulmonary tissues of Sham, I/R, Insulin, and Insulin/polymer groups rats were collected 24 hours after reperfusion and the expression of HIF-1α and VEGF 
measured. Results are expressed as mean ± SD. (A) A significant increase from sham group is denoted by *P,0.01, a significant decrease from I/R groups is denoted by 
**P,0.01, and a significant decrease from I/R groups is denoted by ***P,0.01. (B) A significant increase from sham group is denoted by *P,0.01, a significant decrease from 
I/R groups is denoted by **P,0.01, and a significant decrease from I/R groups is denoted by ***P,0.01.
Abbreviations: HIF, hypoxia-inducible factor; VEGF, vascular endothelial growth factor; I/R, ischemia/reperfusion; SD, standard deviation.
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degradation in the body and can reinforce efficacy, and reduce 

dosage and side effects. In addition, PEG-b-(PELG-g-PLL) 

can increase the stability of insulin in circulation. This study 

reveals that PEG-b-(PELG-g-PLL) treatment significantly 

protects lung against RI/R-induced injury in rats, compared 

to free insulin. In summary, our current study shows that 

insulin and insulin/PEG-b-(PELG-g-PLL) pretreatment can 

provide lung protection after RI/R-induced injury through 

downregulating HIF, whereas insulin/PEG-b-(PELG-g-PLL) 

significantly improves this effect.

Conclusion
The synthesized block copolymer PEG-b-(PELG-g-PLL) 

can significantly improve the bioactivity of insulin. The 

observed protective effect can be attributed to the antioxida-

tive stress and the modulation of HIF activation by insulin/

PEG-b-(PELG-g-PLL) in rats as compared to free insulin. 

Administration of insulin or insulin/PEG-b-(PELG-g-PLL) 

demonstrated protective effect against RI/R-induced pulmo-

nary injury through improving renal function and decreasing 

the level of MDA, TNF-α, the activity of MPO, downregulat-

ing the expression of HIF-1α and VEGF, and increasing the 

activity of SOD, while significantly improving the protec-

tive effect. More detailed studies are required to explore the 

underlying mechanism of insulin/PEG-b-(PELG-g-PLL) on 

RI/R-induced pulmonary injury in rats.
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Supplementary materials
Materials
Amino polyethylene glycol monomethyl ether (PEG-NH

2
, 

molecular weight =5 kDa), 2-hydroxypyridine, trifluo-

roacetic acid, dimethyl formamide (DMF), ethylacetate, and 

petroleumether were purchased from Aladdin (Shanghai, 

People’s Republic of China); Bis(trichlormethyl)carbonate, 

ethylenediamine, and hydrogen bromide/acetic acid solution 

(HBr/CH
3
COOH, 33%) were purchased from Alfa (Tian, 

People’s Republic of China); γ-benzyl l-glutamate (BLG) 

and ε-benzyoxycarbonyl–l–lysine (ZLL) were purchased 

from Shanghai Jill biochemical co., LTD, (Shanghai, People’s 

Republic of China). Regenerated cellulose membrane tubing 

(molecular weight cut-off [MWCO], 3.5 kDa, 7 kDa) were 

purchased from Union Cardibide Company (Danbury, CT, 

USA); Insulin and other reagent are from Sigma-Aldrich 

(St Louis, MO, USA).

Methods
Synthesis of poly(ethylene glycol)-b-
(poly(ethylenediamine l-glutamate)-g-poly(l-lysine)) 
(PEG-b-(PELG-g-PLL)
PEG-b-(PELG-g-PLL) was synthesized in the following 

method: PEG-b-PBLG was prepared by the ring-opening 

polymerization of BLG-N-carboxyanhydride (NCA) with 

PEG-NH
2
 as the macroinitiator, followed by aminolysis with 

ethanediamine to obtain PEG-b-PELG. PEG-b-PELG was 

used as the macroinitiator to initiate the ring-opening polymer-

ization of ZLL-NCA to prepare PEG-b-(PELG-g-PZLL). The 

benzyl groups of poly(ε-benzyloxycarbonyl-l-lysine) were 

then deprotected in the presence of HBr to obtain the final 

product, PEG-b-(PELG-g-PLL), as depicted in Figure 2.

First, BLG-NCA was synthesized by the phosgenation 

of BLG in anhydrous ethyl acetate, following the reported 

method of Hideharu et al1 and characterized by 1H nuclear 

magnetic resonance (NMR). BLG-NCA was polymerized 

in DMF using PEG-NH
2
 as the macroinitiator. The proper 

amounts of PEG-NH
2
 in 10 mL of DMF were added to a cor-

responding amount of BLG-NCA/DMF solution (0.1 g/mL) 

by vacuumizing and N
2
 protection. The reaction mixture was 

stirred at 40oC for 3 days and dialyzed for 3 days (MWCO, 

7 kDa). The PEG-b-PBLG polymer was obtained by freeze 

drying, and the degree of polymerization of PBLG was 50, 

and characterized by 1H NMR, gel permeation chromatog-

raphy (GPC) and Fourier transform infrared spectroscopy 

(FT-IR).

The proper amounts  of PEG-b-PBLG in DMF 

(0.1 g/3.5 mL) were mixed with five times the amount of 

2-hydroxypyridine, and 20 times the amount of ethylene-

diamine was added by vacuumizing and N
2
 protection. The 

reaction mixture was stirred at 40oC for 2 days and then 10% 

acetic acid solution was slowly added and stirred for 3 hours 

while immersed in an ice bath, then dialyzed for 3 days 

(MWCO, 3.5 kDa). The PEG-b-PELG was obtained by freeze 

drying, and characterized by 1H NMR, GPC and FT-IR.

 ZLL-NCA was synthesized by the phosgenation of ZLL 

in anhydrous ethyl acetate following previously reported 

methods2,3 and characterized by 1H NMR. The proper 

amounts  of PEG-b-PELG in DMF (0.1 g/3.5 mL) were 

mixed with a corresponding amount of ZLL-NCA/DMF 

solution (0.1 g/mL) by vacuumizing and N
2
 protection. The 

reaction mixture was stirred at 40oC for 3 days and dialyzed 

for 3 days (MWCO, 7 kDa). The PEG-b-(PELG-g-PZLL) 

was obtained by freeze drying, and the degree of polym-

erization of PZLL was 3, and characterized by 1H NMR, 

GPC and FT-IR.

 Deprotection of the benzyl groups in PEG-b-(PELG-g-

PZLL) was performed following the reported method.4 The 

proper amounts of PEG-b-(PELG-g-PZLL) were mixed for a 

short duration with the corresponding amount of CF
3
COOH 

and HBr/CH
3
COOH was slowly added and allowed to 

react for 1 hour. The product was isolated by precipitation 

in diethyl ether and filtration, followed by neutralization 

with NaHCO
3
 aqueous solution. The solution was dialyzed 

for 5 days (MWCO, 3.5 kDa) and the PEG-b-(PELG
50

-

g-PLL
3
) polymer was obtained by freeze drying, and was 

characterized by 1H NMR, GPC and FT-IR.

Cytotoxicity assay of polymers
EC9706 cells were used to assess biomaterial cytotoxicity.5 

We used the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-

zolium bromide (MTT) colorimetric assay, as described by 

Mosmann.6 The cells were cultured in a 96-well plate with 

5×103 cells per well. Twenty-four hours after cell incubation, 

the original medium was removed and MTT solution was 

added to each well. Only, the cells that adhered to the well 

walls were incubated with MTT for 24 hours at 37°C. During 

incubation, the MTT was reduced by mitochondrial succinic 

dehydrogenase enzymes within the viable cells, precipitating 

the insoluble formazan crystals. After removal of the minimal 

essential medium, an ethanol–dimethyl sulfoxide solution 

(1:1) was added to each well. After complete solubilization 

of the dark blue crystals of MTT formazan (20 minutes), 

the absorbance of the content of each well was measured 

at 570 nm on a multimode reader. The blank reference was 

taken from wells without cells, which were also incubated 
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with the MTT solution. Polymers were used as a positive 

cytotoxicity control. Cells cultivated on the wells were used 

as a negative cytotoxicity control. Values were expressed as 

optical density (OD). Data were subtracted from the blank 

ethanol-dimethyl sulfoxide absorbance, and presented as a 

percentage relative to control as is seen in equation 1:

	 (%) Cell Viability
OD OD  

OD OD
sample blank

cells blank

=
−

−
×100 � (1)

Encapsulation of insulin by PEG-b-
(PELG-g-PLL)
To evaluate the encapsulation of insulin by PEG-b-(PELG-g-

PLL), a given volume of fluorescein isothiocyanate (FITC)-

labelled insulin (2 mg/mL) in phosphate buffer at 0.01 

mmol/L (pH 7.2) was added to PEG-b-(PELG-g-PLL) in a 

phosphate buffer. After 30 minutes, the mixed solution was 

transferred to dialysis tubing (MWCO, 100 kDa) and dialyzed 

against a 0.1 mol/L phosphate buffer under sink conditions. 

The dialysis of free FITC-labelled insulin in phosphate buffer 

was also conducted under the same conditions as the control. 

When the free FITC-labelled insulin in the control experiment 

were completely removed, the polymer-encapsulated FITC-

labelled insulin was determined by an ultraviolet fluorescence 

scanning enzyme standard instrument, and characterized by 

a nanoparticle size analyzer, transmission electron micro

scopy and FT-IR. All of the experiments were carried out 

in duplicate.

In vitro release of insulin from PEG-b-
(PELG-g-PLL)
The release of insulin from the PEG-b-(PELG-g-PLL) was 

investigated using a dialysis method (MWCO, 100 kDa) at 

room temperature with 6 mL of FITC-labelled insulin-loaded 

polymer against 80 mL of 0.02 mol/L phosphate buffer (pH 

7.4). At 0.5, 1, 2, 3, 6, 12, 24, 48, 72, 96, and 120 hour time 

intervals, a given volume of release medium was withdrawn 

and replenished with an equal volume of fresh release 

medium. The amounts of released FITC-labelled insulin and 

FITC-labelled insulin remaining in the dialysis tube were 

determined by an ultraviolet fluorescence scanning enzyme 

standard instrument. The release of free FITC-labelled insulin 

in the absence of polymer was also performed as a control. 

All of the experiments were conducted in duplicate.
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