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Abstract
Background: Previous studies demonstrated renin-angiotensin system (RAS) played vital roles in shock-
induced organ injury, and mesenteric lymph return was involved in hemorrhagic shock-induced acute
kidney injury (AKI). Nevertheless, whether RAS is involved in PHSML-mediated AKI remains unclear.
Therefore, this study investigated the role of RAS in post-hemorrhagic shock mesenteric lymph (PHSML)-
induced AKI.

Methods: After acute hemorrhage and �uid resuscitation, the mice were treated with mesenteric lymph
duct ligation (MLDL) and administrations of angiotensin converting enzyme (ACE) inhibitor enalapril,
angiotensin (1-7) (Ang (1-7)), angiotensin II (Ang II) type 1 receptor (AT1R) inhibitor losartan, respectively.
In addition, the parts of mice with hemorrhage plus MLDL were treated with Ang II, Mas receptor (MasR)
inhibitor A-779, respectively. Meanwhile, the ACE2-/- mice received hemorrhage plus MLDL. At 4 h after
resuscitation, the kidneys were harvested for the observation of histomorphology and measurement of
ACE, ACE2, AT1R, MasR expressions and Ang II and Ang (1-7) levels.

Results: Hemorrhagic shock induced renal tissue injury, increased the ACE and AT1R expressions,
decreased the ACE2 and MasR expressions in kidney, accompanied by elevated Ang II and depressed Ang
(1-7) in kidney. These adverse effects were partially reversed by MLDL or administrations of enalapril,
Ang-(1-7), and losartan, respectively. In addition, the bene�cial role of MLDL was reversed by ACE2
de�ciency and Ang II or A-779 administrations.

Conclusion: MLDL alleviates hemorrhagic shock-induced AKI in mice is related to the equilibrium ACE-
AngII-AT1R and ACE2-Ang (1-7)-MasR axis.

Background
Hemorrhagic shock can result from a wide range of pathogenic factors, such as multiple trauma, peptic
ulcer, intraoperative hemorrhage, is a common clinical intensive illness [1]. Acute kidney injury (AKI) is the
common complications following hemorrhagic shock. Once patients occurred AKI, internal environment
disorder aggravated,with high mortality rate [2]. Therefore, attention should be paid to the changes of
renal function in the process of severe hemorrhagic shock. Recently, data from rat models indicate that
post-hemorrhagic shock mesenteric lymph (PHSML) return is involved in hemorrhagic shock-induced AKI,
and blockage of PHSML return alleviates AKI through reducing the in�ammation and oxidative stress [3,
4]. Renin-angiotensin system (RAS) contains two main axes, as follows: angiotensin converting enzyme
(ACE)-angiotensin (Ang) II-Ang II 1 receptor (AT1R) and ACE2-Ang (1–7)-Mas-related G-protein-coupled
receptor (MasR). The activation of ACE-Ang II-AT1R increases the Ang II synthesis and leads to
vasoconstriction, reabsorption of water and sodium and hypertension, even causes in�ammation and
�brosis in renal tissue, which result in kidney injury. It is reported that Ang II leads to kidney injury
according to AT1R and AT2R activating nuclear factor κB (NF-κB) signaling and pro-in�ammatory genes,
promoting the monocyte aggregation and the expression of pro-in�ammatory cytokines [5]. ACE2-Ang
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(1–7)-MasR axis activation increases Ang (1–7) synthesis and causes the opposite results by acting on
MasR. The imbalance of ACE/ACE2 is also involved in kidney injury in the tourniquet-induced ischemia-
reperfusion on hind limbs. And upregulated the expression of ACE2 improves the imbalance of ACE/ACE2
and alleviates kidney injury [6]. The kidney injury appears in the tourniquet-induced ischemia-reperfusion
model after upregulated the expression of ACE/Ang II in ACE2−/− mice. However, it is still not clear that
whether the imbalance of ACE/ACE2 is involved in the occurrence of hemorrhagic shock-induced AKI and
whether PHSML return effects. Therefore, we regulated the balance of ACE/ACE2 according to using
drugs related to ACE/ACE2 axis and gene knockout mice, to investigate the role of ACE/ACE2 balance in
kidney injury mediated by PHSML.

Methods

Materials
Ang II (10271406) and Ang (1–7) (32GGAM12G1) were purchased from the Enzo (Farmingdale, NY).
Enalapril (CDS020548) and Losartan Potassium (LRAA4718) were purchased from the Sigma-Aldrich
(Louis, MO). A779 (P14701408) was purchased from the GenScript (Piscataway, NJ). Anti-ACE antibody
(ab11734), Anti-ACE2 antibody (ab108252), and Anti-AT1R antibody (ab124505) were obtained from
Abcam (Cambridge, MA). Anti-Mas1R antibody (AV51197) was purchased from the Sigma-Aldrich (St.
Louis, MO). Mouse and Rabbit IgG-Immunohistochemical Kit SABC ready-to-use and DAB chromogenic
kit were obtained from the Boster (Wuhan, China). BCA kit was purchased from the Solarbio (Beijing,
China). ELISA kits of Ang II and Ang (1–7) were purchased from Huiying biological technology (Shanghai,
China).

Animals
Health and male wild type C57 mice (25 ± 2 g) were derived from the Academy of Military Medical
Sciences (Beijing, China). ACE2−/− mice were obtained from North China University of Science and
Technology. After adaptive feeding, all mice were randomly divided into nine groups (n = 6). As follows:
Sham, Shock, Shock + ligation, Shock + Enalapril, Shock + Losartan, Shock + Ang (1–7), Shock + ligation + 
ACE2−/−, Shock + ligation + Ang II, Shock + ligation + A-779. The mice were fasted for 12 hours and drank
freely before the experiment. And all animal experiments were approved by the Animal ethics committee
of Hebei North University.

Hemorrhagic shock model
Mice were suffered to acute hemorrhage [7], maintaining mean arterial pressure (MAP) of 40 ± 2 mmHg
for 60 minutes, followed by resuscitation with shed whole blood and equal volume of ringer's solution.
The same operation was performed without hemorrhage and resuscitation in the Sham group. Mesenteric
lymph duct ligation (MLDL) was executed as soon as the end of resuscitation in the Shock + ligation,
Shock + ligation + ACE2−/−, Shock + ligation + Ang II, and Shock + ligation + A-779 groups. The
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administrations of ACE inhibitor Enalapril, Ang (1–7), AT1R inhibitor Losartan Potassium were performed
with the doses of 10 mg/kg, 1 × 10− 7 mol/kg, 50 mg/kg before resuscitation in the Shock + Enalapril,
Shock + Ang (1–7), Shock + Losartan groups, respectively. In addition, the parts of mice with hemorrhage
plus MLDL were treated with Ang II (1 × 10− 7 mol/kg), MasR inhibitor A-779 (0.1 mg/kg) before
resuscitation, respectively. The murine kidneys were collected at 4 hours after resuscitation or
corresponding time for further research. The left kidney in each mouse was used for histopathology
observation and immunohistochemistry detection, and the right kidney is used for ELISA assay. Animals
were sacri�ced by vertebrae dislocation.

Histopathology observation
Left renal tissues were �xed in paraformaldehyde of 4%. Subsequently, para�n-embedded samples were
cut into 4 µm sections, conventionally depara�nized and H&E stained. Tissues were observed under the
optical microscope.

Immunohistochemistry assay
Following the samples cut into 4 µm sections, sections were differently incubated with the primary
antibody (ACE 1:50; ACE2 1:200; AT1 1:400; Mas 1:200) and 4℃ overnight. The sections subsequently
incubated with a corresponding secondary antibody. Nuclei were stained with hematoxylin. Sections were
observed under the optical microscope.

ELISA assay
The renal Ang II and Ang (1–7) levels were tested by ELISA kits according to the manufacturer. The
protein was detected using BCA kits for the standardization. The optical density of each well was read at
450 nm using the multiscan spectrum (SpectraMax M3, Molecular Devices, USA).

Data presentation and statistical analysis
The data are presented as mean ± SD (ELISA assay) or mean ± SE (immunohistochemistry assay) and
analyzed with SPSS 22.0 software. Each experiment was repeated at least three times. Difference among
different groups was analyzed using one-way analyses of variance (ANOVA). Difference between two
groups was analyzed using LSD test and SNK test. And the Tamhame'2 T2 test was used for the
comparison among different group with heterogeneity of variance. Signi�cance was de�ned as P < 0.05.

Results

Changes of renal tissue structure in mice after hemorrhagic
shock
Figure 1 showed that hemorrhagic shock signi�cantly increased pathological injury in kidney. Compared
with the sham group, mesangial cells were proliferation, basement membrane was ruptured, glomerular
was compressed, renal tubular epithelial cells were high edema, even extending into vessel cavity and
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renal tubules were narrowing in kidney underwent acute hemorrhage and resuscitation. Compared with
the shock group, shock + ligation group had lighter pathological changes. Mesangial cells were
proliferation, but glomerular without compression, renal tubular epithelial cells were edema, and renal
tubules were lightly narrowing and exfoliative protein of renal tubular epithelium was seen. Moreover,
compared with the shock group, pathological changes were lighter, such as mesangial cells were lightly
proliferation and renal tubular epithelial cells were lightly edema, balloon changes were occasionally seen
in the shock + Enalapril, shock + Ang (1–7) and shock + Losartan groups. And the shock + ligation + 
ACE2−/−, shock + ligation + Ang II and shock + ligation + A-779 groups were more severe pathological
changes compared to the shock + ligation group (Fig. 1).

Changes of the levels of ACE, ACE2, AT1R and MasR in
kidney of mice after hemorrhagic shock
Compared with the sham group, the levels of ACE and AT1R in the kidney of mice were increased
signi�cantly in shock group (Fig. 2 and Fig. 3), along with the decreased expression levels of ACE2 and
MasR (Fig. 4 and Fig. 5). Moreover, the levels of ACE, AT1R in the kidney of mice in the shock + Enalapril,
shock + Ang (1–7) and shock + Losartan groups were decreased signi�cantly compared to the shock
group (Fig. 2 and Fig. 3), and the levels of ACE2, MasR in the shock + Enalapril, shock + Ang (1–7) and
shock + Losartan groups were increased signi�cantly compared to the shock group (Fig. 4 and Fig. 5).
Furthermore, the ACE and AT1R levels in shock + ligation group were decreased signi�cantly compared to
the shock group (Fig. 2 and Fig. 3). While ACE2 level in shock + Ligation + ACE2−/− group was decreased
signi�cantly compared to the shock + ligation group (Fig. 4). And the MasR level in the shock + ligation + 
Ang II group was decreased compared to the shock + ligation group (Fig. 5). The renal expressions of
ACE2 and MasR in the shock + ligation + A-779 group were decreased compared to the shock + ligation
group (Fig. 4 and Fig. 5).

Changes of the levels of Ang II and Ang (1–7) in kidney of
mice after hemorrhagic shock
The Ang II level in kidney of shock group was signi�cantly enhanced than that in sham group, while the
Ang (1–7) level was the opposite tendency. Moreover, the Ang II levels were remarkable lower in the
shock + Enalapril, shock + Ang (1–7) and shock + Losartan groups than that in the shock group. The Ang
(1–7) levels in the shock + Ang (1–7) and shock + Losartan groups were observably increased compared
to the shock group, and Ang (1–7) level in the shock + Enalapril group was slightly increased but with no
statistically difference. Compared to shock + ligation group, the Ang II level in kidney in shock + ligation + 
Ang II group was signi�cantly increased, but no statistically changes in the shock + Ligation + ACE2−/−

and shock + Ligation + A-779 groups. In addition, the Ang (1–7) content in the shock + ligation + ACE2−/−

group was markedly decreased compared to the shock + ligation group.
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Discussion
The current study investigated the role of ACE/ACE2 in the process of PHSML mediated kidney injury on
the basis of previous studies. It was found that RAS imbalance occurred in hemorrhagic shock mice,
which is characterized by ACE-Ang II-AT1R axis upregulation and ACE2-Ang (1–7)-MasR axis
downregulation. The inhibition of ACE-Ang II-AT1R axis and MLDL reduced the kidney injury through the
RAS balance reestablishment. Conversely, the inhibition of ACE2-Ang (1–7)-MasR abolished the
bene�cial effect of MLDL alleviating kidney injury. These results suggested that the imbalance of RAS is
involved in the kidney injury mediated by PHSML.

Histological observation showed that the renal injury in the shock group was more severe than that in the
sham group. After the treatment with Enalapril, Ang (1–7) and Losartan, this injury was alleviated
signi�cantly. Meanwhile, MLDL alleviated the kidney injury of mice following hemorrhagic shock. And the
intervention of Ang II, A-779 and ACE2 gene knockout abolished the bene�cial effects of MLDL. The
results showed that the pathology of kidney changed according to changing the balance of ACE/ACE2 in
mice.

ACE is an important component of RAS, which is expressed in glomerular and tubular. The expression of
ACE in kidney increased signi�cantly and participated in the process of kidney injury in sepsis [8]. Our
studies showed that hemorrhagic shock signi�cantly increased the ACE and AT1R expressions and Ang
level II in kidney, which were revered by the administrations of Enalapril, Losartan and Ang (1–7),
respectively. These results indicate that changing the balance of ACE/ACE2 in mice could not only
changes the expression of ACE in kidney, but also alleviates kidney injury by regulating the expressions of
downstream receptors but the detailed mechanism remains to be further inquiried. Excessive Ang II leads
to water-sodium retention, increased intraglomerular pressure, mesangial cells and mesangial matrix
increased, causing renal function downregulation. The mechanism is related to the activation of
AMPK/mTOR signaling, TLR4/NF-κB signaling and TGF-β signaling [9–11].

ACE2 is a newly discovered carboxypeptidase in recent years, which converts Ang II into protective Ang
(1–7), which acts on MasR to effect. Our data demonstrated that hemorrhagic shock signi�cantly
decreased the ACE2 expression in kidney, which was signi�cantly increased by the administration of
Enalapril, Losartan and Ang (1–7), accompanying by increased expressions of MasR and Ang (1–7).
Previous studies have shown that Enalapril upregulate the ACE2 expression and downregulate the ACE
expression in the heart of spontaneously hypertensive rats [12]. Klimas’ study reported that Losartan
upregulate the ACE2 and MasR expressions in the kidney obtained from spontaneously hypertensive rats
[13]. These �ndings suggest that the above drugs can upregulate ACE2 and MasR expressions in the
kidney, while downregulate the ACE expression. Its possible mechanism is inhibiting the activation of
mitogen-activated protein kinase and NF-κB signalings [14, 15]. But its speci�c mechanism still needs to
be further explored.

Previous experiments have con�rmed that PHSML is one of the important factors of organs injury, and
blocking PHSML return can reduce the organs injury [16–18]. In this study, the expressions of ACE and
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AT1R and Ang II level were decreased, while the expressions of ACE2 MasR and Ang (1–7) were increased
in mesenteric lymphatic ligation group compared to the shock group. After administration of Ang II and
MasR blocker A-779, the pathological changes of kidney in mesenteric lymphatic ligation group were
signi�cantly more severe than shock group, accompanied by the decreasing of ACE2 and MasR and
increasing of ACE and AT1R. In addition, ACE2−/− mice was more severe histopathological changes than
that of mesenteric lymphatic ligation mice, even the lower expression of MasR and Ang (1–7). These
results suggest that MLDL alleviates the imbalance of ACE/ACE2 and pathological changes in kidney, but
the mechanism by which MLDL regulating the components in RAS was not clear.

Collectively, the current investigation showed that hemorrhagic shock induced the unbalance of
ACE/ACE2 in murine kidneys and acute kidney injury, the treatments of ACE/Ang II/AT1R inhibition and
MLDL alleviated PHSML-mediated kidney and recovered the balance of ACE/ACE2. These results indicate
that ACE/ACE2 imbalance is involved in PHSML mediated kidney injury, which is bene�cial to elucidate
the mechanism of PHSML mediated kidney injury and explore the treatment of kidney injury after
hemorrhagic shock in the future.

Conclusion
The imbalance of ACE/ACE2 is involved in the kidney injury mediated by PHSML. And RAS as a new
target can regulate AKI after hemorrhagic shock.

List Of Abbreviations
RAS: renin-angiotensin system; PHSML: post-hemorrhagic shock mesenteric lymph; AKI: acute kidney
injury; MLDL: mesenteric lymph duct ligation; MAP: mean arterial blood pressure; ACE: angiotensin
converting enzyme; Ang-(1-7): angiotensin-(1-7); Ang II: angiotensin II; AT1R: Ang II type 1 receptor; MasR:
Mas-related G-protein-coupled receptor; MAPK: mitogen-activated protein kinase; NF-κB: nuclear factor
κB.
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Figures

Figure 1

Representative images of renal tissue obtained from mice following hemorrhagic shock (HE staining,
400×).
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Figure 2

Changes of ACE expression in renal tissue of mice following hemorrhagic shock. A: Representative
images of immunohistochemical staining (400×); B: Mean grayscale value of ACE expression in kidney,
Data presented as the mean±SE (n = 3). * P < 0.05, compared with the sham group; # P < 0.05, compared
with the shock group; ▲ P < 0.05, compared with the shock+ligation group.
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Figure 3

Changes of AT1R expression in renal tissue of mice following hemorrhagic shock. A: Representative
images of immunohistochemical staining (400×); B: Mean grayscale value of AT1R expression in kidney,
Data presented as the mean±SE (n = 3). * P < 0.05, compared with the sham group; # P < 0.05, compared
with the shock group; ▲ P < 0.05, compared with the shock+ligation group.



Page 14/16

Figure 4

Changes of ACE2 expression in renal tissue of mice following hemorrhagic shock. A: Representative
images of immunohistochemical staining (400×); B: Mean grayscale value of ACE2 expression in kidney,
Data presented as the mean±SE (n = 3). * P < 0.05, compared with the sham group; # P < 0.05, compared
with the shock group; ▲ P < 0.05, compared with the shock+ligation group.
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Figure 5

Changes of Mas receptor (MasR) expression in renal tissue of mice following hemorrhagic shock. A:
Representative images of immunohistochemical staining (400×); B: Mean grayscale value of MasR
expression in kidney, Data presented as the mean±SE (n = 3). * P < 0.05, compared with the sham group;
# P < 0.05, compared with the shock group; ▲ P < 0.05, compared with the shock+ligation group.
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Figure 6

Changes of Ang II and Ang (1-7) in renal tissue of mice following hemorrhagic shock. Data presented as
the mean±SD (n = 6). * P < 0.05, compared with the sham group; # P < 0.05, compared with the shock
group; ▲ P < 0.05, compared with the shock+ligation group.
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