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Angiotensin ll-mediated improvement of renal mitochondrial
function via the AMPK/PGC-1a/NRF-2 pathway is superior to
norepinephrine in a rat model of septic shock associated with
acute renal injury
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Background: This study sought to compare the therapeutic effects of angiotensin IT (ANG II) and
norepinephrine (NE) on cecal ligation and puncture (CLP)-induced septic acute kidney injury (AKI) in rats.
Methods: Sepsis shock was induced in anesthesia Sprague-Dawley male rats by CLP model for 24 hours.
A total of 40 rats were divided into five groups, including control group, sham group, CLP group, CLP +
ANG II group, and CLP + NE group. CLP + ANG II and CLP + NE group were administration of ANG II
or NE after sepsis shock respectively, maintaining the MAP at 75-85 mmHg. CLP group was administration
of saline for contrast. At 0, 18, 24 hours measured the renal blood grades and resistant index (RI) by
ultrasound equipment. At 6, 12, 18 and 24 hours collected 0.5 mL blood sample for creatinine and lactic
acid examination. Rats were observed for 24 hours after CLP procedure and then sacrificed for subsequent
examination, rat serum were used to determine the levels of inflammatory response factors, kidney tissues
were used to examine the oxidative stress factors and mitochondrial related proteins.” We added the sentence
as following: “The AMPK, PGC-1a and NRF-2 expression in renal cortex was significantly increased in the
CLP + ANG II group.

Results: Compared to the vehicle treatment, both ANG II and NE administration restored the decrease
in the mean arterial pressure (MAP) and alleviated mitochondrial impairments in CLP rats. However, only
ANG II alleviated CLP-induced abnormalities in serum creatinine and lactic acid concentrations, renal
blood flow, the renal resistant index, renal histopathology, the production of proinflammatory cytokines, and
oxidative stress markers in rats. ANG II was also found to be superior to NE in reversing the CLP-induced
suppression of mitochondrial biogenesis-related protein expression in the kidneys of rats.

Conclusions: ANG II was better than NE in alleviating CLP-induced septic AKT in rats.

Keywords: Septic shock; acute kidney injury (AKI); angiotensin II; norepinephrine (NE); the AMPK/PGC-1a/
NRF-2 pathway

Submitted Jan 11, 2021. Accepted for publication Mar 11, 2021.
doi: 10.21037/atm-21-621
View this article at: http://dx.doi.org/10.21037/atm-21-621

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2021;9(6):481 | http://dx.doi.org/10.21037/atm-21-621


https://crossmark.crossref.org/dialog/?doi=10.21037/atm-21-621

Page 2 of 14

Introduction

Sepsis is a fatal multiple organ dysfunction caused by an
inflammatory response to infection. It has been reported
that approximately 31.5 million sepsis cases and 19.4 million
deaths due to sepsis occur worldwide each year (1). Nearly
50% of patients with sepsis develop acute kidney injury
(AKI). Sepsis patients with AKI have a significantly higher
mortality rate than patients without AKI. Sepsis leading to
life-threatening low blood pressure is called septic shock (2).
Effective fluid resuscitation is essential for maintaining
organ perfusion during the treatment of AKI patients
with septic shock (3,4). When fluid resuscitation fails to
restore arterial blood pressure, vasopressor administration
is required to treat hypotension. A drug that not only
maintains the mean arterial pressure (MAP) but also
alleviates the kidney injury would be an ideal treatment for
patients with septic shock associated with AKI.

Norepinephrine (NE), a tyrosine-derived sympathomimetic
amine, is a first-line agent for treating hypotension in septic
shock; however, the long-term use of NE may lead to
complications, such as myocardial infarction and arrhythmia (2).
It has been reported that at doses that cause similar
increases in arterial pressure during sepsis, the effects of NE
on renal function are less potent than those of angiotensin
IT (ANG 1II) (5). ANG II is an endogenous vasopressin
that belongs to the renin-angiotensin-aldosterone system.
During sepsis shock, the decline in effective circulation
volume and the MAP trigger the release of angiotensin,
and the renin-angiotensin-mediated constriction of efferent
arterioles maintains the MAP and glomerular filtration
pressure without affecting glomerular perfusion pressure
and renal oxygenation (6). In a pig sepsis model, researchers
found that ANG II reversed hypotension caused by sepsis
and that ANG II and NE were comparable in improving
renal blood flow (7). Thus, we hypothesized that compared
to NE, ANG II might provide better renal protection with
similar vasoconstriction effects in the treatment of AKI
resulting from septic shock.

During sepsis, pathogen-associated molecular patterns
filter through the kidney glomerulus or peritubular
capillaries, resulting in an increased production of
proinflammatory cytokines, oxidative stress, and
mitochondrial injury in tubular epithelial cells (8). Recent
research has identified mitochondria dysfunction as a critical
contributor to the pathogenesis of AKI; the restoration
of mitochondrial mass and function is essential to the
recovery of renal function (9). Peroxisome proliferator-
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activated receptor-y coactivator-1-o (PGC-1a) is a master
positive regulator of mitochondrial biogenesis. Adenosine
monophosphate-activated protein kinase (AMPK) activates
PGC-1a through phosphorylation, and the activated PGC-
la translocates into the nucleus where it activates nuclear
respiratory factor 2 (NRF2), which promotes mitochondrial
biogenesis (10). ANG II has been shown to contribute to
mitochondrial dysfunction and cardiac injury in rats (11);
however, a recent study demonstrated that ANG II has no
adverse effects on mitochondrial respiration (12). In this
study, the application of angiotensin II and norepinephrine
in pig septic shock model found that both groups improved
cardiac output, alleviate shock, improved renal blood
flow and perfusion in septic pigs. In this study, animal
ultrasound was used to evaluate the renal blood flow and
renal resistance index of rats, so as to better simulate the
examination method of clinical critical patients. At the same
time, the renal mitochondrial function was studied from
the aspect of molecular pathway to observe the changes of
inflammatory response, oxidative stress and mitochondrial
related protein expression after sepsis induced acute renal
injury. Thus, the effects of ANG II on mitochondrial health
and the underlying mechanisms warrant further exploration.
In the present study, we examined the effects of ANG
II and NE on renal function, kidney structure, and renal
hemodynamics in a rat model of septic AKI, and attempted
to identify the potential mitochondrial mechanisms
involved. We present the following article in accordance
with the ARRIVE reporting checklist (available at http://
dx.doi.org/10.21037/atm-21-621).

Methods
Animals

The animal study was approved by the Ethics Committee
for Laboratory Animals Care and Use of Hebei Medical
University, Fourth Affiliated Hospital and Hebei Provincial
Tumor Hospital (Approval Number: IACUC-4th Hos
Hebmu). All the procedures were conducted in accordance
with the Guide for the Care and Use of Laboratory Animals
(1985, National Institutes of Health). Male Sprague-Dawley
rats, aged 8-10 weeks, and weighing 230-250 g, were
obtained from the Beijing Vital River Laboratory Animal
Technology (China), and housed in standard conditions
(12-h light/dark cycles at 222 °C, 60% humidity) with free
access to food and water. After a week of acclimation and a
day of starvation with access only to tap water, the rats were
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randomly divided into one of the following 5 groups (n=8
per group): the control, sham, CLP, CLP + ANG II , and
CLP + NE groups.

All of the rats were anesthetized with sodium phenobarbital
(50 mg/kg). An incision was made in the middle of the
neck of the rat to expose the right internal carotid artery
and the right external jugular vein. Catheters (Skillsmodel
Biotechnology Company, Beijing, China) were inserted
into the jugular vein for blood collection, and drug
administration and into the carotid artery for blood
pressure and heart rate monitoring. The CLP operation
was performed as previously described (13) in the CLP,
CLP + ANG II and CLP + NE groups. Briefly, an incision
was made in the middle of the abdomen to expose the
cecum. A ligation was made 0.5 cm below the ileocecal
valve using a 4-0 silk ligature. The cecum was transversely
punctured twice at opposite ends using an 18-gauge needle.
A 1 em’ volume of feces was extruded from each puncture
point. After returning the cecum to the abdominal cavity,
the incision was closed. The sham rats were subjected to
the same procedures as the CLP rats, but without ligation
or punctures. The control rats only received an incision
to the right internal carotid artery and a catheterization of
the right external jugular vein; no abdominal operation was
performed.

At 18 h after surgery, when the MAP decreased to 20%
of the baseline, the heart rate of increased by 20% over the
control value, at this point, we evaluated the rat sepsis model
was successful. The rats in the CLP, CLP + ANG II and
CLP + NE groups received fluid resuscitation (20 mL/kg
normal saline within 30 min) (14), and used the syringe
pump (STOELTING company, USA) to treat with vehicle
(normal saline), ANG II (initial dose: 66.7 ng/kg/min),
or NE (initial dose: 0.05 pg/kg/min) via an intravenous
catheter for 6 hours until euthanasia at 24 h, respectively.
The mean blood pressure was maintained at 75-85 mmHg
during the procedure. The rats were anesthetized with
sodium phenobarbital (50 mg/kg), performed euthanasia by
thoracotomy and take blood from the left ventricle.

Ultrasound examination of the kidneys

The left kidney of each rat was examined before the
CLP and at 18 and 24 h after the CLP procedure using
a Doppler ultrasonography (VEVO 2100; Visual Sonics,
Canada) with a MS250 probe (24 MHz). Blood flow was
assessed using a color doppler, and scored as follows: 0—
no signals in the kidney; 1—some signals at the renal

© Annals of Translational Medicine. All rights reserved.

Page 3 of 14

hilum; 2—obvious signals at the renal hilum and a few
signals at the junction of the renal cortex and medulla;
and 3—signals throughout the kidney, reaching the level
of arcuate artery. The peak systolic velocity (PSV) and the
end-diastolic velocity (EDV) of three continuous waves
were measured using a pulse doppler, and the average
values were calculated. Three different interlobar arteries
were measured and averaged again. The resistance index
(RI) was calculated using the following formula: (PSV -
EDV)/PSV.

Measurement of hemodynamic and biochemical parameters

The MAP was continuously monitored using a physiological
signal acquisition system (Powerlab, Australia), and data
were recorded hourly. Venous blood samples (0.5 mL)
were obtained at 0, 6, 12, 18, and 24 h after the experiment
began, and were centrifuged at 4,000 rpm for 15 min at 4 °C
for serum collection. A 20 pLL volume of serum was used
to measure the levels of lactic acid and creatinine using
biochemical analysis kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) in accordance with the
manufacturer’s instructions. The rats were euthanized using
an overdose of pentobarbital (100 mg/kg, intravenously)
at 24 h after the start of the experiment, and the kidneys
were excised immediately. The capsule of one kidney was
obtained for pathological analysis; the cortex and medulla
of the other kidney were collected under a microscope and
stored at =80 °C for further experiments.

Transmission microscopy examination

The rats were euthanized, and the kidneys were immediately
excised and placed on ice. The renal cortex tissue samples (of
approximately 1 mm’) were fixed with 2.5% glutaraldehyde in
0.01 mol/L phosphate buffer at 4 °C, followed by incubation
with 2% osmium tetroxide. The sample was then dehydrated
in graded ethanol solutions, embedded in paraffin, sliced, and
stained with 3% uranyl acetate and lead citrate. The slices
were observed using a transmission electron microscope

(HT7700; HITACHI, Japan) at 80 kV.

Histological examination

The kidney tissue samples were fixed using embedding
fixative for over 24 h, embedded in paraffin, cut into 4-pm-
thick sections, and stained with hematoxylin and eosin.
Tubular damage, including cellular degeneration and
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vacuolization, the reduction of the brush border epithelium,
tubular obstruction, and cast formation, were evaluated
in five randomly selected fields in the outer medulla by
independent pathologists double-blinded to the experiment
conditions. The tubular injury scores were defined as
previously described (15): 0—normal; 1—<25% of the
tubular area affected; 2—damage to 25-50% of the tubular
area; 3—damage to 50-75% of the tubular area; and 4—
damage to 75-100% of the tubular area.

Measurement of inflammation and oxidative stress
indicators

Interleukin 6 (IL-6) and tumor necrosis factor alpha
(TNF-a) concentrations in kidney tissue samples were
measured using enzyme-linked immunosorbent assay
kits (Thermo Fisher Scientific, Waltham, MA, USA) in
accordance with the manufacturer’s instructions. Superoxide
dismutase (SOD), malondialdehyde (MDA), glutathione
peroxidase (GSH-PX) levels in the kidney tissue samples
were measured using biochemical analysis kits (Nanjing
Jiancheng Bioengineering Institute) in accordance with the
manufactures’ instructions.

Western blotting analysis

Excised samples of renal cortical tissue were homogenized
using an ice-cold Radio Immunoprecipitation Assay (RIPA)
buffer containing phosphatase inhibitors. Proteins were
isolated using a total protein extraction kit (Solarbio,
Beijing, China) and quantified using a bicinchoninic acid
(BCA) kit (Solarbio). After 8% sodium dodecyl sulfate
polyacrylamide gel electrophoresis gels, proteins were
transferred onto polyvinylidene fluoride membranes
(Millipore-Upstate, Beijing, China, 0.45 pm). The
membranes were blocked with 5% albumin (BioShop
Canada Inc., Burlington, ON, USA) in tris-buffered
solution containing 0.1% Tween-20 (TBST) for 1 hat 37 °C,
and incubated with primary antibody against AMPK
(1:500 catalog number 10929-2-AP AMPK alpha 1 Rabbit
Polyclonal antibody, Proteintech), P-AMPK [1:500;
phospho-AMPK (Thr172) (D4D6D), Cell Signaling
Technology, USA], PGC-1a, (1:1,000; catalog number
A-12348, PGC-1a Polyclonal Antibody, Affinity Company,
China), nuclear factor erythroid 2-related factor 2 (NRF-2)
(1:1,000; catalog number YT3189, NRF2 Polyclonal
Antibody, Immunoway Company, China), or beta (B)-actin
(1:2,000; catalog number 20536-1-AP Beta-Actin Rabbit

© Annals of Translational Medicine. All rights reserved.

An et al. ANG Il improve renal mitochondrial function in septic shock

Polyclonal antibody, Proteintech, China) overnight at 4 °C.
After washing with TBST (15 min x3), the membranes
were incubated with the appropriate secondary antibody
(Proteintech) at room temperature for 2 h and washed with
TBST (15 min x3). The protein bands were developed
using an enhanced chemiluminescence (ECL) detection kit
and visualized using an Amersham Imager 600. The band
intensities were quantified using Image J software (Scion
Corporation).

Statistical analysis

Data are presented as mean = standard error (SE) of the
mean. A survival analysis was conducted using Kaplan-
Meier and Log rank tests. Physiological parameters,
renal blood flow, and the RI among different groups were
compared using an independent sample #-test. An intra-
group comparison was performed using a paired #-test.
Other parameters, including inflammation and oxidative
stress indicators, renal tubular injury scores, and protein
levels detected by Western blotting, were analyzed by a one-
way analysis of variance, followed by the Newman-Keuls
post-hoc test. A P value <0.05 was considered statistically
significant.

Results

ANG II or NE administration restoved the decreased the
MAP in CLP rats

In the CLP group, 3 rats died at 19, 20, and 23 h following
CLP, respectively. In the CLP + ANG II group, 2 rats died
at 19 and 23 h after CLP, respectively. In the CLP + NE
group, 2 rats died at 19 and 23 h after CLP, respectively. All
rats in the control and sham groups survived. No significant
differences were observed in overall survival among the
groups (P>0.05; see Figure I).

Compared with the control or sham rats, the MAP
was significantly decreased in all CLP rats at 18 h after
CLP (P<0.001). The rats were treated with vehicle, ANG
II (66.7-1,000 ng/kg/min), or NE (0.05-1.0 pg/kg/min)
18 h after CLP to maintain the MAP at 75-85 mmHg.
Compared with vehicle treatment, ANG II or NE
administration rapidly and significantly restored the
MAP (P<0.01) within 2 h after treatment. No significant
differences were observed in the MAP between the ANG
II- and NE-treated groups (see Figure 2), suggesting that
ANG 1II showed comparable vasoconstrictive effects in
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Figure 1 Comparison of the survival rates. Rats were randomly
divided into 5 groups (n=8 per group), including the control, sham,
cecal ligation and puncture (CLP) + vehicle, CLP + angiotensin
IT (ANG 1II), and CLP + norepinephrine (NE) groups. Rats
were treated with vehicle, ANG II, or NE 18 h after CLP and
euthanized 24 h after CLP. The survival rates were analyzed using
Kaplan-Meier curves. Data are expressed as the mean percentage

of rats that survived at the end of the experiment.

response to NE in rats with septic shock.

Administration of ANG II, but not NE, alleviated

CLP-induced changes in serumn biochemical pavameters in rats

Septic AKI exhibited biochemical abnormalities indicative
of impaired renal functions (16). Compared to control
or sham-operated rats, all CLP-treated rats exhibited
significantly higher serum creatinine and lactic acid
concentrations 18 h after CLP (all P<0.05). Compared with
vehicle treatment, the administration of ANG 1T (P<0.01),
but not NE (P>0.05), significantly reduced the elevated
serum creatinine and lactic acid concentrations in CLP rats
(see Figure 2D,E). These data suggested that ANG 1I, but
not NE, ameliorated renal function in CLP rats.

Administration of ANG II, but not NE, improved renal
blood flow and the renal RI in CLP rats

We then examined the effects of ANG II and NE on renal
blood flow and the renal RI in CLP rats. At 18 h after
CLP, all CLP rats showed remarkably reduced renal blood
flow and a higher RI than the control or sham-operated
rats (all P<0.01). Compared to the vehicle treatment,
the administration of ANG II, but not NE, significantly
restored the renal blood flow while reducing the RI in
CLP rats (for ANG II, all P<0.01; for NE, all P>0.05; see
Figure 34,B,C,D). These data suggested that ANG 1I
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increased renal perfusion more than NE in CLP rats.

Administration of ANG II , but not NE, mitigated renal
bistopathological damage in CLP rats

Next, we examined the effects of ANG II and NE on
CLP-induced histopathological damage in rat kidneys.
As Figure 44 and B show, the CLP rats exhibited vacuolar
degeneration, renal tubular dilatation, and inflammatory
infiltration, and had dramatically higher tubular injury
scores than the control or sham rats (all P<0.001). These
results indicated that severe renal damage was induced
by CLP. Compared to the vehicle treatment, ANG II
administration significantly alleviated the histopathological
damage and reversed increases in tubular injury scores
(P<0.01) in CLP rats. No significant changes were observed
in the NE-treated rats compared to the vehicle-treated rats
(P>0.05). These results indicated that the administration of
ANG 1I, but not NE, mitigated the renal histopathological
damage induced in CLP rats.

Administration of ANG II, but not NE, abrogated the
CLP-induced production of proinflammatory cytokine and
oxidative stress markers

Sepsis triggers an excessive production of proinflammatory
cytokines in the circulating blood, inducing oxidative stress
and cell apoptosis in the kidney. As Figure 54 and B show,
CLP-treated rats had significantly higher serum IL-6 and
TNF-a levels than control or sham rats (IL-6, P<0.05;
TNF-0, P<0.001). Treatment with ANG II, but not NE,
partially, but significantly abrogated the CLP-induced
elevation of IL-6 and TNF-a production, compared to
vehicle treatment alone (for ANG II, all P<0.05; for NE,
all P>0.05). A similar trend was observed for MDA activity
(see Figure 5C). Contrasting results were observed in both
SOD and GSH-PX activities (see Figure 5D,E). These data
suggested that ANG II treatment, but not NE treatment,
abrogated the CLP-induced inflammatory response and
oxidative stress in rats.

ANG II and NE alleviated mitochondrial impairment in
CLP rats

To examine the effects of ANG II and NE treatment on
CLP-induced mitochondrial dysregulation, we examined
the ultrastructure of the mitochondrial reticulum in the
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Figure 2 The effects of ANG II and NE on the MAPs and biochemical parameters in rats. (A) The MAPs were recorded every 2 hours
after the experiment start; (B,C) doses of ANG II and NE were recorded every hour after treatment; (D,E) serum levels of creatinine and

lactic acid were measured every 6 h after the experiment start. The Lac concentration of CLP group increased continuously at 24 h after
the CLP procedure (P=0.004 vs. 18 h after procedure). The After administration of ANG II, Lac concentration decreased at 24 h after CLP
procedure (P=0.005 vs. CLP group), but the effect was not the same in the CLP + NE group (P=1.000 vs. CLP group). Data are expressed
as mean + SEM. CLP; n=8 in the control or sham, n=5 in CLP, n=6 in CLP + ANG II, n=6 in CLP + NE. **, at the 24 h after procedure,
compare with the CLP group, P<0.01; ™ at the 24 h after procedure, compare with the CLP group, P<0.05.

renal cortex. Transmission electron microscopy revealed
that CLP-induced mitochondrial impairment, such as
mitochondria swelling, outer membrane protrusion, and
crista structure disruption, were significantly more alleviated
in ANG II- or NE-treated rats than vehicle-treated rats (see
Figure 6).

We further measured the levels of mitochondrial
biogenesis-related proteins in the rat kidneys. A Western
blotting analysis (see Figure 7) showed that compared to
the vehicle treatment, ANG II administration significantly
reversed CLP-induced suppression of P-AMPK (P<0.05),
PGC-1a (P<0.01), and NRF-2 (P<0.01) protein expression
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in the rat kidneys. Similar trends were observed in NE-
treated rats; however, a significant reversal was only
observed in NRF-2 protein expression (P<0.05). These
findings suggested that both ANG II and NE alleviated
mitochondrial dysregulation in mice with septic AKI,
and that ANG II was superior to NE in promoting the
expressions of mitochondrial biogenesis-related proteins.

Discussion

Recent studies have reported that ANG II can restore and
maintain the MAP observed in patients experiencing septic
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Figure 3 Effects of ANG II and NE on renal blood flow and the renal RI. The renal blood flow (A and C) and RI (B and D) of each rat were
measured 18 and 24 h after the start of the experiment. Representative ultrasound images are shown. Data are expressed as the mean = SEM.
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shock with little adverse effects (7,14,17). In this study, we
compared the therapeutic effects of ANG II and NE on
CLP-induced shock and subsequent AKI. We found that
ANG II was superior to NE in alleviating the dysregulated
biochemical parameters, in improving renal perfusion, in
mitigating renal tubular injury, in inhibiting inflammation
and oxidative stress, and in promoting the expression of
mitochondrial biogenesis-related proteins in septic kidneys.
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Our results suggested that ANG II outperformed NE in
alleviating the symptoms of AKI caused by septic shock.
NE remains the first-line vasopressor for patients with
septic shock (15). However, accumulating evidence has
shown that there are numerous adverse effects associated
with the NE treatment of septic shock. NE preserves renal
blood flow, renal cortical perfusion, and partial oxygen
pressure; however, it exacerbates renal medulla ischemia and
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Figure 5 Effects of ANG II and NE on the production of proinflammatory cytokines and oxidative stress markers. The rats were euthanized
24 h after the start of the experiment. (A,B) Serum levels of IL-6 and TNF-o were measured; (C,D,E) the MDA, SOD, and GSH-PX
activities were measured. Data are expressed as the mean = SEM. n=8 in the control or sham, n=5 in the CLP, n=6 in the CLP + ANG
I, n=6 in the CLP + NE. IL-6 groups, interleukin 6; TNF-a, tumor necrosis factor alpha; MDA, malondialdehyde; SOD, superoxide
dismutase; GSH-PX, glutathione peroxidase.

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2021;9(6):481 | http://dx.doi.org/10.21037/atm-21-621



Annals of Translational Medicine, Vol 9, No 6 March 2021 Page 9 of 14

control

sham

CLP + ANG Il

Figure 6 Effects of ANG II and NE on mitochondrial impairment. Rats were euthanized 24 h after the experiment commenced.
A transmission electron microscopy analysis was performed to assess mitochondrial impairment in rat renal cortex tissue samples.
Representative images are shown. control and sham group: proximal tubular epithelial cells, with abundant cytoplasmic matrix, continuous
and complete basement membrane (BM), uniform thickness and relatively normal structure. The mitochondria (M) were round or rod-
shaped, with normal size, large number, clear structure, clear cristae and well-arranged matrix. CLP: epithelial cells of proximal tubules,
with severe cytoplasmic edema, obvious weakening of intracellular matrix, local hyperplasia and multilayered basement membrane (BM).
Mitochondria (M) swelled and became larger and rounder, more mitochondria cristae arranged irregularly, some mitochondria membrane
damaged, inner cristae ruptured, matrix became shallower, and a few mitochondria appeared vacuolar degeneration. CLP + ANG II group:
proximal tubular epithelial cells showed moderate cytoplasmic edema, slightly lighter intracellular matrix, more vacuoles, and continuous
and complete basement membrane (BM). Mitochondrion (M) swelled moderately, became larger and rounder, most mitochondria swelled,
internal cristae became shorter and less, matrix became shallower, a few severe membranes damaged, matrix overflow. CLP + NE group:
proximal tubular epithelial cells showed moderate cytoplasmic edema, a large area of low electron density edema area, few organelles,
and continuous and complete basement membrane (BM). Mitochondrion (M) was moderately swollen, most of the mitochondria swelled
locally, the internal cristae became shorter and less, and the matrix became shallower. In a few area, the membrane damaged and the matrix

overflowed. BM: basement membrane. M: mitochondrion. N: nucleus. RER: rough endoplasmic reticulum. Scale bar = 2 pm, 5 pm.
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Figure 7 Effects of ANG II and NE on the AMPK/PGC-1a/NRF-2 pathway. Rats were euthanized 24 h after the start of the experiment.
(A,B,C) A Western blotting analysis was performed to determine protein levels of PGC-1a, NRF-2, p-AMPK, and AMPK in the rat kidneys.

B-actin was used as an internal control. Data are expressed as the mean + SEM. n=8 in the control or sham, n=5 in the CLP, n=6 in the CLP

+ANG II, n=6 in the CLP + NE groups. PGC-1a, peroxisome proliferator-activated receptor-y coactivator-1-a; NRF2, nuclear respiratory
factor; AMPK, AMP-activated protein kinase; p-AMPK, phosphorylated AMPK.

hypoxia in animal models. Research has shown that NE fails
to improve sepsis-induced altered microcirculatory blood
flow in the kidney (16,18). In septic AKI patients, NE does
not improve microcirculatory dysfunction in the sublingual
circulation, and the long-term effects of NE-induced
hyper-ischemia and hypoxic injury in septic kidneys remain
unclear (19). Further, NE may affect immune function,
induce thrombosis, and decrease metabolic efficiency, and
myocardium function.

Conversely, treatment with ANG II has not been found
to have any negative effects on the renal cortex and medulla

© Annals of Translational Medicine. All rights reserved.

perfusion (20). Thus, ANG II may serve as a promising
alternative to NE in the treatment of hypotension in septic
shock. ANG II binds to its receptor, leading to systemic
arteriole constriction and elevation in peripheral resistance
and blood pressure. ANG II also enhances the release of
NE from sympathetic nerve endings (6). The exogenous
application of ANG II improves the sensitivity of blood
vessels to catecholamines, constricts the glomerular efferent
arteries, increases the glomerular perfusion pressure, and
elevates the glomerular filtration rate (20-22).

Consistent with the findings described above, our results
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showed that compared with the vehicle treatment, the
administration of ANG II rapidly and significantly restored
the MAP within 2 h after treatment, and maintained the
MAP at 75-85 mmHg for at least 4 h. No significant
differences were observed in the MAP between the ANG II
and NE-treated groups. Thus, ANG II and NE appear to
have comparable vasoconstrictive effects in the treatment
of septic shock. A clinical study has shown that ANG II
markedly reduced NE dosing and was well-tolerated in
patients with septic shock, while the cessation of the ANG II
infusion resulted in a concomitant rebound of NE dosing (23).
Notably, we found that the administration of ANG 1I,
but not NE, significantly restored renal blood flow, while
reducing the RI, reducing the serum creatinine and lactic acid
levels, mitigating the renal histopathological damage, and
suppressing the production of proinflammatory cytokines
and oxidative stress markers in CLP rats. Thus, ANG II
outperformed NE in terms of increasing renal perfusion and
alleviating renal injury in septic shock. Collectively, these
findings suggest that ANG II is an ideal substitute of NE, as
it targets both hypotension and AKI in septic shock.
Mitochondria play an important role in maintaining
normal renal function. Renal mitochondria are most
concentrated in the renal cortex (24). Hypoxia and ischemia
are prone to occur at the junction of the cortex and medulla
where high energy-demanding renal tubular cells reside (25).
The important function of mitochondria is to provide
energy (ATP), which is used by the kidney to remove wastes
from the blood and regulate the balance of body fluids and
electrolytes. In the process of mitochondrial biogenesis,
PGC-1a is a positive regulator of mitochondrial biogenesis.
During sepsis, transient ischemia and elevated cytokine levels,
especially TNF-a, can reduce the expression of PGC-1 o in
renal tubular cells and inhibit the recovery of kidney (10,26).
Trump et al. (27) found significant mitochondrial swelling
in renal tubular cells in patients who died of septic shock.
In both AKI rodent models and in patients, researchers
have observed a reduction in the number of mitochondria,
mitochondrial swelling, vacuole formation, as well as
mitochondrial cristae disorder, dissolution, and even rupture
in the proximal tubular epithelial cells using an electron
microscope. Importantly, structural changes of mitochondria
can be visually observed in the ischemic kidney before the
clinical manifestations of AKI occur, which suggests that
mitochondrial dysfunction may lead to renal injury (27-30).
Consistent with previous findings, our results
showed that rats subjected to CLP exhibited significant
mitochondrial ultrastructural impairment in the renal
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cortex. To investigate the mechanisms underlying the
protective effects of ANG II in septic AKI, we used
Western blotting to assess the expression of components of
the AMPK/PGC-10/NRF-2 pathway in the renal cortex.
The results showed that the expression of the AMPK/
PGC-1a/NRF-2 pathway was significantly more reduced
in the CLP rats than the control or sham-treated rats.
This effect on protein expression was consistent with the
results of a previous study that showed that messenger
ribonucleic acid and protein expression of PGC-1a were
decreased in the proximal renal tubular cells of a cisplatin-
induced rat model of AKI, which was also accompanied by
concomitant mitochondrial dysfunction, structural, and
regeneration disorders. Similar results have been observed
in both ischemia-reperfusion— and sepsis-induced AKI
models (30,31). Our results showed that both ANG II and
NE alleviated the mitochondrial impairments observed in
CLP rats; however, ANG II performed better than NE in
reversing the CLP-induced suppression of AMPK/PGC-
1o/NRF-2 signaling. Thus, in septic AKI, it may be that
ANG 1I alleviates mitochondrial impairments by activating
the AMPK/PGC-10/NRF-2 pathway, while NE improves
mitochondrial function via other signaling pathways.

The suppression of PGC-1a signaling is closely associated
with inflammation during sepsis. Tran ez 4. demonstrated (31)
increased endotoxin and inflammatory cytokine inhibition
of PGC-1a transcription in septic AKI. Similarly, Tran
et al. showed that interferon gamma inhibited PGC-1a
transcription in a septic cell model (32). Signals from innate
inflammatory pathways show the downregulation of PGC-1a
during infection (33-35). In the present study, we found that
ANG II abrogated the CLP-induced excessive production
of proinflammatory cytokines and oxidative stress markers.
Thus, ANG II appears to alleviate renal inflammation and
oxidative stress, which in turn activates the PGC-1a signaling
to promote mitochondrial biogenesis in septic AKI. Further
studies examining the proximal tubular epithelial cells should
be conducted to investigate the involvement of the AMPK/
PGC-10/NRF-2 pathway in the mechanism through which
ANG II improves renal function in the setting of septic AKI.

The present study had a number of limitations. First,
given the premature deaths dictated by the experimental
protocol requiring tissue sampling at 24 hours, there is a
risk of survivor bias in our study. However, as no significant
differences were observed in overall survival, especially
among the CLP, CLP + ANG II, and CLP + NE treatment
groups, any such survivor bias may not have significantly
affected our results. Second, sham + NE and sham + ANG
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IT control groups were not included in this study. To
simulate the treatment process of patients with septic shock
and better guide clinical treatment decisions, these groups
should be examined in future experiments. In our study,
the blood pressure of the sham rats did not decrease, as
ANG 1II and NE exerted strong vasoactive effects on blood
vessels. Treatment with vasoactive agents leads to a series of
abnormal changes in blood pressure and renal perfusion. It
is a limitation of this study that the application of vasoactive
drugs in the sham operation group was not observed. In
future experiments, treatment with vasoactive drugs in
combination with a sham operation should be performed to
observe the effects of vasoactive drugs on the mitochondria
and hemodynamics of rats in the sham operation group.
Third, renal perfusion color Doppler grading is a semi-
quantitative index with certain subjectivity. In addition, due
to the limitations of ultrasonic equipment, including the
color Doppler, the imaging of renal blood flow may not
have been sufficiently clear or accurate. Finally, survival was
only monitored for 24 h, which is a short time interval for
survival study.

In conclusion, in addition to having comparable
vasoconstriction effects in response to NE, ANG II
outperforms NE in increasing renal perfusion, ameliorating
renal function, mitigating renal histopathological damages,
alleviating inflammation and oxidative stress, and promoting
the expression of mitochondrial biogenesis-related proteins
in septic kidneys. Thus, ANG II appears to represent a better
option than NE in the treatment of AKI in septic shock.
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