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Purpose: Sepsis, a destructive inflammatory response syndrome, is the principal reason to 
induce death in the intensive care unit. Loganin has been proved to possess the property of 
anti-inflammation, antioxidant, neuroprotection, and sedation. The primary aim of this study 
was to evaluate whether Loganin could alleviate acute kidney injury (AKI) during sepsis and 
investigate the latent mechanisms.
Methods: Septic AKI models were established by cecal ligation and puncture (CLP) surgery 
in mice and given Loganin (20, 40, 80 mg/kg) by gavage. Lipopolysaccharides (LPS)- 
stimulated human kidney proximal tubular (HK2) cells incubated in Loganin (5, 10, 20 μ 
M) were used to explore the accurate mechanisms. Survival rate, renal function (creatinine 
and blood urea nitrogen), and renal pathological changes were detected in septic mice. 
Oxidative stress markers (SOD, GSH-Px, MDA, and SOD), mitochondrial membrane poten
tial, mitochondrial calcium overload, and nuclear factor E2-related factor 2 (Nrf2)/heme- 
oxygenase 1 (HO-1) pathway activation in vivo and in vitro were determined by commercial 
kits and Western blot. Cell apoptosis, apoptotic-related protein (cleaved caspase-3, Bcl-2, and 
Bax) expression and protein kinase B (AKT) phosphorylation in vivo and in vitro were 
measured by TUNEL staining and Western blot. Finally, AKT blockage by 10 μM LY294002 
or Nrf2 inhibition by10 μ M ML385 were utilized to prove the involvement of AKT and 
Nrf2/HO-1 pathway in AKI during sepsis.
Results: We found Loganin treatment (20, 40, 80 mg/kg) mitigated septic AKI reflected by 
elevated renal function and palliative pathological changes. Oxidative stress and apoptosis in 
the kidney and LPS-treated HK2 cells were also inhibited by Loganin administration, which 
was accompanied by AKT and Nrf2/HO-1 pathway activation. Besides, the protective effects 
of Loganin could be diminished by AKT or Nrf2 blockage, indicating the involvement of 
AKT and Nrf2/HO-1 pathway.
Conclusion: The results suggested that the protective effects of Loganin on AKI during 
sepsis might be mediated by AKT and Nrf2/HO-1 pathway signaling activation in kidney 
proximal tubular cells.
Keywords: sepsis, acute kidney injury, Loganin, AKT, Nrf2/HO-1

Introduction
Sepsis, a destructive inflammatory response syndrome in clinical practice, is prin
cipally caused by multi-factors, such as toxins, pathogenic bacteria, and their 
metabolic products entering in the blood stream.1,2 As a terrible generalized 
hyperinflammatory condition, sepsis patients suffer a variety of tissue injuries and 
organ dysfunctions involving in lung, kidney, and heart.3–5 Despite many efforts 
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have been made to reduce mortality and improve the cure 
rate of sepsis worldwide, sepsis remains a terrible disease 
that seriously threatens the patients. Only 30% septic 
patients survive according to statistics, besides, at least 
6 million patients die from septic infection annually 
according to the statistics of the World Health 
Organization (WHO).6,7 Among the complications of sep
sis, acute kidney injury (AKI) is the most common and 
serious with high mortality. It is considered that over 60% 
septic cases occur with AKI and approximately 50% AKI 
cases are associated with sepsis.8,9 Dreadfully, although 
the standard treatments are used, the mortality of severe 
AKI is as high as 45 to 70%.10 Hence, it is extremely 
urgent to study the accurate mechanisms and develop 
effective methods to alleviate sepsis-related AKI.

Several studies have revealed the mechanisms related 
to AKI are controversial, uncontrolled inflammatory 
response, severe oxidative stress, maladaptive apoptosis, 
and aberrant endoplasmic reticulum stress are all involved 
in the pathological process of AKI.11 As known, except for 
inflammation, oxidative stress is frequently prescribed for 
AKI pathogenesis. Oxidative stress referring to a state of 
imbalance between oxidation and anti-oxidation is 
a negative effect produced by free radicals, which is con
sidered to be an important factor leading to multiple dis
eases, including retinopathy.12 Under various pathologic 
conditions, the strong correlation between oxidative stress 
injury and nuclear factor E2-related factor 2 (Nrf2) has 
been previously proved.13–15 The preceding study has 
pointed out that Nrf2/HO-1 pathway is one of the most 
recognized signaling closely associated with oxidative and 
anti-oxidative balance.16,17 Under normal circumstances, 
the cap “n” collar subfamily of basic region-leucine zipper 
transcription factor Nrf2 is restricted in the cytoplasm by 
binding to its ligand Kelch-like ECH associating protein 1 
(Keap1).18 Once exposed to oxidative stress stimulation, 
Nrf2-Keap1 complexes can be dissociated, the detached 
Nrf2 translocates into the nucleus to promote heme- 
oxygenase 1 (HO-1) expression, which involves in the 
balance of molecules associated with oxidative stress, 
such as superoxide dismutase (SOD), malonaldehyde 
(MDA), reactive oxygen species (ROS), and glutathione 
peroxidase (GSH-Px).19,20 Previously, regulating Nrf2 and 
its downstream genes could decrease inflammatory factor 
release, reduce oxidative stress, and maintain anti- 
apoptotic and survival abilities in the injured kidney.21 

Therefore, restraining oxidative stress through activating 

Nrf2 pathway might be a possible therapeutic strategy 
targeting sepsis-related AKI.

The evolving evidence indicates that ROS accumula
tion resulting from abnormal oxidative stress promotes 
macromolecule peroxidation, and thereby causing cyto
chrome c-mediated mitochondrial apoptosis.22 Oxidative- 
stress-related excessive ROS generation contributes to 
cardiolipin oxidation, and thereby resulting in cytochrome 
c binding reduction.23 The free cytochrome c in the mito
chondria migrates from inter-membrane side to the cyto
plasm and touches off apoptotic cascade at the molecular 
level.24 Therefore, reducing oxidative stress and thus mito
chondrial apoptosis induced by oxidative stress may be 
a potential therapeutic strategy for septic AKI.

Loganin (iridoid glycoside) is the main active ingredi
ent of Corni fructus, which is the fruit of Cornus officinalis 
Sieb. and has been used to nourish the liver and kidney in 
the East for fairly long time.25 Loganin has been reported 
to possess the property of anti-inflammation, antioxidant, 
anti-diabetes, neuroprotection, and sedation.26–30 Liu et al 
reported that Loganin alleviated diabetic nephropathy by 
down-regulating MDA level while up-regulating SOD 
activity in serum and kidney tissues, indicating the anti
oxidant capacity of Loganin in renal injury models.29 

Moreover, Loganin could also play a hepatoprotective 
role in type 2 diabetic db/db mice by suppressing inflam
matory reaction, oxidative stress, and apoptosis, which are 
the pathogenesis of septic AKI.28 However, whether 
Loganin can serve as a potential treatment for septic AKI 
is still unknown. Hence, the following study was con
ducted to investigate the effects of Loganin on septic 
AKI and preliminarily explore the related mechanism.

Materials and Methods
Animals and Surgical Procedure
Cecal ligation and puncture (CLP) method was used to 
induce sepsis in mice. Male C57BL/6 mice at the age of 
8 weeks (License number: SCXK (Liaoning, China) 
2015–0001) were obtained from Changsheng biotechnol
ogy Co., Ltd. and kept in a standard laboratory environ
ment (12-hour day/night cycle, 45–55% humidity, 22 ± 
1°C). After the adaption, the mice were randomly 
divided into the following five groups: Ⅰ Sham; Ⅱ 

CLP; III CLP+L-Loganin (20 mg/kg); Ⅳ CLP 
+M-Loganin (40 mg/kg); Ⅴ CLP+H-Loganin (80 mg/ 
kg). After anesthesia, the abdomen of mice was open to 
expose the cecum. The cecal puncture point was the 
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midpoint between the end of the cecum and the ligation 
point. For the mice in sham group, the cecum was found 
and returned into the abdominal. After the CLP opera
tion, the mice were given Loganin (20, 40, 80 mg/kg) or 
equal volume of vehicle by gavage for once. A part of 
the mice were euthanized under deep anesthesia 24 
h after the CLP operation to collect serum and renal 
cortex for follow-up experiments. The remaining mice 
were used to calculate the survival rate. All the animal 
treatment was performed in accordance with the Guide 
for Care and Use of Laboratory Animals (Eighth 
Edition) published by the Institute of Laboratory 
Animal Resources Commission on Life Sciences. All 
laboratory procedures were approved by The First 
Affiliated Hospital of Harbin Medical University (No. 
SYDW2019-229).

Creatinine and Blood Urea Nitrogen 
Analysis
The collected serum was used to determine the levels of 
creatinine and blood urea nitrogen in accordance with the 
manufacturer’s instruction (Jiancheng Bioengineering 
Institute, China).

Histopathological Analysis
The fixed kidney tissues were embedded in paraffin, 
sliced into sections at 5 mm thick, subjected to hematox
ylin solution (Solarbio, China), and counterstained with 
eosin (Sangon, China) in accordance with the manufac
turer's instruction. The kidney pathological alterations 
were observed under light microscopy at 200 
X magnification and scored to evaluate the degree of 
renal injury.

Immunohistochemical Analysis
Simply, the above-mentioned kidney sections were blocked 
in goat serum at room temperature for 15 min, incubated in 
the primary antibody (Rabbit anti-neutrophil gelatinase- 
associated lipocalin (NGAL), dilution: 1:50, Affinity, 
China) at 4°C overnight, and treated with HRP IgG antibody 
(dilution: 1:500, Thermo Fisher, USA) at room temperature 
for 1 hTo visualize renal NGAL expression, diaminobenzi
dine slide (Solarbio, China) and hematoxylin (Solarbio, 
China) were applied according to the manufacturer’s instruc
tion. Finally, the expression of target protein was observed 
under light microscopy at 400 X magnification.

TUNEL Staining
Briefly, cell apoptosis in the aforementioned kidney section 
was detected by TUNEL assay by using the In Situ Cell 
Death Detection Kit (Roche, Switzerland). After all the pro
cedure required by the manufacturer's instruction, apoptosis 
was observed under light microscopy at 400 X magnification.

Cell Culture
Human kidney proximal tubular (HK2) cells were 
obtained from Procell Life Science & Technology Co., 
Ltd. (Wuhan, China) and cultured in DMEM medium 
(Gibco, USA) in a humidified 5% CO2 incubator at 37° 
C. After adhering to the plates, HK2 cells were exposed to 
100 ng/mL lipopolysaccharides (LPS) with or without 
Loganin (5, 10, 20 μM) for 48 h. The treated HK2 cells 
were collected for the future experiments.

AKT or Nrf2 Blockage
To inhibit the function of AKT or Nrf2, HK2 cells were 
grown in 10 μM LY294002 (a broad-spectrum inhibitor of 
PI3K) or 10 μM ML385 (a specific Nrf2 inhibitor) for 48 
h in the presence of 100ng/mL LPS and 20 μM Loganin.

Oxidative Stress Marker Analysis
Oxidative stress markers, including SOD and GSH-Px activ
ity as well as MDA production in the kidney tissues or HK2 
cells, were, respectively, measured by corresponding assay 
kits (Nanjing Jiancheng Biological Engineering Institute, 
China). The microplate reader (BioTek, USA) was used to 
read the optical density (OD) value at 570 nm. ROS produc
tion in the kidney tissues or HK2 cells was measured by 
a ROS assay kit (Nanjing Jiancheng Biological Engineering 
Institute, China) and flow cytometry (NovoCyte, Aceabio, 
USA) was used for its quantitative analysis.

JC-1 Analysis
Mitochondrial membrane potential detection kit obtained 
from Beyotime Institute of Biotechnology (Shanghai, 
China) was used to detect the changes in mitochondrial 
membrane potential of kidney tissue homogenates or HK2 
cells. All the procedures were according to the manufac
turer’s instructions and flow cytometry (NovoCyte, 
Aceabio, USA) was used for the quantitative analysis.

Calcium Analysis
Fluo-4 AM fluorescent probe was used to detect intracel
lular calcium mobilization. Briefly, kidney tissue 
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homogenates or HK2 cells were incubated in 4 µM Fluo-4 
AM (Beyotime Institute of Biotechnology, China) at 37°C 
for 30 min. After washing by PBS for three times, flow 
cytometry (NovoCyte, Aceabio, USA) was used for quan
titative analysis.

Western Blotting
Kidney tissues and treated HK2 cells were used to extract 
total, cytoplasmic, or nuclear protein, and the protein con
centration was quantified by the BCA kit (Solarbio, 
China). The isolated protein was separated by sodium 
dodecyl sulfate polyacrylamide gel (SDS-PAGE), trans
ferred onto polyvinylidene difluoride (PVDF) membranes 
and blocked by 5% skimmed milk. Next, the PVDF mem
branes were subjected to the primary antibodies and horse
radish peroxidase (HRP) labelled secondary antibody. 
Finally, chemiluminescence (ECL) kit was used to visua
lize the protein, which integrated intensity was calculated 
by Gel-Pro-Analyzer. The protein levels were presented as 
relative expression, which was calculated by comparing 
with the sham or control group. The primary antibodies 
were as follows: Rabbit anti-cytochrome c; anti-Bax; anti- 
Bcl-2; anti-AKT, anti-p-AKT (Ser473); anti-Nrf2; anti-HO 
-1 (dilution: 1:1000, Abclonal, China); anti-cleaved cas
pase-3 (dilution: 1:1000, Affinity, China).

Statistical Analysis
Data were represented as means ± standard derivations 
(SD). The data from three or more groups were analyzed 
by one-way ANOVA followed by Tukey’s multiple com
parison tests. P value less than 0.05 was considered statis
tically significant.

Results
Effects of Loganin on the Survival Rate, 
Renal Function and Renal Pathological 
Changes in Septic Mice
First of all, we detected the survival rate in septic mice 
with Loganin administration. As shown in Figure 1A, the 
survival rate was observably elevated in the Loganin- 
treated septic mice when compared with the model ones 
(20, 40, 80 mg/kg). The concentrations of serum creatinine 
and blood urea nitrogen (Figure 1B and C) as well as the 
expressions of acute kidney injury marker NGAL 
(Figure 1E) were down-regulated with Loganin treatment 
(20, 40, 80 mg/kg, p < 0.05). Besides, compared with the 
septic group, the renal injury score calculated by HE 

staining was also decreased with Loganin treatment (20, 
40, 80 mg/kg, Figure 1D and F, p < 0.05). The above 
results indicated that Loganin not only possessed the fea
ture of down-regulating mortality but also could relieve 
AKI in septic mice.

Effects of Loganin on Oxidative Stress and 
Mitochondrial Function in Kidney Tissue 
of Septic Mice
Since oxidative stress is considered to be one of the principal 
elements mediating AKI, we measured the changes in oxida
tive stress status of kidney tissues after Loganin treatment. As 
exhibited in Figure 2A–D, the activities of SOD and GSH-Px 
were up-regulated, while the productions of MDA and ROS 
were down-regulated in the kidney tissue of septic mice after 
Loganin treatment (20, 40, 80 mg/kg, p < 0.05), indicating 
Loganin prevented oxidative stress damage. To investigate 
whether Loganin was involved in mitochondrial dysfunction 
associated with renal impairment, we detected mitochondrial 
function in the kidney tissue of septic mice after Loganin 
treatment. As described in Figure 2E and F, the mitochondrial 
membrane potential loss and calcium overload were obvious in 
the kidney tissues after CLP procedure, which could be 
remitted by Loganin treatment (20, 40, 80 mg/kg, p < 0.05). 
With the restoration of mitochondrial function after Loganin 
treatment, the release of cytochrome c from mitochondria to 
cytoplasm was also decreased (20, 40, 80 mg/kg, Figure 2G 
and H, p < 0.05). Afterwards, the possible molecular mechan
ism related oxidative stress status was preliminarily studied. As 
shown in Figure 2I–K, the nuclear translocation of Nrf2 was 
accelerated in Loganin-treated group (20, 40, 80 mg/kg, p < 
0.05). Accompanied by Nrf2 nuclear translocation, HO-1 
expression was also increased in kidney tissue of septic mice 
(20, 40, 80 mg/kg, p < 0.05). The above results indicated that 
Loganin reduced oxidative stress injury and promoted mito
chondrial function recovery in kidney tissue of septic mice, 
which might be regulated by Nfr2/HO-1 signaling pathway.

Effects of Loganin on Apoptosis in Kidney 
Tissue of Septic Mice
Subsequently, apoptosis in kidney tissues was also studied in 
our work. As suggested by TUNEL staining of the kidney 
tissue, apoptosis was distinctly increased after CLP procedure, 
which could be inhibited by Loganin administration (Figure 
3A, 20, 40, 80 mg/kg). Consistent with TUNEL staining 
results, the levels of cleaved caspase-3 and Bax were 
decreased, whereas Bcl-2 levels were increased in the kidney 
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of septic mice treated with Loganin (Figure 3B–D, 20, 40, 
80 mg/kg, p < 0.05). Simultaneously, AKT phosphorylation 
was down-regulated by CLP procedure compared with the 
sham operation, which was restored by Loganin administration 
(Figure 3E, 20, 40, 80 mg/kg, p < 0.05). The above results 
indicated that Loganin inhibited apoptosis in kidney tissue of 
septic mice, which might be regulated by AKT signaling 
pathway.

Effects of Loganin on Oxidative Stress and 
Mitochondrial Function in LPS-Treated 
HK2 Cells
Since the in vivo experiments suggested Loganin could 
alleviate oxidative stress injury and promoted mitochon
drial function recovery in septic kidney tissues, we should 
prove the beneficial effects of Loganin in vitro. As 
described in Figure 4A–D, SOD and GSH-Px activities 
were decreased, while MDA and ROS productions were 

increased in LPS-incubated HK2 cells (p < 0.05). The 
incubation of Loganin could eliminate this phenomenon 
(5, 10, 20 μM, p < 0.05). In addition, the loss of mito
chondrial membrane potential and the overload of calcium, 
accompanied by cytochrome c release to cytoplasm, were 
almost reversed by Loganin incubation (Figure 4E–J, 5, 
10, 20 μM, p < 0.05). Similar to the in vivo results, the 
abnormal activation of Nrf2/HO-1 signaling pathway was 
also reversed with Loganin treatment (Figure 4K–M, 20 
μM, p < 0.05), indicating Loganin mitigated oxidative 
stress and facilitated mitochondrial function recovery pos
sibly via activating Nrf2/HO-1 signaling pathway in LPS- 
stimulated HK2 cells.

Effects of Loganin on Apoptosis in 
LPS-Treated HK2 Cells
As shown in Figure 5A, the apoptosis rate of LPS- 
treated HK2 cells was distinctly increased compared 

Figure 1 Effects of Loganin on the survival rate, renal function and renal pathological changes in septic mice. (A) The survival rate in septic mice after Loganin treatment. 
The levels of serum (B) creatinine and (C) blood urea nitrogen in septic mice after Loganin treatment. (D) HE staining (at 200×magnification) and (E) immunohistochemistry 
targeting NGAL (at 400×magnification) in kidney tissue of septic mice after Loganin treatment. (F) HE staining score. Data were represented as mean ± SD at least six 
independent experiments and analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test. ###p < 0.001 vs the sham group and **p < 
0.01, ***p < 0.001 vs the CLP group.
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Figure 2 Effects of Loganin on oxidative stress and mitochondrial function in kidney tissue of septic mice. (A) SOD activity in kidney tissue of septic mice after Loganin 
treatment. (B) MDA levels in kidney tissue of septic mice after Loganin treatment. (C) GSH-Px activity in kidney tissue of septic mice after Loganin treatment. (D) ROS 
production in kidney tissue of septic mice after Loganin treatment. (E) Flow cytometry was used to analyze JC-1 staining in kidney tissue of septic mice after Loganin 
treatment. (F) Flow cytometry was used to analyze calcium overload in kidney tissue of septic mice after Loganin treatment. Representative Western blot for (G) 
mitochondrial cytochrome c, (H) cytoplasmic cytochrome c (I) nuclear Nrf2, (J) cytoplasmic Nrf2 and (K) HO-1 in kidney tissues of septic mice after Loganin treatment. 
Data were represented as mean ± SD at least six independent experiments and analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison 
test. #p< 0.05, ###p < 0.001 vs the sham group and *p< 0.05 **p < 0.01, ***p < 0.001 vs the CLP group.
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with the control (p < 0.05), which could be lessened by 
Loganin incubation (5, 10, 20 μM, p < 0.05). The 
incubation of Loganin inhibited caspase-3 splitting and 
Bax expression, whereas elevated Bcl-2 levels in LPS- 
stimulated HK2 cells (Figure 5B–D, 5, 10, 20 μM, p < 
0.05). In addition, the aberrant phosphorylation of AKT 

was also reversed by Loganin treatment in LPS- 
stimulated HK2 cells (Figure 5E, 20 μM, p < 0.05), 
which was consistent with the results of in vivo experi
ments, indicating Loganin inhibited LPS-induced HK2 
cell apoptosis potentially by regulating AKT signaling 
pathway.

Figure 3 Effects of Loganin on apoptosis in kidney tissue of septic mice. (A) TUNEL staining in kidney tissue of septic mice. Representative Western blot for (B) cleaved 
caspase-3, (C) Bax, (D) Bcl-2 and (E) p-AKT in kidney tissue of septic mice after Loganin treatment. Data were represented as mean ± SD at least six independent 
experiments and analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test. ###p < 0.001 vs the sham group and ***p < 0.001 vs the 
CLP group.
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Verifying the Effects of Loganin on Nrf2/ 
HO-1 and AKT Signaling Pathway
The aforementioned data suggested both Nrf2/HO-1 and 
AKT pathway might involve in the protective effects of 
Loganin on septic AKI. Finally, antagonist targeting the 
activity of Nrf2 and AKT, ML385 and LY294002 was 
used to verify the regulating effects of Loganin on Nrf2/ 
HO-1 and AKT signaling pathway in LPS-induced HK2 
cells. As shown in Figure 6A–D, the antioxidant proper
ties of Loganin were diminished by ML385 or 
LY294002 application in LPS-treated HK2 cells as 

indicated by SOD and GSH-Px activities as well as 
MDA and ROS productions (p < 0.05). Besides, the 
protective effects of mitochondrial function of Loganin 
were offset by Nrf2 or AKT suppression (Figure 6E–H 
and J, p < 0.05). Similarly, as indicated by flow cyto
metry results, its antiapoptotic effects were also wea
kened by ML385 or LY294002 (Figure 6I, p < 0.05). 
The above results proved that the protective effects of 
Loganin were mediated by regulating Nrf2/HO-1 and 
AKT signaling pathway, but the direct target of 
Loganin was left to be explored in the future.

Figure 4 Effects of Loganin on oxidative stress and mitochondrial function in LPS-treated HK2 cells. (A) SOD activity in LPS-stimulated HK2 cells after Loganin treatment. 
(B) MDA levels in LPS-stimulated HK2 cells after Loganin treatment. (C) GSH-Px activity in LPS-stimulated HK2 cells after Loganin treatment. (D) ROS production in LPS- 
stimulated HK2 cells after Loganin treatment. (E) and (G) Flow cytometry was used to analyze JC-1 staining in LPS-stimulated HK2 cells after Loganin treatment. (F) and (H) 
Flow cytometry was used to analyze calcium overload in LPS-stimulated HK2 cells after Loganin treatment. Representative Western blot for (I) mitochondrial cytochrome c, 
(J) cytoplasmic cytochrome c, (K) nuclear Nrf2, (L) cytoplasmic Nrf2 and (M) HO-1 in LPS-stimulated HK2 cells after Loganin treatment. Data were represented as mean ± 
SD at least three independent experiments and analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test. ##p < 0.01, ###p < 0.001 vs 
the control group and *p< 0.05 **p < 0.01, ***p < 0.001 vs the LPS group.
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Discussion
Sepsis is a complex inflammatory condition that responded 
to infection. The complications of sepsis are varied. Acute 
lung injury (ALI) is the first to appear, whereas AKI is the 
most serious one resulting in a mortality of 45–70% in septic 
patients.10 In the present work, we aimed to study whether 
Loganin possessed the nephroprotective effect in septic mice 
and investigated the underlying mechanisms. Firstly, we 
found Loganin administration improved the survival rate in 
septic mice. Meanwhile, AKI was also relieved Loganin 

administration reflected by reduced oxidative stress, restored 
mitochondrial function, and inhibited apoptosis in the kidney 
tissue of septic mice. Besides, Loganin treatment promoted 
Nrf2 nuclear translocation, activated its downstream mole
cules, and simultaneously facilitated AKT phosphorylation 
in the kidney of septic mice and LPS-treated HK2 cells. 
Meanwhile, the beneficial effects of Loganin could be 
crippled by Nrf2 antagonist ML385 or PI3K inhibitor 
LY294002, indicating Nrf2/HO-1 and AKT signaling path
way activation is essential for the nephroprotective effects of 

Figure 5 Effects of Loganin on apoptosis in LPS-treated HK2 cells. (A) Flow cytometry was used to analyze apoptosis in LPS-stimulated HK2 cells after Loganin treatment. 
Representative Western blot for (B) cleaved caspase-3, (C) Bax, (D) Bcl-2 and (E) p-AKT in LPS-stimulated HK2 cells after Loganin treatment. Data were represented as 
mean ± SD at least three independent experiments and analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test. #p< 0.05, ##p < 
0.01, ###p < 0.001 vs the control group and *p< 0.05 **p < 0.01, ***p < 0.001 vs the LPS group.
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Figure 6 Verifying the effects of Loganin on AKT and Nrf2/HO-1 signaling. (A) SOD activity in LPS-stimulated HK2 cells after Loganin treatment. (B) MDA levels in LPS- 
stimulated HK2 cells after Loganin treatment. (C) GSH-Px activity in LPS-stimulated HK2 cells after Loganin treatment. (D) ROS production in LPS-stimulated HK2 cells 
after Loganin treatment. (E) and (G) Flow cytometry was used to analyze JC-1 staining in LPS-stimulated HK2 cells after Loganin treatment. (F) and (H) Flow cytometry was 
used to analyze calcium overload in LPS-stimulated HK2 cells after Loganin treatment. (I) Flow cytometry was used to analyze apoptosis in LPS-stimulated HK2 cells after 
Loganin treatment. Representative Western blot for (J) mitochondrial cytochrome c and cytoplasmic cytochrome c in LPS-stimulated HK2 cells after Loganin treatment. 
Data were represented as mean ± SD at least three independent experiments and analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s multiple 
comparison test. *p< 0.05 **p < 0.01, ***p < 0.001 vs the indicated group.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                   

Drug Design, Development and Therapy 2021:15 510

Zhang et al                                                                                                                                                            Dovepress

http://www.dovepress.com
http://www.dovepress.com


Loganin in septic models. Above all, the present work sug
gested that Loganin treatment acquired protective effects in 
septic AKI through reducing oxidative stress and apoptosis 
via regulating Nrf2/HO-1 and AKT signaling pathway.

The sepsis model was established by using the CLP 
method, which was supposed to be the gold in vivo model 
for the experimental sepsis.31 It is well accepted that CLP 
method can simulate clinical symptoms of sepsis more 
practically than endotoxin or bacteria injection method.32 

Hence, CLP method was adopted in our work to evaluate 
the therapeutic effect of Loganin on septic AKI and its 
underlying mechanisms. In the present study, the degree of 
kidney injury was analyzed after CLP procedure in mice. 
Consistent with previous research,33 we found the levels of 
serum creatinine, blood urea nitrogen, and AKI marker 
NGAL expression were significantly increased, indicating 
the septic AKI models were successfully imitated. As the 
exhibited results, the survival rate in septic mice with 
Loganin treatment was distinctly increased, indicating the 
potential protection of Loganin in sepsis. Afterwards, the 
reduction in serum creatinine concentration, blood urea 
nitrogen level, and renal NGAL expression was observed 
in septic mice with Loganin treatment, suggesting the 
palliative effects of Loganin on sepsis-related AKI. The 
in vivo data preliminarily confirmed the renal protective 
effects of Loganin in septic mice.

It is well understood that excessive oxidative stress is 
appeared to participate in the process of kidney injury 
resulting from multiple factors, including diabetes and 
sepsis.34,35 The influence of abnormal oxidative stress in 
the kidney tissue of CLP-treated mice should not be 
belittled. The previous studies have reported that Loganin 
possesses the ability to restore the balance of oxidative 
stress in diabetic nephropathy animal models by down- 
regulating MDA level while up-regulating SOD activity.29 

Besides, Loganin also could remit inflammatory reaction, 
oxidative stress, and apoptosis in the livers of type 2 
diabetic db/db mice models.28 Based on these back
grounds, we preliminarily inferred that Loganin might 
play the protective role of renal injury in septic mice by 
alleviating oxidative stress and experiments were carried 
out. In our study, we found that the CLP procedure 
induced SOD and GSH-Px activity decline while MDA 
and ROS production rise in the kidney tissue, which could 
be restored by the single gavage of Loganin. Similar to 
previous studies, the results reminded that the anti-oxidant 
effect of Loganin might be the basis of its renal 
protection.36,37 The evidence presented supported the 

strong relationship between mitochondrial dysfunction 
and abundant oxidative stress.38 In the work, we found 
the mitochondrial membrane potential loss and calcium 
overload were obvious in the kidney tissue after CLP 
procedure, indicating mitochondrial dysfunction occurred 
in the septic kidney. Not surprisingly, improved mitochon
drial function reflected by elevated mitochondrial mem
brane potential and decreased calcium overload in the 
septic kidney was concurrently remitted by Loganin. The 
above results indicated that the anti-oxidation and mito
chondrial function protection might be the basis for 
nephroprotective effects of Loganin.

Except for providing energy for cells, mitochondria are 
also involved in differentiation information transmission 
and apoptosis.39 Given that apoptosis, an important factor 
contributing to AKI progression, is worthy to be studied. 
Under the pathological conditions, cytochrome c in the 
inter-membrane space of mitochondria was released to 
cytoplasm, recruited apoptosome formation, and thereby 
inducing pathological apoptosis.40 Our data showed CLP 
surgery caused cytochrome c migration from mitochon
drial inter-membrane space to the cytoplasm, which could 
be reversed by Loganin treatment. To evaluate apoptosis 
occurrence in the kidney, TUNEL staining and apoptosis- 
related protein expressions (cleaved caspase-3, Bax, and 
Bcl-2) were detected. Fortunately, apoptosis could be 
inhibited by Loganin treatment in vivo and in vitro in 
a dose-dependent form, indicating the anti-apoptosis 
effects of Loganin.

Several lines of evidence showed that Nrf2 is a redox- 
sensitive transcription factor modulating the transcription 
of oxidative stress-associated genes.41 Meanwhile, the 
salutary effects of Loganin in type 2 diabetic db/db 
might be mediated by Nrf2 introduction to the nuclei.28 

Therefore, we speculated that Loganin might also alle
viate septic AKI by activating Nrf2-related signalling 
pathway. Fortunately, we found that Loganin administra
tion promoted Nrf2 nuclear translocation and HO-1 acti
vation. Next, the in vitro studies were implemented to 
confirm whether Nrf2/HO-1 signaling was involved in 
the beneficial effect of Loganin in LPS-treated HK2 
cells. Similar to the experimental results in vivo, 
Loganin alleviated oxidative stress injury, restored mito
chondrial function, and inhibited apoptosis in LPS- 
stimulated HK2 cells, which could be diminished by the 
specific Nrf2 inhibitor ML385. Although it has not been 
confirmed that Nrf2 is a direct target of Loganin, our 
experimental results show that Nrf2/HO-1 signaling 
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pathway is closely related to its protective effect. The 
key point regulating apoptosis, AKT phosphorylation, 
was also measured in our work. Analogously, Loganin 
increased the phosphorylation of AKT in the injured 
kidney and LPS-stimulated HK2 cells. Besides, the salu
tary effects also diminished in vitro by LY294002, the 
broad-spectrum inhibitor of PI3K, indicating AKT path
way is associated with the property of Loganin. 
According to the validating results of in vitro experi
ments, our study suggested that Loganin alleviated septic 
AKI through regulating oxidative stress injury, mitochon
drial function, and apoptosis in tubular epithelial cells, 
which might attribute to the involvement of AKT and 
Nrf2/HO-1 signaling. However, the direct target of 
Loganin remained to be explored, which was the focus 
of our future work.

Above all, our work suggested that Loganin possessed 
the property to remit AKI in septic mice by regulation of 
oxidative stress mitochondrial function and apoptosis tub
ular epithelial cells via AKT and Nrf2/HO-1 signaling, 
which might provide a new therapeutic strategy for septic 
AKI.
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