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ABSTRACT

Objective: Obesity enhances the frequency and severity of acute kidney injury (AKl) induced by renal ischemia-
reperfusion (IR). Tanshinone IlA (TIIA) pre-treatment was used to alleviate renal injury induced by renal IR, and
whether TIIA can attenuate renal cell apoptosis via modulating mitochondrial function through PI3K/Akt/Bad
pathway in obese rats was examined.

Methods: Male rates were fed a high-fat diet for 8 weeks to generate obesity, followed by 30 min of kidney
ischemia and 24 h reperfusion induced AKI. The male obese rates were given TIIA (5 mg/kg.d, 10 mg/kg.d, and
20 mg/kg.d) for 2 weeks before renal IR.

Results: TIIA alleviated the pathohistological injury and apoptosis induced by IR. In addition, TIIA improved
renal function, inflammatory factor, and balance of oxidation and antioxidation in obese rats after renal IR.
At the same time, TIIA can inhibit cell apoptosis by improving mitochondrial function through the
PI3K/Akt/Bad pathway. Mitochondrial dysfunction was supported by decreasing intracellular ATP,
respiration controlling rate (RCR), mitochondrial membrane potential (MMP), and mitochondrial respiratory
chain complex enzymes, and by increasing ROS, the opening of mitochondrial permeability transition pore
(mPTP), and the mtDNA damage. The injury to mitochondrial dynamic function was assessed by decreasing
Drpl, and increasing Mfn1/2; and the injury of mitochondrial biogenesis was assessed by decreasing PGC-1,
Nrfl, and TFam.
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Conclusions: Renal mitochondrial dysfunction occurs along with renal IR and can induce renal cell apoptosis.
Obesity can aggravate apoptosis. TIIA can attenuate renal cell apoptosis via modulating mitochondrial function

through PI3K/Akt/Bad pathway in obese rats.

INTRODUCTION

As a common complication of the critically ill, acute
kidney injury (AKI) presents a critical condition that
can even cause danger to life [1]. As a significant health
problem, AKI can be induced by the damage of
ischemia/reperfusion (IR) induced by transplanted and
native kidneys, and by increasing mortality or morbidity
[2]. Because hyperuricemia, diabetes and hyper-
lipidaemia are tightly related with obesity which leads
to insulin resistance (IR) and hypertension, they are
thought to be chronic hyperinflammatory [3], which
raises the incidence and severity of the diseases [4].

As a proverbial hazard factor for cardiovascular
morbidity [5], hyperlipidemia can promote the process
of all kinds of glomerular diseases [6]. Several lipid
lowering tests have demonstrated that hyperlipidemia
treatment may be an important means for managing
chronic kidney diseases in early period [7]. In addition,
the early period of AKI can occasionally combine with
hyperlipidemia [8], while the pathobiological sense of
hyperlipidemia in renal IR is indecipherable. Numerous
studies demonstrated that the mechanism of IR
(especially in the nerve and heart) is intently related to
mitochondrial dysfunction [9, 10]. Nevertheless, there is
no study available to explore the mitochondrial
dysfunction of renal cells caused by renal IR.

As a main active composition of Salvia miltiorrhiza
Bunge, the reduction of oxidant stress and inflammatory
response are the major biological functions of
Tanshinone 1A (TIHA, Ci9H1803, CAS: 568-72-9) [11].
Besides, TIIA can play a protective function on
myocardial ischemia [12]. Some researchers
demonstrated that TIIA can repress the mitochondrial
permeability transition pore (mPTP) opening, thus
achieving the goal of liver protection and cardio-
protection [13, 14]. TIIA pre-treatment attenuates IR-
induced renal injury through antioxidizing capability
and anti-inflammatory activity [15].

The survival effect is performed by a phosphoinositide-
3 kinase (PI3K), which relies on Akt activation and
kinase phosphorylation. Bad phosphorylation can be
restrained. Besides, PI3K plays a significant role on the
signaling of growth factors. With the activation of
multiple physiochemical and cytokines factors, PI3K
can generate myoinositol which can be seen as the
second messenger; moreover, Akt performs a

significant action on a lot of biological courses
including cell growth, cell cycle, apoptosis, and
metabolism [16]. Inhibiting mitochondria-mediated
apoptosis can be achieved via activating PI3K/Akt/Bad
signaling pathway [17]. Nevertheless, there are few
studies about the renal protection via controlling
mitochondrial function through the PI3K/Akt/Bad
pathway.

In this context, the current research focuses on
exploring a way of AKI (caused by IR) induced
mitochondrial dysfunction in the kidney, employing
PI3K/Akt/Bad, to cross the bridge between mito-
chondrial dysfunction and apoptosis to find a novel
treatment plan.

MATERIALS AND METHODS
Chemicals and reagents

We dissolved TIIA (The first Pharmaceutical company in
Shanghai) with deionized water to get the 5 mg/ml storage
solution. All the storage solution must be used promptly.

Experimental animals

SD male rats (weighing 180 g-220 g and aged 8 weeks)
were applied to proceed our studies. The cages with a
stable environment of 20 + 3° C temperature, 45-65 %
humidity, and dark (12 h) /light (12 h) (lights on 06:00
h-18:00 h) cycle were used to keep the rats. The rats
were raised with water combined with pellet diet.

We divided 60 rats into 6 groups as following: sham
operation group, IR/IR (obese) groups, and THA (5, 10,
and 20 mg/kg.d) groups. Each group contained 10 rats.
All the 60 rats in the 6 groups were given conventional
maintenance feed for 2 weeks. Two groups of rats (IR
and sham groups) were still fed with conventional feed
for 8 weeks; however, the remaining 4 groups were
given high-fat diet (HFD) feed for 8 weeks. The rats
(sham group and IR/IR (obese) groups) were provided
with deionized water. We supplied the rats in the
remaining 3 groups with different dosages of TIIA for 2
weeks before renal IR. The compositions of HFD are as
following: 13 % fiber, 11 % unsaturated fat, 25 % fat
containing 44 % carbohydrate, 18 % protein, ash, and
other constituents [18]. The rats which had 30 %
increase in body weight were chosen for the subsequent
research [19].
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Surgical process

We anesthetized rats (isoflurane through inhalation
anesthesia), applied pinching paw/tail to assess the
effect of anesthetic, and then dissected the abdomen in
order to reveal the right kidney. Then, we detached
renal pedicle to reveal vessels and ligating renal vessel
with 3-0 silk suture, and then right kidney was resected.
We exposed the left kidney and separated the vessels,
followed by clamping off the renal artery (left) for 30
min in order to establish an ischemia model. After
ischemia for 30 min, we removed clip to reperfuse 24 h.
We observed the left kidneys for 15 min in order to
ensure the reperfusion that showed the color resumed
red [20]. We used 3-0 silk suture to close an abdominal
incision and used the heat pad to preserve stable 37° C
throughout the whole surgical process. Rats of sham
group underwent the whole surgical procedure without
clamping off the left artery [21].

Serum renal function indexes, inflammatory factor
analysis, renal activity of superoxide dismutase
(SOD), and malondialdehyde (MDA) level

We used arterial blood to detect the renal function
containing BUN and serum Cr with kits (Tiangen
Biotech Co., Ltd., Beijing, China). Arterial blood (0.5
ml) was extracted from abdominal aorta (after the
reperfusion period) to detect IL-1 and TNF-a via
related kits (KHB, Shanghai, China). The concentration
of MDA and the activity of SOD were detected using
commercial kits (Beyotime, Shanghai, China).

Histological assessment of the kidney using HE
staining

The method of hematoxylin-eosin (HE) staining was
managed according to previous experiments; after
embedding with paraffin, the renal tissues were incised
into thin sections (5 um). The renal tissues were
infiltrated with 4 % paraformaldehyde (24 h) and then
diverted to 70 % ethanol. Then, H&E staining was
applied to stain the renal tissues for detecting the renal
tissues with light microscopy [21]. After immersing with
4 % paraformaldehyde (24 h) and then distracted to 70 %
ethanol, the renal tissues were stained with H&E staining
to observe renal tissues with light microscopy [21]. We
assessed the degree of injury of kidney tissues (outer
medulla, cortex, and inner medulla) by light microscopy
in the means as follows: the grading of tissues injury was
operated in terms of cell necrosis, cast formation in
tubules, Bowman space enlargement, and vascular
congestion. The highest grading of enlargement in
Bowman space was compared with the sham operation
group which was graded as 100% injury; the other rats
were compared correspondingly. Vascular congestion,

cell necrosis and tubular cast formation were graded in
light of the percentage of the involved area as follows: 0,
no damage; 1, 25 %; 2, 25-50 %; 3, 50 —75 %; and 4, 75
% [22].

Observing mitochondria with transmission electron
microscope

We took out the renal tissues from abdominal cavity
immediately following anesthesia, and then sliced the
renal tissues into snippets (1 mm?). The specific process
was conducted based on previous studies [23].

Apoptosis protein assessment of the renal tissues
with immunofluorescence staining

Renal tissues were embedded with paraffin and then cut
into thin sections (5 mm). Then, PBS was used to incubate
the sections for 2 h at room temperature followed by
incubation overnight (4° C) via the following two
antibodies: rabbit anti-Bax (1: 50) and rabbit anti-Bcl-2
(1: 100). Finally, we used the secondary antibodies
(Servicebio, Wuhan, China) to incubate the thin sections
for 2 h at 4° C, and used a fluorescence microscope
(Leica) to observe the results [23].

TUNEL staining

We used the TUNEL assay to examine apoptosis. As
recorded in HE staining [24], thin sections (5 um) were
used for such staining. After deparaffinization and
rehydration,the samples were added to TUNEL reaction
mixture using the protease K (10 pg/ mL) for handling
the sections (15 min), and then were incubated at 37° C
for 60 min in dark. Following cleaning, DAPI (0.1
pg/mL) was employed to stain cell nuclei. Then, a
fluorescence microscope (72130, Solarbio, Beijing
China) was employed to observe the samples. We
observed eight random visual fields in a blinded manner
to calculate the number of TUNEL-positive cells.

Caspase-3/9 activity

A fluorescent caspase-specific Detection Kit (Solarbio,
Beijing, China) was employed to examine the activity
of caspase-3/9 in the renal tissues. We added 10 mg
portion of renal tissue proteins to the reaction buffer for
incubation (2 h) at 37° C. Then, a fluorimeter (405 nm)
was employed to quantify the releasing of Enzyme-
catalyzed.

Preparation of mitochondria suspension
According to previous studies on the liver [25], the rats

were sacrificed after anesthetizing with 120 mg/kg
thiopental sodium through intra-peritoneal injection and
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drawing blood from the abdominal aorta. Then, the
kidney was quickly removed and laid on the ice-cold
isolated buffer (PH 7.4). After shearing, renal tissues
(50-100 mg) were rinsed in an isolated buffer. In order
to preserve mitochondrial wholeness, the whole
procedure was operated at 4° C. With centrifugation
(700xg) for 10 min, we collected supernate then
centrifuged (7000xg) for 10 min twice. Then, we threw
away supernate, resuspending to wash the mitochondria
pellet with isolated buffer (5 ml) and centrifuged
(7000xg, 10 min) twice. We obtained clean
mitochondrial suspension for preservation in mito-
chondrial preservation solution (1 mM EDTA, 20 mM
sucrose, 5 mM HEPES, 100 mM KCI, 10 mM KH2POQu,
and 2 mM MgCl,) to generate a mitochondria
suspension (the protein concentration is 5 mg/ml) which
was placed on ice for timely use. Bicinchoninic acid
(BCA) test kit (Beyotime, Shanghai, China) was used to
detect the concentration of protein in the renal
mitochondrial suspension for ensuring a stable protein
level (100-1000 pg/ml). We used mitochondria
suspension to measure MMP [25], the opening of mPTP
[26], damaged mtDNA, ROS [27], mitochondrial
oxygen consumption rate [28], RCR [28], mitochondrial
respiratory chain complex enzymes (1, I1, lll, IV, and V)
[23], and ATP.

RNA extraction, cDNA synthesis, and real-time RT-
gPCR

We used a Trizol kit to separate total genome RNA. We
used spectrophotometry (260 nm) to assess the quality
of isolated RNA. M-MLV Reverse Transcriptase Kit
and total RNA (1 pg) were used to operate the reverse
transcription. In brief, total reaction volume (40 pL)
was applied in PCR system according to the following
reaction process: at 72° C for 3 min, 42° C for 90 min,
and 70° C for 15 min, and then preservation at 4° C.
The method of RT-gPCR was employed to measure the
copy number of specific gene transcription level with
templates of cDNA. The PCR was operated on a Rotor-
Gene Q Sequence Detection System with SYBR Premix
Ex Taqgll [29] in 20 pL system (including 10 uL SYBR
Premix Ex Taq Il + 1uL synthetic cDNA and 0.5 uM
primers) according to the following procedure: 95° C
(10 min), 95° C (10 s), 40 cycles, 60° C (15 s), 72° C
(20 s), and 72° C (10 min). The level was counted with
GAPDH as control [30]. The applied PCR primer
sequences (two pairs) were presented in Table 1.

Protein detection

We used RIPA Lysis Buffer to extract the total
proteins from renal tissues. The protein level was
detected using BCA Protein kit. An equal gauge of
total protein was dominated by sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (8-12 %);
and then the proteins were transferred to the PVDF
membrane. After sealing in skim milk solution, the
membrane was incubated overnight respectively with
anti-GAPDH, anti-PI3K, anti-p-Akt, anti-Akt, anti-p-
Bad, anti-Bad, anti-Bax, anti-Bcl-2, anti-Cyt-c, anti-
PARP, anti-caspase-9/3, anti-Drpl, anti-Mfn1/2, anti-
Tfam, anti-PGC-1, and anti-Nrfl antibodies
(Table 2 demonstrated all the antibodies), and then
incubated with secondary HRP-conjugated goat anti-
rabbit antibodies. We used an augmented
chemiluminescence kit to visualize the proteins, and
performed the densitometric analysis using Alpha
View software.

Statistical analysis

SPSS statistical package was employed to operate
statistical analysis. Data was displayed in form of mean
+ standard deviation. One-way analysis of variance was
conducted to compare among 6 separate groups; while
the two-to-two comparison among groups was
employed to analyse variance. We used Lsd-t test to
perform multiplicate comparison between 6 groups. The
difference with p < 0.05 was defined to be statistically
significant.

Data availability statement

The datasets analyzed during the current study are
available from all the authors on reasonable request.

RESULTS

TIHA improved renal function, inflammatory factor,
SOD, and MDA after renal IR of obese rats

In order to further evaluate the renal damage and
protective action of TIIA, we measured the renal
function (Figure 1A), oxidizing substance (SOD
and MDA) (Figure 1B), and inflammatory factor
(Figure 1C).

BUN and Cr were elevated in IR/IR (obese) groups (p
< 0.05), while BUN and Cr were reduced via pre-
treatment with TIIA, especially with the dose of 20
mg/kg.d TIIA (p < 0.05) (Figure 1A). Rats renal SOD
was decreased in IR/IR (obese) groups, especially in
the IR (obese) group (p < 0.05). Nevertheless, it was
elevated via pre-treatment with TIIA, especially with
the dose of 20 mg/kg.d TIIA (p < 0.05) (Figure 1B).
Inflammatory factor (TNF-a and IL-1p) levels of the
rats were elevated in the IR/IR (obese) groups,
especially in the IR (obese) group (p < 0.05), yet were
decreased via pre-treatment with TIIA, especially with
the dose of 20 mg/kg.d THA (p < 0.05) (Figure 1C).
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Table 1. Sequence of primers for RT-PCR and long PCR.

Target gene Primer sequence Size(bp) Tm (°C)
Mfnl Forward: 5>-GGGAAGACCAAATCGACAGA-3’ 15 57
Reverse: 5’-CAAAACAGACAGGCGACAAA-3’ 57
Mfn2 Forward: 5’-GAGAGGCGATTTGAGGAGTG-3’ 165 58
Reverse: 5’-CTCTTCCCGCATTTCAAGAC-3’ 56
Drpl Forward: 5>-GCCCGTGGATGATAAAAGTG-3’ 215 56
Reverse: 5>-TGGCGGTCAAGATGTCAATA-3’ 56
PGC-1a Forward: 5’-GGACGAATACCGCAGAGAGT-3’ 201 59
Reverse: 5’-CCATCATCCCGCAGATTTAC-3’ 56
NFfL Forward: 5>-~AAACCGAACACATGGCTACC-3 168 58
Reverse: 5’-CTGCCGTGGAGTTGAGTATG-3’ 58
Tam Forward: 5’-TCACCTCAAGGGAAATTGAAG-3’ a1 55
Reverse: 5’~-CCCAATCCCAATGACAACTC-3’ 56
Long Forward:5’-AAAATCCCCGCAAACAATGACCACCC-3 13400 72
Fragment Reverse: 5’-GGCAATTAAGAGTGGGATGGAGCCAA-3’ 72
Shrot Forward: 5’-CCTCCCATTCATTATCGCCGCCCTGC-3’ 935 60
Fragment Reverse: 5>-GTCTGGGTCTCCTAGTAGGTCTGGGAA-3’ 60
Bax Forward: 5>-GCGATGAACTGGACAACAAC-3’ 200 57
Reverse: 5’-GATCAGCTCGGGCACTTTAG-3’ 58
Bcl-2 Forward: 5’-CGAGTGGGATACTGGAGATGA-3’ 236 58
Reverse: 5°’- GACGGTAGCGACGAGAGAAG-3’ 59
Forward: 5’~-CCCATCACAATCTCACGGTAT-3’ 57
Caspase-3 195
Reverse: 5’-GGACGGAAACAGAACGAACA-3’ 58
Caspase-9 Forward: 5’-GCCTCTGCTTTGTCATGGAG-3’ 181 56
Reverse: 5’-~AGCATGAGGTTCTCCAGCTT-3’ 56
PI3K Forward: 5>-TCACCTCCCTGATTGGCTAC-3’ 220 58
Reverse: 5’-CCACGATGGATGACAATGAA-3’ 55
Akt Forward: 5’-CGAGTCCCCACTCAACAACT-3’ 231 59
Reverse: 5’-GGTGAACCTGACCGGAAGTC-3’ 60
Bad Forward: 5’-GAGCTGACGTACAGCGTTGA-3’ 153 60
Forward: 5>-CCTGAGGGCTGTCCAGTAAC-3’ 60
PARP Forward: 5°-AAGCCTGGCACTAAGTCGAA-3’ 164 59
Forward: 5>-ATAGAGTAGGCGGCCTGGAT-3’ 60
Cycc Forward: 5’-GGACAGCCCCGATTTAAGTA-3’ 121 57
Forward: 5°>-TCAATAGGTTTGAGGCGACAC-3’ 58
GAPDH Forward: 5’- AGGTCGGTGTGAACGGATTTG -3’ 20 58
Reverse: 5°’- GGGGTCGTTGATGGCAACA-3’ 58

TIHIA improved pathological structure of kidney
following renal IR in obese rats

We evaluated protective action of TIIA on renal damage
following IR of obese rats and observed Kkidney tissue
using the hematoxylin-eosin (HE) staining (Figure 1D).
IR (obese) and IR led to a significant expansion in
Bowman space. Cortical thick ascending limb of the loop
of Henle and proximal tubule had a significant injury. IR
(obese) and IR caused significant injury in the outer
medulla (tubular cast formation and vascular congestion,

medullary thick ascending limb of loop of Henle, and
perirenal tubule) and inner medulla (vascular congestion
and tubular cast formation). Pre-treatment with TIIA
significantly decreased the degree of renal tissue injury in
the inner, outer medulla, and cortex. IR (obese) and IR
led to a significant increase in total histopathologic scale
(p < 0.05). The total histopathologic scale was reduced
via pre-treatment with TIIA, especially with the dose of
20 mg/kg.d THA (p < 0.05), where more renal tubules
were swollen (paired yellow arrow) were showed
following IR (Figure 1D) and Table 3.
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Table 2. Antibodies used in the study.

Antibodies Manufacturer Catalogue No. Observed MW  Dilution
Anti-PI3K Proteintech 67071-1-1g 110 KDa 1:10,000
Anti-p-Akt Proteintech 66444-1-1g 62 KDa 1:10,000
Anti-Akt Proteintech 10176-2-AP 56 KDa 1:5,000
Anti-p-Bad Cell Signaling Technology 5284S 23 KDa 1:1,000
Anti-Bad Proteintech 10435-1-AP 18 KDa 1:2,500
Anti-Bcl-2 Proteintech 26593-1-AP 26 KDa 1:2,500
Anti-Bax Proteintech 50599-2-1¢ 26 KDa 1:10,000
Anti-Caspase-3 Proteintech 19677-1-AP 32 KDa 1:2,000
Anti-cleaved-Caspase-3 Abcam ab49822 17 KDa 1:500

Anti-Caspase-9 Proteintech 10380-1-AP 47 KDa 1: 1,000
Anti-cleaved-Caspase-9 Affinity Biosciences AF5240 10 KDa 1:1,000
Anti-PARP1 Proteintech 13371-1-AP 89 KDa 1:2,000
Anti-Cyt-c Proteintech 12245-1-AP 13 KDa 1:2,000
Anti-Mfn1 Proteintech 13798-1-AP 86 KDa 1:1,000
Anti-Mfn2 Proteintech 12186-1-AP 86 KDa 1:5,000
Anti-Drpl Proteintech 10656-1-AP 27 KDa 1:4,000
Anti-PGCla Proteintech 66369-1-1g 100 KDa 1:5,000
Anti-Nrfl Proteintech 12482-1-AP 67 KDa 1:2,500
Anti-Tfam Proteintech 22586-1-AP 25 KDa 1:5,000
Anti-GAPDH Proteintech 60004-1-1g 36 KDa 1:10,000

TIIA reduces renal cell apoptosis led by renal IR in
obese rats

We used the TUNEL assay to evaluate the protective
action of TIIA on renal tissue cell apoptosis induced by
IR (Figure 2A). Apoptotic cell numbers of renal tissues
in IR/IR (obese) groups were increased compared with
those in sham group (p < 0.05). However, pre-treatment
with THA reduced cell apoptosis in renal tissues
(Figure 3A). Caspase-9/3 was significantly activated in
the IR/IR (obese) groups compared with sham group (p
< 0.05). Nevertheless, pre-treatment with TIIA
decreased the activity of caspase-9/3 (Figure 2B, 2C).
The cleaved caspase-9/3 in renal tissues in IR/IR
(obese) groups were elevated compared with sham
group (p < 0.05). Nevertheless, pre-treatment with
THA reduced the relative levels of cleaved caspase-9/3
(p < 0.05) (Figure 2D).

TIIA improved the expression of apoptosis-related
genes led by renal IR of obese rats

Bax in mRNA and protein levels were increased in
IR/IR (obese) groups (p < 0.05). Bax in mRNA and
protein levels were decreased following pre-treatment
with THA (p < 0.05). Bcl-2 in mRNA and protein levels
were decreased in IR/IR (obese) groups (markedly
reduced in the IR (obese) group) (p < 0.05) (Figures 3A,

3B). The immunofluorescence results of Bax/ Bcl-2
levels of renal tissues demonstrated that Bax levels
increased. However, Bcl-2 levels were reduced in IR/IR
(obese) groups. Bax level was reduced, yet Bcl-2 was
increased, following the pre-treatment with TIIA
(Figure 3C).

TIIA improved mitochondrial function and
mitochondrial morphology after renal IR of obese
rats

IR increased ROS concentration and opening of mPTP
(%) compared with sham group (p < 0.05). The ROS
concentration was decreased via pre-treatment with
THA (p < 0.05). IR decreased RCR, mitochondrial
oxygen consumption rate, and MMP compared with
the sham group (p < 0.05). Pre-treatment with TIHA
significantly increased these factors (p < 0.05). The
ratio of long/short fragments was reduced in IR/IR
(obese) groups (p < 0.05). Pre-treatment with TIIA
increased the ratio of long/short mtDNA fragments (p
< 0.05) (Figure 4A). IR reduced ATP and
mitochondrial respiratory chain complex enzymes
compared with sham group (p < 0.05). Pre-treatment
with TIIA significantly elevated the activity of these
enzymes (p < 0.05) (Figure 4B). We assessed
mitochondrial function to further evaluate renal
damage and protective action of TIIA. A transmission
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electron microscope was used to observe the changes
in the morphology of the mitochondria (Figure 4C).
The photographs of electron microscopic (10,000 and
40,000x%) of renal tissues demonstrated that renal cells
in IR/IR (obese) groups displayed abnormal
mitochondrial morphology in the form of swelling and
even membrane rupture (paired yellow arrows)
following renal IR. The sham group displayed normal
mitochondrial morphology (single yellow arrow).
The percentage of damaged mitochondria of renal
tissue in IR/IR (obese) groups was increased (p <
0.05). Nevertheless, the pre-treatment with TIIA can
reduce the percentage of damaged mitochondria
(Figure 4C).

TIHA improved mitochondrial dynamics and

biogenesis induced by renal IR in obese rats

The nucleo respiratory factorl (Nrfl), PPARy
coactivator-1-a (PGC-1a), and transcription factor A of
mitochondrial (Tfam) were chosen to indicate
biogenesis. Mitofusins (Mfns (fusion); Mfnl1/2) and
dynamin-related protein 1 (Drpl; fission). The results
demonstrated that Nrfl, PGC-la, Drpl, and Tfam
MRNA levels were reduced in the IR/IR (obese) groups
(p < 0.05). Pre-treatment with TIIA increased these
mMRNA levels (p < 0.05). mRNA levels of Mfn1/2 were
elevated in the IR/IR (obese) groups (p < 0.05). The
MRNA levels of those indexes were reduced via
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Figure 1. Tanshinone IIA (TIIA) improved the renal function, malondialdehyde (MDA), superoxide dismutase (SOD),
inflammatory factor, and renal architecture after renal ischemia-reperfusion (IR). Rats were pre-treated with TIIA followed by
removing the right kidney and clamping of the left renal artery for 30 min and reperfusion for 24 h. Sham rats were used as control. Renal
function (A), MDA, SOD (B), inflammatory factor (C), and renal architecture (D) were evaluated under different groups. Representative
photomicrographs of renal histology (D), the scale bars represent a length of 50 um on histology, swollen renal tubules (paired yellow
arrow). Data are shown as mean + SD. *p < 0.05 versus sham group, #p < 0.05 versus IR (obese) group, ©p < 0.05 versus TIA (5 mg/kg.d)

group, 4p < 0.05 versus TIIA (10 mg/kg.d) group. (n=3).
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Table 3. Summary of the degree of kidney histopathologic damages in the six groups rats.

Histopathologic damages Sham IR IR (obese) 5 r;lrg:/llgd) (10 ;Igllﬁg.d) 0 -r:]g;ﬁg.d)
Cortex

bowman capsule 0.33+0.58 3.00£1.00 4.00+0.00 3.67+0.58 3.00+0.00 2.67+1.54

proximal tubal 0.33+0.58 1.33+0.58 2.67+0.58 1.67+0.58 1.67+0.58 1.33+0.58

thick ascending limb of Henle’s loop ~ 0.00+0.00 1.00+0.00 2.33+0.58 1.33+0.58 1.00+0.00 1.00+0.00
Outer medulla

thick ascending limb of Henle’s loop ~ 0.33+0.58 1.33+0.58 3.33+0.58 2.33+0.58 1.67+0.58 1.33+0.58

vascular congestion 0.00£0.00 1.00+0.00 2.00£1.00 1.33+£0.58 1.33+0.58 1.00£0.00

tubular protein cast 0.00£0.00 2.00£1.00 1.67+1.15 1.33+0.58 1.00+0.00 1.00£0.00
Inner medulla

vascular congestion 0.33£0.58 1.00£0.00 2.33+0.58 1.67+0.58 1.67+0.58 1.00£0.00

tubular protein cast 0.33+0.58 1.33+0.58 2.67+0.58 1.67+0.58 1.67+0.58 1.00+0.00

Total histopathologic injury scores 1.67+0.58 12.00+2.00* 21.00+1.00*  15.00+1.00% 13.00+1.00% 10.33+1.53%44

Note: *p < 0.05 versus sham group, #p < 0.05 versus IR (obese) group, “p < 0.05 versus TIIA (5 mg/kg.d) group, 4p < 0.05

versus TIA (10 mg/kg.d) group. (n=3).

pre-treatment with TIA (p < 0.05) (Figure 5A).
Western blot of dynamics and biogenesis indexes
demonstrated similar results (Figure 5B).

TIIA activated the PI3K/Akt/Bad pathway in vivo

IR/ IR (obese) increased the mRNA level of PARP and
Cyt-c significantly (p < 0.05). The mRNA level of these
indexes was decreased following pre-treatment with TIHIA
(p < 0.05). IR/ IR (obese) decreased the mMRNA level of
PI3K, Bad, and Akt significantly (p < 0.05). The mRNA
level of these indexes was increased following pre-
treatment with TIIA (p < 0.05) (Figure 6A). Western blot
of those genes showed similar results (Figure 6B). TIIA
activated phosphorylation of Akt and Bad (increasing
ratio of p-Akt/Akt and p-Bad/Bad) (Figure 6B).

DISCUSSION

The new findings of our research include the
aggravation of renal injury following I/R when
accompanied with obesity, the potential protective
action, and mechanisms of TIIA on renal I/R damage.
We confirmed this using in vivo model. As compared
with non-obesity rats, mitochondrial function was
hypofunction in obese rats. This became more obvious
following I/R. Cell injury and apoptosis were shown to
be more severe in obese rats following I/R. According
to the above results, it is the first study that explored the
combined influence of obesity and renal I/R on
mitochondrial function in renal tissues.

Oxidative stress raised the levels of ROS and
inflammation via releasing proinflammatory mediators
during the reperfusion period. These indexes perform a

meaningful function on the pathophysiological process
of renal IR. For injury mechanism of renal IR above, a
few anti-inflammatory and anti-oxidants medicaments,
which can increase the survivability of IR damage [31],
were found to be effectively decreased.

Modern medical techniques have confirmed that as a
well-known herbal medicine, Salvia miltiorrhiza Bunge
can eliminate the toxic substance in the blood, accelerate
the activity of a fibrinolytic enzymes, reduce the blood
viscosity, and protect the cardiovascular system [32].
TIHA is the primary active component in
Salvia miltiorrhiza Bunge. TIIA pre-treatment can relieve
renal damage caused by IR via reducing the expression of
inflammation, caspase-9/3, and myeloperoxidase (MPO)
[15]. THA can decrease the release of Cyt-c and the
production of ROS, inactivate caspase-3, reduce
apoptotic, and inhibit mPTP opening. Inhibited opening of
mPTP is the key for improving mitochondrial function. so
it has been fundamental to hint that mPTP can be seen as
an objective for curing, which can be ameliorated at the
beginning of reperfusion [33]. It is common knowledge
that mitochondrial dysfunction (especially the opening of
mPTP) performs an important function in raising damage
after renal IRI [34]. The opening of mPTP causes
decreased MMP and the mitochondrial swelling which
inhibits oxidative phosphorylation. The opening of mPTP
is performed via binding to the CyP-D. Previous studies
on the heart have shown that CsA repressed IRI via
binding CyP, independently of anti-calcineurin properties,
hence repressing mPTP opening [35]. In this research, we
assumed TIIA can perform a protective role in AKI
induced by IR via improving the mitochondrial function
(inhibiting mPTP opening) and downregulation of
inflammation.
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Figure 2. Tanshinone IIA (TIIA) inhibited renal cells apoptosis after renal ischemia-reperfusion (IR). Rats were pre-treated with
TIIA followed by removing the right kidney and clamping of the left renal artery for 30 min and reperfusion for 24 h. Sham rats were used as
control. Sham rats were used as control. Representative apoptosis of renal cells, TUNEL positive cells, the scale bars represent a length of
200 um on histology (A), the activity of renal caspase-9/3 (B, C), and the protein expression of cleaved caspase-9/3 (D) were evaluated under
different groups. Data are shown as mean * SD. *p < 0.05 versus sham group, #p < 0.05 versus IR (obese) group, “p < 0.05 versus TIIA
(5 mg/kg.d) group, 4p < 0.05 versus TIIA (10 mg/kg.d) group. (n=3).
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Our research showed that feeding rats with HFD for 8
weeks induced obesity in modality of weight gain and
perirenal fat cumulation. HFD could lead to
inflammation, hyperlipidemia, and imbalance of
oxidative stress but failed to injury renal histological
structure and function [21]. However, with the condition
of IR, hyperlipidemia could aggravate the damage of
renal histological structure compared with non-
hyperlipidemia in our study. In addition, we found that
IR could induce the imbalance between SOD and MDA
(reducing the SOD and increasing MDA); and with the

condition of IR, hyperlipidemia could aggravate the
imbalance. When using the TIIA as the protective agent,
the imbalance induced by renal IR combined with
hyperlipidemia could be improved (Figure 1B). HE
staining for rat renal tissue showed that IR and IR
(obese) led to significant enlargement in Bowman
space. The proximal tubule and cortical thick ascending
limb of the loop of Henle had a significant injury. IR
and IR (obese) caused significant injury in the outer
medulla (vascular congestion, tubular cast formation,
perirenal tubule, and medullary thick ascending limb of
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TIIA (10 mg/kg.d) TIIA (5 mg/kg.d) IR (obese) IR Sham

TIIA (20 mg/kg.d)

Figure 3. Tanshinone IIA (TIIA) decreased Bax and increased Bcl-2. The expression of Bax and Bcl-2 in mRNA (A) and protein (B) level.
Immunofluorescence results of Bax (green) and Bcl-2 (red) expression in nephridial tissue, the scale bars represent a length of 500 um on
histology (C). *p < 0.05 versus sham group, #p < 0.05 versus IR (obese) group, “p < 0.05 versus TIIA (5 mg/kg.d) group, 4p < 0.05 versus TIIA
(10 mg/kg.d) group. (n=3).
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Figure 4. Tanshinone IIA (TIIA) preserved renal mitochondrial function in renal ischemia-reperfusion (IR)-induced renal
injury. The MMP (ratio of red/green), the opening of mPTP (%), the mitochondrial ROS, the mtDNA damage (ratio of long/short fragments),
the mitochondrial RCR, mitochondrial oxygen consumption rate (A), the mitochondrial respiratory chain complex enzymes (1, Il, lll, IV, and V),
and ATP (B) were recorded above. Electron microscope pictures (10 000x, 40 000x) of renal tissue after IR, the scale bars represents a length
of 2 um and 200 nm on tissues respectively. Abnormal mitochondrial (paired yellow arrow) morphology show that mitochondrial membrane
rupture or swellings, normal mitochondrial (single yellow arrow) morphology type show that mitochondrial membrane smooth and inner
carinulae distinct (C), and percentage of damaged mitochondria (C). Data are shown as mean + SD. *p < 0.05 versus sham group, #p < 0.05
versus IR (obese) group, “p < 0.05 versus TIIA (5 mg/kg.d) group, #p < 0.05 versus TIIA (10 mg/kg.d) group. (n=3).
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Figure 5. Tanshinone IIA (TIIA) preserved mitochondrial biogenesis and dynamics in renal ischemia-reperfusion (IR)-induced
renal injury. The expression of PGC-1a, Nrf1, and Tfam in mRNA and protein level. The expression of Mfn1, Mfn2, and Drp1 in mRNA (A)
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versus TIIA (10 mg/kg.d) group. (n=3).
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loop of Henle) and inner medulla (tubular cast
formation and vascular congestion). Pre-treatment with
THA could significantly decrease the degree of damage
(Figure 1D and Table 3). TUNEL assay demonstrated
that renal IRl led to cell apoptosis (Figure 2A).
Nevertheless, TIIA reduced the number of apoptotic
cells (Figure 2A).

Caspase-9/3 are the influential performers of apoptosis
correlated to terminal period of apoptosis. The activity
of caspase-9/3, which was detected in the present
study, is a significant signal of apoptosis. IR and
IR+obesity can significantly activate Caspase-9/3,
particularly the IR+obesity (p < 0.05). Nevertheless,
THA decreased the activity of caspase-9/3 in renal
tissues (Figure 2B, 2C). We detected the relative levels
of cleaved caspase-9/3 (Figure 2D) as the active
form of caspase-9/3. Cleaved caspase-9/3 can guide
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apoptosis, while IR can increase the levels of cleaved
caspase-9/3. However, pre-treatment with TIIA can
reduce the levels of cleaved caspase-9/3 (p < 0.05)
(Figure 2D). Unlike other organs [36], kidney is
surrounded by perirenal adipose tissue, which may
also be the primary source for inducing a subclinical
inflammatory response in patients with chronic kidney
disease [37]. In our study, I/R increased the TNF-o and
IL-1B values. With the condition of IR, hyperlipidemia
increased the IL-1p and TNF-a levels further, and they
were reduced by pre-treatment with TIIA (Figure 1C).
As the leading cause of the AKI, I/R induced apparent
renal injury at 24 hr, presenting significant increase of
Cr and BUN in our research. With the condition of IR,
hyperlipidemia could increase Cr and BUN, they were
decreased by pre-treatment with THA (Figure 1A). In
comparison, I/R induced apparent renal injury at 48 hr
in previous studies [22].

(fold increase)
(fold increase)

Bad Reletive mRNA level
Cyt-c Reletive mRNA level

Figure 6. Tanshinone lIA (TIIA) modulated PI3K/Akt/Bad pathway. The expression of PI3K, p-Akt, Akt, p-Bad, Bad, Cyt-c, and PARP
in mRNA (A) and protein (B) levels. *p < 0.05 versus sham group, #p < 0.05 versus IR (obese) group, “p < 0.05 versus TIIA (5 mg/kg.d) group,

Ap <0.05 versus TIIA (10 mg/kg.d) group. (n=3).
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Although there are various types of researches about IR-
induced AKI, the potential mechanism of injury has not
been absolutely understood [38]. Renal I/R damage
evokes correlated series of events in the kidney, which
lead to renal damage and even death of renal tubular
cells. Tubular cell damage and endothelial dysfunction
via the apoptotic pathway, imbalance between oxidation
and antioxidation, ATP depletion, and proinflammatory
cytokines have been explored [39]. Mitochondrial
apoptotic signaling pathways (NF-jB/p53/PUMA)
perform an important function in renal I/R injury, while
renal I/R can induce mitochondrial dysfunction [40]. In
this study, IR could induce the abnormal mitochondrial
morphology (membrane rupture or swelling), and then
increase the percentage of damaged mitochondria;
whereas TIIA could protect the mitochondria from renal
IR combined with hyperlipidemia (Figure 4C). In the
future, we will study the correlation between NF-
jB/p53/PUMA and PI3K/Akt/Bad.

Mitochondrial oxygen reduction equilibrium and
homeostasis play a crucial role in the ischemic AKI of
pathophysiological changes. Impaired mitochondrial
function and imbalance between oxidation and
antioxidation are the key factors of renal I/R injury [41].
With the ischemic condition, anoxia and substrates
repress mitochondrial respiration. Then, renal tissues
must change to glycolysis metabolism, which
dramatically decreases the ability for producing ATP
quickly. Cell swelling caused by ATP deficiency raises
an osmotic gradient, which actuates water into the
mitochondrial matrix [42]. Furthermore, hyperlipidemia
induces a marked generation of deleterious mito-
chondrial ROS cand causes oxidative damage, which
activates  caspase-dependent  apoptosis  through
mitochondrial pathway; this further impairs MMP and
then raises renal podocyte apoptosis [43]. The outcomes
of mitochondrial dysfunction induces renal IR injury. In
our research, we built model of renal IRI in obese rats
followed by pre-treatment with TIIA. We detected the
MMP, opening of the mPTP (%), mtDNA, ROS, RCR,
ATP, and so on. Those indexes were thought to be the
sign of evaluating mitochondrial function. In our study,
RCR, MMP, oxygen consumption rate, ATP, and
mitochondrial respiratory chain complex enzymes were
reduced by IR/IR (obese). However, ROS and opening
of the mPTP (%) were increased by IR/IR (obese). In
comparison, pre-treatment with TIIA could improve the
above indexes of mitochondrial function (Figure 4A, 4B).

The copy number of mtDNA of every mitochondrion
remains steady. Therefore, total copy number of
mtDNA can be used to appraise mitochondrial quantity
[44, 45]. Despite the fact that the mechanism of scathed
mtDNA is ambiguous, mtDNA is close to respiratory
chain. Therefore, mtDNA is more susceptible when

revealed to oxidative reaction. We studied the damage
degree of mtDNA via counting the ratio of long/short
fragments in this study. The ratio of long/short
fragments was obviously increased by IR (obese); but
after pre-treatment with TIIA, the ratio could be
increased (Figure 4A).

As a significant adaptation of exposing to chronic energy
deficiency, mitochondrial biogenesis could be operated
by many complicated factors, such as Tfam and Nrfl.
The Nrfl can foster the expression of transcription of
nuclei-encoded mitochondrial proteins. Containing these
refers to oxidative phosphorylation and respiratory
complexes. Tfam increases gene transcription and DNA
replication in mitochondria through directly binding to
the mitochondrial genome. As a crucial transcriptional
co-activator, PGC-la can operate critical elements
containing Tfam and Nrfl, which can increase
mitochondrial biogenesis [46]. When the levels of above
gene vary, mitochondrial biogenesis will get chaotic. As
shown in Figure 5, IR could reduce the expression of
Nrfl, Tfam, and PGC-la. TIHA increased the level of
Nrfl, PGC-1a, and Tfam. After TIIA interference, an
ample power supply reduced ROS and increased
mitochondria biogenesis elements, which performed
synergistically to give rise to improved lack of
intracellular energy furnish. Normally, deleterious
irritation  containing aging, energy limitation, and
oxidizing reaction can damage mitochondria to be closed
up in autophagosomes, fused to lysosomes, and finally
degraded. Abnormalities of autophagy in mitochondria
can raise the number of damaged mitochondria [25].

Typically, mitochondria go through the dynamic course
containing fission and fusion. The course is significant to
preserve stable varieties of dimensions, fashion, and
networks in mitochondria, which are governed by related
proteins containing Drpl and Mfnl1/2 [47]. Our results
(Figure 5) showed that the expressions of Drpl and
Mfn1/2 changed in opposite orientations following IR,
demonstrating a disordered balance of fission-fusion of
mitochondria. Mfn1/2 and Drpl were thought to perform
a critical function respectively on mitochondrial fusion
and fission. As such, we found an increase of Mfn1/2 and
a decrease of Drpl following renal IR in renal tissues.

PI3K/Akt/Bad signalling pathway plays a crucial
function in repressing apoptosis regulated by
mitochondria [17]. Because of their close connection, the
effect of PI3K was studied in this study. As a
phosphatidylinositol ~ kinase, PI3K can activate
phosphatidylinositol  kinase and threonine-specific
proteins  kinase [48]. After being activated,
phosphatidylinositol family members in cell membrane
can be phosphorylated and Akt (downstream molecule)
can be activated, which can then activate Akt
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phosphorylates (Ser136/Ser112) residues Bad protein
[49]. Phosphorylated Bad segregates from the apoptosis-
promoting complex and then shapes the protein complex
(14-3-3), inducing inactivating the apoptosis-promoting
role and then restraining apoptosis [50]. The results
showed that TIIA effectively upregulated the
PI3K/Akt/Bad pathway proteins and then upregulates
PI3K and p-Akt proteins and downregulates the proteins
(Cyt-c and PARP) (Figure 6). The above results showed
THA could adjust mitochondrial function, and then
inhibit cells apoptosis caused by renal IRI through
activating PI3K/Akt/Bad pathway. Immunofluorescence
results of the proteins (Bax/Bcl-2) expression of Kidney
tissues showed that renal IR increased Bax and decreased
Bcl-2. Nevertheless, Bax can be decreased, while Bcl-2
increased, by pre-treatment with THA (Figure 3).

HaC CHsy
Tanshinone IT A

IGF

p-Akt

p-Bad

In our study, we used isolated mitochondria and
showed that IR accelerated ROS, which injured
mtDNA, and by such means injured mitochondrial
respiratory function, biogenesis, and dynamic
function, and produced ROS. The abnormal
mitochondria were caused by opening mPTP following
renal IR. The opening of mPTP could induce flow
back of proton from mitochondrial membrane space to
matrix, hence decreasing MMP and ATP and leading
to metabolic abnormalities. The reducing of ATP and
MMP and the increasing of Cyt-c were caused by
opening mPTP, inducing metabolic abnormalities and
apoptosis. Nevertheless, pre-treatment with TII1A could
restrain  apoptosis via regulating mitochondrial

function through activating the PI3K/Akt/Bad pathway
of obese rats (Figure 7).

PARP ——————

Apoptosis

Figure 7. Graphical abstract. Mitochondrial dysfunction occurs following AKI and may lead to apoptosis, which can be aggravated by
obesity. TIIA can relieve apoptosis by improving mitochondrial function via activating PI3K/Akt/Bad pathway in obesity rats.
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IR: ischemia-reperfusion; AKI: acute kidney injury;
THA: Tanshinone [1A; HE: hematoxylin-eosin;
TUNEL: terminal deoxynucleotidyl transferase-
mediated dUTP  nick  end-labeling; MMP:
mitochondrial membrane potential; ATP: adenosine
triphosphate; ROS: reactive oxygen species; RCR:
respiration controlling rate; mPTP: mitochondrial
permeability transition pore; CyP-D: cyclophilin D;
DMSO: dimethylsulfoxide; HFD: high-fat diet; SD:
Sprague-Dawley; PBS: phosphate buffer saline; DAPI:
4".6-diamidino-2-phenylindole; RT-gqPCR: Real-time
Quantitative PCR; HE: hematoxylin-eosin; BCA:
bicinchoninic acid; DCFH-DA: 2’:7°-Dichloro-
dihydrofluorescein diacetate; gPCR: quantitative
Polymerase Chain Reaction; mtDNA: mitochondrial
DNA; MPO: myeloperoxidase; IRI: ischemia-
reperfusion injury; Tfam: mitochondrial transcription
factor A; Mfnl: Mitofusinl; Mfn2: Mitofusin2; Drpl:
Dynamin-related protein 1; PGC-la: Peroxisome
proliferator-activated receptor y coactiva-tor-1; Nrfl:
Nucleo-respiratory factor 1; ANOVA: analysis
of variance; PI3K: Phosphoinositide-3 kinase; Cyt-c:
cytochrome C; PARP: poly ADP-ribose polymerase.
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