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Abstract. – OBJECTIVE: To explore the ef-
fect of PI3K/Nrf2 pathway on acute kidney inju-
ry (AKI) induced by endotoxic shock in rats by 
construction of the endotoxic shock rat model. 

MATERIALS AND METHODS: A total of 30 
Sprague Dawley (SD) rats were randomly as-
signed into three group, namely the control group 
(group C), endotoxic shock model group (group L) 
and wortmannin + endotoxic shock model group 
(group WL), with 10 rats in each group. Patholog-
ical lesions in renal tissues were evaluated by 
histological score of kidney (HSK). Biochemical 
indicators including blood urine nitrogen (BUN), 
creatinine (Cr) and urinary α1-microglobulin (α1-
MG) in renal tissues were accessed. Activities 
of superoxide dismutase (SOD) and malondialde-
hyde (MDA) were detected by relative commercial 
kits. Expression levels of Nrf2, Heme oxygenase 
1 (HO-1) and Akt in renal tissues were determined 
by Western blot and quantitative reverse tran-
scriptase-polymerase chain reaction (qRT-PCR), 
respectively. 

RESULTS: HSK, levels of BUN, Cr and α1-MG 
and activities of SOD and MDA were significantly 
increased in group L comparing to those in group 
C (p<0.05). The above-mentioned indicators were 
also remarkably higher in group WL than those 
of group L (p<0.05). There were significant dif-
ferences in expression levels of Nrf2, HO-1 and 
Akt between group L and group WL (p<0.05). In 
particular, lower mRNA levels of Nrf2 and HO-1, 
as well as protein levels of p-Akt, Nrf2 and HO-1 
were observed in group WL compared with those 
in group L (p<0.05).

CONCLUSIONS: The present study showed 
that AKI induced by endotoxic shock in rats was 
regulated through PI3K/Nrf2 pathway. HO-1 acts 
as the effector protein, might serve as an es-
sential factor in protecting AKI induced by en-
dotoxic shock.
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Introduction

Endotoxin is an exogenous pyrogen released 
after bacterial disintegration, which is also known 
as lipopolysaccharides (LPS). LPS activates the 
macrophage system and plasma protein system, 
thereby causing a series of pathological reactions1,2. 
Activated macrophage further releases a lar-
ge amount of proinflammatory cytokines, such 
as interleukin-1 (IL-1), interleukin-6 (IL-6) and 
tumor necrosis factor α (TNF-α), which in turn 
lead to fever, increased vascular permeability and 
circulatory dysfunction. Overdose of LPS stimu-
lates a variety of immune cells and thus leads to 
endotoxin shock, which is characterized as ble-
eding, disseminated intravascular coagulation 
(DIC), hypotension, hypoxia, metabolism acido-
sis, systemic inflammatory response syndrome 
(SIRS) and multiple organ dysfunction syndrome 
(MODS)3. Acute kidney injury (AKI) is a com-
mon complication induced by endotoxic shock. 
The mechanism of AKI, however, is unknown. It 
has been reported that the mortality rate of AKI 
caused by endotoxic shock is as high as 74.5%. 
Therefore, AKI is considered to be an indepen-
dent risk factor for predicting the development 
and prognosis of endotoxemia4,5. Scholars have 
suggested that oxidative stress, decreased renal 
blood flow, renal tubular circulation disorder, cell 
apoptosis, mitochondrial dysfunction and inflam-
matory response may explain the pathogenesis of 
AKI6,7. Although great advances have been made 
on AKI treatment, effective treatments are still 
lacking8. It is of great importance in clarifying the 
mechanism of AKI induced by endotoxic shock, 
so as to provide more effective treatments.

PI3K, a lipid kinase that is widely expressed 
in various types of cells, activates downstream 
genes by phosphorylating phosphatidylinositol 
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family members on the cell membrane9,10. Akt, 
also known as protein kinase B (PKB), is a threo-
nine/serine (Thr/Ser) protein kinase, which is also 
an essential downstream factor in PI3K pathway. 
PI3K is activated when cells are stimulated by the 
internal and external environment. Subsequent-
ly, 3-phosphoinositide dependent protein kinase1 
(PDK1) and Akt are simultaneously located on 
the cell membrane to promote cell proliferation 
and inhibit apoptosis12-14. Nrf2, as a key factor in 
cellular oxidative stress, is overexpressed in me-
tabolic and detoxifying organs. It interacts with 
ARE to regulate the transcription and expression 
of antioxidant proteins, detoxification enzymes 
and proteasome chaperones. Under normal phy-
siological conditions, cytoplasmic Nrf2 binds to 
Keap1 (Kelch-like ECH-associated protein 1) in 
an inactive state. However, Nrf2 dissociates from 
the Nrf2-Keap1 complex under oxidative stress 
and translocates into the nucleus, which in turn 
forms hybrid dimers with small nuclear proteins, 
such as JunD, Maf, c-Jun and ATF4. Heme oxyge-
nase 1 (HO-1), catalase (CAT) and superoxide di-
smutase (SOD) together to resist the internal and 
external stimuli15,16. HO-1 is confirmed as heat 
shock protein 32, which is overexpressed when 
cells are stimulated by oxidative stress, cytoki-
nes, growth factors and endotoxin17, 18. Currently, 
MAPK, PI3K/Akt and PKC pathway are widely 
involved in activation and nuclear translocation of 
Nrf219. Recent investigations have shown that the 
activation of PI3K/Nrf2 pathway may enhance 
the antioxidant and anti-inflammatory ability of 
cells, thus protecting the physiological functions 
of lungs, heart, kidney and liver20-22.

In the present study, Sprague Dawley (SD) 
rats were randomly assigned into three group, 
namely the control group (group C), shock mo-
del group (group L) and wortmannin + endotoxic 
shock model group (group WL). Pathological le-
sions, biochemical indicators, oxidative stress and 
expressions of key factors in PI3K/Nrf2 pathway 
in renal tissues were detected, so as to clarify the 
underlying mechanism of PI3K/Nrf2 pathway in 
AKI induced by endotoxic shock in rats. 

Materials and Methods

Experimental Animals
Male SD rats aged 8 week (180-220 g) were 

selected in this study. Each rat was individually 
housed in the environment with the temperatu-
re of 18-22°C and relative humidity of 40-70%. 

Food and water were supplied for one week be-
fore the experiment. Rats were denied access to 
food but had access to water 24 h prior to the rat 
model construction. This study was approved by 
the Animal Ethics Committee of E-Da hospital, 
I-Shou University Animal Center.

Totally 30 SD rats were randomly assigned into 
three group, namely the control group (group C), 
shock model group (group L) and wortmannin + 
endotoxic shock model group (group WL). Briefly, 
rats were anesthetized and placed on the sterile 
table at a supine position. The right carotid artery 
was cannulated after incision of the neck skin alon-
gside the midline, which was then connected to a 
monitor to detect the vital signs. After recovering to 
a stable arterial blood pressure (MAP) for 30 min, 
rats in group WL and group C were injected with 
0.6 mg/kg wortmannin and isodose normal saline, 
respectively. About 30 min later, 5 mg/kg LPS (di-
luted in 2 ml of normal saline) was injected in rats 
of group L and group WL. MAP was monitored du-
ring the procedure. The endotoxic shock rat model 
was considered to be successfully constructed when 
rat MAP dropped to 75% of baseline or below after 
LPS administration for 2 h. Rats died within 6 h 
after LPS administration and those without signifi-
cant reduction of MAP were excluded. 

Sample Collection and Preservation
After LPS (or normal saline) administration 

for 6 h, 5 mL of blood sample collected from the 
right internal carotid artery was placed in the pro-
coagulant tube and centrifuged at 3000 rpm for 
15 min at 4°C. The upper serum was collected 
in an EP tube and preserved in -80°C. Totally 3 
mL of bladder urine was collected for the deter-
mination of BUN, Cr and α1-MG concentration 
using an automatic biochemical analyzer. Rats 
were then sacrificed for kidneys harvesting. Blo-
od stains on the surface of renal tissues were wa-
shed with pre-cooled phosphate-buffered saline. 
The right kidney was fixed with 10% formalin 
and stained with Hematoxylin and Eosin (HE) 
(Beyotime, Shanghai, China) for immunofluore-
scence histochemistry. The left kidney was then 
quickly placed in cryogenic vials for subsequent 
determination.

Renal Histopathology
Right kidney tissue was fixed in 10% formalin 

for over 24 h before dehydrated by gradient etha-
nol, paraffin-embedded and sectioned in a 5-μm 
slice. Renal slice was stained with HE and ob-
served under a CX41 light microscope. HSK was 
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evaluated according to the previously described 
method23. In brief, 10 high-power fields were ran-
domly selected in each slice for injury evaluation, 
and the final HSK was calculated based on the 
average score of 10 evaluations.

Determination of Superoxide Dismutase 
(SOD) and Malondialdehyde (MDA) 
in Renal Tissues

Left kidney was prepared into homogenate, 
followed by centrifugation at 3500 rpm/min for 
15 min. Activities of SOD and MDA were de-
tected using the relative commercial kits (R&D 
Systems, Minneapolis, MN, USA). 

RNA Extraction and Quantitative 
Reverse Transcriptase-Polymerase 
Chain Reaction (qRT-PCR)

The mRNAs from renal tissues were extracted 
by TRIzol reagent (Invitrogen, Carlsbad, CA, 
USA) and then reversely transcribed to com-
plementary Deoxyribose Nucleic Acid (cDNA). 
The reaction conditions for subsequent ampli-
fication were as follows: denaturation at 95°C 
for 15 s, followed by annealing at 58°C for 20 s 
and extension at 72°C for 15 s, for a total of 40 
cycles. Each sample was repeatedly detected for 
3 times. Primers sequences used in this study 
were as follows: HO-1, forward: 5’-GTCTAC-
GCCCCGCTCTACTTCCCG-3’, reverse: 5’-TA-
GCCTCTTCCACCACCCTCTGCC-3’; β-actin; 
forward: 5’-AAACGAGACGAGATTGGCATG-
GCTTTA-3’; reverse: 5’-GGGATGCTCGCTC-
CAACGACTGCT-3’; Nrf2, forward: 5’-TTA-
GTGCTTTTGAGGATTCTTTCGG-3’; reverse: 
5’-AATTCTGTGCTTTCAGGGTGGTTCT -3’. 

Western Blot
The total protein of the renal tissues was ex-

tracted. The concentration of each protein sample 
was determined by a bicinchoninic acid (BCA) kit 
(Pierce, Rockford, IL, USA). A total of 50 μg total 
protein was separated by sodium dodecyl sulpha-
te-polyacrylamide gel electrophoresis (SDS-PA-
GE) under denaturing conditions and transferred 
to polyvinylidene fluoride (PVDF) membranes 
(Millipore, Billerica, MA, USA). Membranes 
were then blocked with 5% skimmed milk, fol-
lowed by the incubation of specific primary an-
tibodies (p-Akt, Nrf2, HO-1) overnight at 4 °C. 
Membranes were then incubated with the secon-
dary antibody at room temperature for 1 h. Im-
munoreactive bands were exposed by enhanced 
chemiluminescence (ECL) method.

Statistical Analysis
Statistical Product and Service Solutions (SPSS) 

17.0 statistical software (Chicago, IL, USA) was used 
for data analysis. Measurement data were expressed 
as mean ± standard deviation (x– ± s). Comparison 
of measurement data between different groups was 
conducted using one-way ANOVA test, followed 
by Post-Hoc Test (Least Significant Difference). 
p<0.05 was considered statistically significant.

Results

Pathological Observation 
of Renal Tissues

HE staining of renal tissues showed clear ne-
phron structure, normal glomerular morphology 
and complete tubular structure in renal tissues of 
group C. Moreover, no significant infiltration of in-
flammatory cells was observed in the renal intersti-
tium of group C (Figure 1A). However, there were 
significant pathological lesions in the renal tissues 
of group L and group WL, including destructed 
nephron structure, contracted glomerulus, various 
infiltration of inflammatory cells, microthrombus 
formation in glomerular capillary, serious degene-
ration and necrosis of renal tubular epithelial cells, 
renal interstitial edema and haemorrhage (Figure 
1B-C). HSK in group C was remarkably lower than 
that in group L and group WL (p<0.05), and HSK 
in group WL was the highest compare to the other 
two groups (p<0.05, Figure 1D).

Comparison of Biochemical 
Indicator Levels

Levels of serum BUN and Cr, and urine α1-MG 
were remarkably elevated in group L and group 
WL in comparison with those in group C (p<0.05). 
Moreover, higher levels of the above mentioned 
biochemical indicators were found in group WL 
than those of group L (p<0.05, Figure 2A-C). 

Comparison of MDA and SOD Activities 
To verify the oxidative stress in renal tissues 

caused by LPS, we next detected MDA and SOD 
activities. Our results showed that higher MDA 
activity was observed in group WL than that of 
group L and group C (p<0.05, Figure 2D). In 
addition, SOD activities in group L and group 
WL were remarkably lower than that in group C 
(p<0.05). Lower SOD activity was found in group 
WL than that of group L (p<0.05, Figure 2E), in-
dicating that wortmannin was capable of increa-
sing the LPS-induced oxidative stress. 
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Figure 1. Pathological observation in rat renal tissues. A, Pathological observation in rat renal tissues of group C. B, Pathological 
observation in rat renal tissues of group L. C, Pathological observation in rat renal tissues of group WL. D, Comparison of HSK in 
each group (**p<0.05 vs. group C, ##p<0.05 vs. group L). 

Figure 2. Comparison of biochemical indicator levels. A, Expression level of BUN in rats of three groups. B, Expression level of Cr 
in rats of three groups. C, Expression level of α1-MG in rats of three groups. D, MDA activity in rats of three groups. E, SOD activity 
in rats of three groups (**p<0.05 vs. group C, ## p<0.05 vs. group L).

D E
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Nrf2 and HO-1 Were Involved 
in the Endotoxic-Induced AKI 

Nrf2 and HO-1 are important antioxidant fac-
tors. Here, we detected mRNA levels of Nrf2 
and HO-1 in rat renal tissues. QRT-PCR resul-
ts showed that mRNA levels of Nrf2 and HO-1 
were remarkably increased in group L and group 
WL compared with those of group C (p<0.05). 
However, lower mRNA levels of Nrf2 and HO-1 
were found in group WL than those of group L, 
suggesting that Nrf2 and HO-1 were involved in 
the regulation of endotoxic-induced AKI (p<0.05, 
Figure 3A-D).

PI3K/Nrf2 Pathway Participated in the 
Regulation of Endotoxic-Induced AKI

To further explore the underlying mechanism 
of AKI, we detected key factors in PI3K/Nrf2 
pathway. Western blot data showed that protein 
levels of p-Akt, Nrf2 and HO-1 in group L and 
group WL were remarkably increased compared 
with those of group C (p<0.05, Figure 4A-4C). 
In particular, lower protein levels of p-Akt, Nrf2 

and HO-1 were found in group WL than those 
of group L (p<0.05, Figure 4D-F). These results 
demonstrated that wortmannin could exaggerate 
endotoxic-induced AKI via inhibiting PI3K/Nrf2 
pathway.

Discussion 

As one of the outer components of Gram-nega-
tive bacteria cell wall , LPS is released in the blo-
od circulation when bacteria are dissolved or de-
stroyed. LPS can lead to fever, septic shock, DIC, 
MODS, and even death. The mortality rate is as 
high as 70% in endotoxemia patients with AKI. 
Therefore, AKI is considered as an independent 
risk factor for predicting the progression and pro-
gnosis of endotoxemia24-26. LPS-induced endotoxic 
shock model is frequently used in in vivo experi-
ments27, 28. In this experiment, 5 mg/kg LPS (dissol-
ved in 2 ml of normal saline) was injected into rats. 
The results showed that rat MAP in both group L 
and group WL decreased to 75% of the baseline or 

Figure 3. The mRNA levels of Nrf2 and HO-1 in renal tissues. A, The mRNA level of Nrf2 in renal tissues of three groups. B, The 
mRNA level of HO-1 in renal tissues of three groups. C, Quantitation of mRNA level of Nrf2. D, Quantitation of mRNA level of 
HO-1 (**p<0.05 vs. group C, ##p<0.05 vs. group L).  
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below after LPS administration for 2 h. Additional-
ly, lower HSK and biochemical indicator levels, as 
well as more severe oxidative stress was observed 
in rats administrated with LPS compared with tho-
se in negative controls, indicating the successful 
construction of rat shock model.

Wortmannin, a fungal metabolite extracted 
from the fungus Penicillium wortmanni, is a spe-
cific PI3K inhibitor. Functionally, wortmannin 
permeabilizes the cell membrane and irreversibly 
binds to Serine-833 in PI3K, thereby inhibiting 
the activation of PI3K/Akt signaling pathway29,30. 
In this study, 0.6 mg/kg wortmannin (diluted 
in 0.08 ml/kg solvent dimethylsulfoxide) was 
injected into rats in group WL.

Pathological lesions of endotoxin-induced AKI 
include decreased renal blood flow, cell apopto-
sis, circulatory disturbance of glomerular tubules, 
oxidative stress, mitochondrial dysfunction and 
inflammatory responses. Relative researches have 
illustrated that LPS initiates the inflammatory re-
action and oxidative stress via NF-κB signaling pa-
thway, thus resulting in renal damage31. Other stu-
dies also suggested that LPS induces the binding of 
endothelin (ET) to ET1 receptor in vascular smo-
oth muscle cells and glomerular mesangial cells, 
which results in the reduction of renal blood flow32.

PI3K/Akt pathway is an important survival pa-
thway, and Nrf2-ARE is an endogenous defensive 
pathway33, 34. HO-1, as a crucial anti-oxidative ef-
fector protein in Nrf2/ARE pathway, can improve 
microcirculation and inhibit inflammation, oxida-
tive stress and cell apoptosis in tissues35,36. Scho-
lars have confirmed the protective effect of HO-1. 
For example, Li et al37 found that pigment glyco-
sides play a protective role in hepatotoxicity by 
upregulating HO-1 via Akt/Nrf2 pathway. Sahin 
et al38 found that catechin could prevent cispla-
tin-induced nephrotoxic response via Nrf2/HO-1 
pathway. Li et al39 demonstrated that oxymatrine 
has a neuroprotective effect on the ischemia-re-
perfusion rat model by activating Nrf2/HO-1 pa-
thway. In addition, Nrf2/ARE pathway may also 
regulate the inflammatory response and maintain 
the redox balance via inhibiting the NF-κB acti-
vation40. Hepatocyte growth factor is capable of 
reducing necrosis and apoptosis of epithelial cells, 
thereby protecting renal function through PI3K/
Akt signaling pathway41.

PI3K/Nrf2 pathway is involved in the regula-
tion of oxidative stress via up-regulation of an-
tioxidant proteins. Our results showed that HSK, 
biochemical indicators and oxidative stress-re-
lated indicators were increased in group L and 

Figure 4. Protein levels of p-Akt, Nrf2 and HO-1 in renal tissues. A, Protein levels of p-Akt and HO-1 in renal tissues of three 
group. B, Comparison of protein level of p-Akt in three groups. C, Comparison of protein level of HO-1 in three groups. D, Protein 
level of Nrf2 in renal tissues of three group. E, Comparison of nuclear level of Nrf2 in three groups. F, Comparison of total level of 
Nrf2 in three groups (**p<0.05 vs. group C, ##p<0.05 vs. group L).
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group WL, indicating that AKI was induced by 
LPS in rats. The above indicators were remar-
kably increased in group WL compared with 
those of group L, suggesting that inhibition of 
PI3K/Akt pathway exaggerated AKI in rats. Fur-
thermore, we found that expressions of Nrf2 and 
HO-1 were increased in endotoxic-induced rat 
model, which were then reversed by wortmannin. 
Wortmannin administration further exaggerated 
AKI via inhibiting PI3K/Akt pathway. However, 
protein expressions of Nrf2 and HO-1 in renal tis-
sues were not completely blocked after the inhibi-
tion of PI3K/AKT pathway, indicating that there 
might be other regulatory factors in renal tissues, 
which needs further exploration.

Conclusions

We showed that acute kidney injury induced 
by endotoxic shock in rats was alleviated by PI3K/
Nrf2 pathway. Effector protein HO-1 might serve 
as an essential factor in protecting endotoxin-in-
duced acute kidney injury.
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