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Introduction

Abstract
Introduction: Acute kidney injury (AKI) may have -
a negative effect on mitochondrial hemostasis and e e ) s s Lethal dose

) i Mitochondrial damage
bioenergetics as well as coenzyme Q, (CoQ,) | pr—
content. PGC-1a, AMPK, sirtuin 1 (Sirtl), and @ 4 | Camsasn
Sirt3, as the key metabolic regulators under ROS . iy

i . . i Mitochondsial dysfunction = 1C,,Qm< O @ Mo

nutritional stress, stimulate energy production via n rost s
mitochondrial biogenesis during AKI. However, N0 | st - o
report is available on the relationship between CoQ,, — <> < Caspase activation

level and nutrient sensors in the pathophysiology
of AKI caused by Hemiscorpius lepturus scorpion
envenomation.

Methods: Three doses of venoms (1, 5, and 10 mg/kg) were administered by subcutaneous (SC)
injection to male albino mice. The animals were sacrificed 1 day or 7 days after administration
of venom and their kidneys were collected to analyze gene expression involved in AKI, nutrient
sensors, and apoptosis signaling activation by real-time polymerase chain reaction (PCR) and the
measurement of CoQ,  level using the High-performance liquid chromatography (HPLC) method.
Results: The data indicated a significant decrease in CoQ,, level after the administration of venom
in 5 and 10 mg/kg. In addition, 1 day after the treatment, a significant over-expression of Sirtl (5
and 10 mg/kg) was observed compared with normal mice. Overexpression of Sirt3 occurred 1 day
and 7 days after treatment only at the dose of 5.0 mg/kg of venom. Furthermore, over-expression
of AMPK as an important mitochondrial energetic sensor happened 1 day and 7 days after the
injection of venom (5 mg/kg) (P<0.01). The significant increase in the gene expression of caspase-9
and 3 after the injection of venom (5 and 10 mg/kg) confirmed the role of cell death signaling.
Conclusion: The venom-induced energy-sensing pathways have a key role in gene expression of
PGC-1a, AMPK, Sirt3, and CoQ,, content after venom-induced AKI.

cells in the urine.'” The clinical data show that the venom

Acute kidney injury (AKI) is caused by exposure to
ischemic or toxic conditions. Hemiscorpius lepturus
scorpion sting in both children and adults in Khuzestan
and other south-western areas of Iran during the hot
climate has created anxiety and expenses.'" Previous
clinical and practical studies indicated that H. lepturus
envenomation could cause nephrotoxicity through
proteinuria and due to the presence of intact red blood

of the thin-tailed scorpion is highly toxic, especially in
children.” However, the precise mechanistic pathways
of H. lepturus scorpion toxicity are still unclear. AKI
adversely affects mitochondrial homeostasis and ATP
level, decreases the antioxidant defenses, leads to
oxidative stress due to increased reactive oxygen species
(ROS) level, diminishes ATP level, and finally, results in
mitochondrial susceptibility to injury or slow recovery
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of tubular epithelial cells.*"" In addition, an increase
in cellular ROS level under oxidative stress condition
enhances metabolic activity and consequently, provides
extra ATP for synthesizing new proteins and repairing the
damaged ones.'>*?

Deficiency in coenzyme Q,, (CoQ, ) as one of the main
electron carriers in the mitochondrial respiratory chain
decreases the activities of mitochondrial complexes and
declines the ATP generation needed for the modulation
of the cellular redox state."* The similar oxidative stress
condition, results in an over-expression of genes involved
in mitochondrial biogenesis genes, which increases
the energy inquiry and reach to normal level in cells."*
Therefore, up-regulation of the main metabolic sensors
such as AMPK can compensational regulate the energy
status in the kidney."” High intracellular AMP/ATP ratio
activates AMPK under metabolic stress conditions in
order to maintain the energetic homeostasis through beta-
oxidation of the fatty acid pathway, protein synthesis, ion
transport, and phosphorylated peroxisome proliferator-
activated receptor y coactivator la (PGC-1a).'*%

Among the sirtuins family, Sirt3 which is localized into
the inner mitochondrial membrane plays an important
role as the downstream regulator of mitochondrial
biogenesis and ROS regulator.">* Over-expression of
uncoupling protein 2 (UCP2) in kidney depends on the
Sirt3 level and the decreased level of superoxide in kidneys.
Furthermore, the expression of Sirt3 is controlled by
AMPK to inhibit renal injury.?? Based on previous studies,
AMPK can be regulated by PGC-1a/Sirt signaling in
mitochondrial homeostasis and biosynthesis.”*** AMPK
also can phosphorylate or deacetylate PGC-1a to regulate
ROS-detoxifying enzyme and increase mitochondrial
biogenesis.>>*

As the data indicate, AKI is associated with ROS
overproduction, cytochrome c release, and the subsequent
apoptotic caspase cascade activation through intrinsic
death pathways®?. In the intrinsic pathway, mitochondrial
membrane permeability is regulated by the balance
between pro-apoptotic Bcl-2-associated X (BAX) protein
and the anti-apoptotic protein BCL-2 family proteins
as the apoptotic indices.””?® After AKI conditioning,
the amount of IL-18 as an IFN-y- prompting element
increases in the kidneys, leading to the adjustment of IL-
18 precursor matured by caspase-1. Therefore, the source
of IL-18 which is a biomarker of kidney injury can be
damaged in the proximal tubular cell.”

As renal cell repair relies on the capability of
mitochondria for ATP production, reinstatement of
mitochondrial utility can lessen cellular damage and
repair renal function, mostly in AKI.® Therefore, renal
dysfunction in AKI is strongly associated with the
decreased Sirt3 gene expression and CoQ,, level. The
present study aims to measure the CoQ,, level using the
HPLC method and evaluate the gene expression of 11-18,
Sirt3, Sirtl and AMPK, caspase-9, 3 in order to determine

selective rescue mechanisms and finally, introduce a new
therapeutic target for AKI treatment.

Materials and Methods

Scorpion venom

Hemiscorpius lepturus scorpion venom was provided by
the RAZI vaccine and serum research institute of Iran
(Karaj, Iran). The obtained venom was stored under
refrigeration conditions (-20°C) until use.

Materials

All chemicals and analytical grade solvents used for HPLC
analysis were purchased from Sigma-Aldrich CoQ,, and
TriPure reagents were prepared from nature’s Bounty Inc.,
USA, and Rosche company, respectively. SYBR Premix
Ex Taq II kit and PrimeScript™ RT Master Mix (Perfect
Real Time) were obtained from Takara Bio Co. (Japan).
Primers were designed by primer III software (NCBI) and
synthesized by Sinaclon co (Tehran, Iran).

Animals

Forty-two mice (Balb/c mice; 26 +2 g) were obtained from
Pasteur Institute in Tehran, Iran, and kept in 12 hours of
darkness/12 hours of light in a constant-temperature
room in the animals' facility of Zanjan University Animal
Medical Center. All procedures were conducted on the
animal in accordance with the National Institutes of
Health guidelines (NIH Publications No. 8023, revised
1978) confirmed by the animal ethics committee of
Zanjan University of Medical Sciences.

Experimental design

The mice were watched for 1 day or 7 days after
subcutaneous (SC) injection of H. lepturus venom. To
determine the toxicity mechanism, higher doses of venom
were needed to be used in limited animal groups to make
an animal model comparable to the human population.®
Based on the previous study, LD, of H. lepturus was
determined to be 10 mg/kg.® Therefore, three doses of 1,
5,and 10 mg/kg of H. lepturus venom were selected for the
evaluation of target gene expression after treatment.

The mice were randomly classified into the following
seven groups: groups 1, 2: control groups that received
normal saline and were decapitated after 1 day and 7 days;
groups 3, 4 and 5 that received a single doses of 1, 5, and
10 mg/kg of H. lepturus venom and were decapitated after
1 day; group 6,7 which received a single dose of 1 or 5 mg/
kg of venom and were decapitated after 7 days; group 8
which received the single dose of 10 mg/kg of venom. As
all animals which received 10 mg/kg of H. lepturus venom
died after less than 7 days, only the effects of 1 and 5 mg/
kg of H. lepturus venom after 7 days were evaluated.

Coenzyme Q, extraction and HPLC analysis
Following the administration of vehicle or venom in all
treated groups, the kidneys were quickly dissected on
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ice after decapitation and kept at -80°C until their being
used in the analysis. The method proposed by Andalib
et al with a minor modification in flow rate (1.2 mL/
min) was implemented to isolate coenzyme Q from the
obtained tissues.’ Finally, after evaporation of the organic
layer and reconstitution, 50 pL of the sample was injected
into the HPLC instrument. CoQ, level was measured by
a KNAUER HPLC system (Berlin, Germany) with a C,
column (ODS 250*4.6 mm) and isocratic elution pump
(ConstaMetric 4100 pumps) coupled with a UV detector
(KNAUER, Smartline 2500) at 275 nm, and D-2500
calculating integrator software

Estimation of intracellular ROS by using the DCFH-DA
fluorescence method

The mice were sacrificed 1 day or 7 days after treatment
with venom and their kidneys were quickly removed,
immediately rinsed in saline ice, homogenized, and
centrifuged at 8000 g for 10 minutes. Then, ROS formation
was evaluated using supernatants. The suspensions were
incubated in respiration buffer containing 0.32 mM
sucrose, 10 mM Tris-HCI, 20 mM MOPS, 50 uM EGTA,
0.5 mM MgCl, 0.1 mM KH,PO,, and 5 mM sodium
succinate. Then, DCFH-DA (10 uM) was added to the
supernatant suspension and incubated for 5 minutes.
Finally, the ROS level was measured after 5-10 minutes by
using a fluorescence spectrophotometer at excitation and
emission wavelengths of 495 and 520 nm, respectively.*

Real-time PCR analysis

After decapitation of animals, kidneys were collected
and transferred to -80°C. According to the manufactures
information, total mRNA was purified from mice kidneys
using the easy Blue-Kit (Intron Biotechnology, South
Korea). The high-capacity cDNA reverse transcription Kit
(PrimeScript™ RT Master Mix, Takara Bio) was employed
for cDNA synthesis. Then, cDNA samples were analyzed
by real-time polymerase chain reaction (PCR) using the
SYBR Green. Gene expression was evaluated using a 244
method and the Ct values of B-actin gene expression were
applied for normalization. The following primers were
also utilized to measure the gene expression of IL-18, Sirt1,
Sirt3, AMPK, PGC-1aq, caspase-9, and caspase-3 (Table 1).

Statistical analysis

All statistical analyses were performed using the SPSS
software (Window version 18) and Excel 2007 software.
The groups were compared by one-way analysis of
variance (ANOVA) followed by Tukey's post hoc tests
using the GraphPad Prism software (version 6). P < 0.05
was considered statistically significant.

Results

The effects of venom-induced AKI on IL-18 expression
As the statistical analysis shows, IL-18 expression as the
AKI biomarker significantly increased in mice receiving

Table 1. Primer sequences used in Real-time PCR assay

GenBank

Name Sequence (5’ — 3') Accession No

ACATAGAGTGTGCTGCTCTGG (F)

PGC-la TTCGCAGGCTCATTGTTGTAC (R) NM-008504.2
v TN ussovens
Caspase-9 GCGGTGGTGAGCAGAAAGA (F) NM-015733.5

CCTGGGAAGGTGGAGTAGGA (R)

F: forward primer; R: reverse primer.

5 and 10 mg/kg of venom after 1 day of envenomation
(P<0.01; Fig. 1). After 7 days, a significant difference was
observed between IL-18 expression of the group treated
with 5 mg/kg of venom and that of the control group
(P<0.01; Fig. 1).

The effect of venom-induced AKI on CoQ,, level

One-way ANOVA analysis revealed a remarkable
difference in CoQ,level between animals treated with H.
lepturus after 1 day and those treated after 7 days (P < 0.05;
Fig. 2). The CoQ, level of the H. lepturus-treated groups (5
and 10 mg/kg) was also found to be considerably different
from normal mice 1 day after envenomation (P<0.05;
Fig. 2). Moreover, the H. lepturus-treated (1 mg/kg) and
control (P>0.05) groups were not significantly different
at the CoQ, level. However, 7 days after envenomation,
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Fig. 1. The effect of H. lepturus envenomation on IL-18 mRNA expression
by RT- PCR in kidneys showed a significant rise in IL-18 expression
following receiving 5 and 10 mg/kg of venom after 1 day and only 5 mg/
kg of venom compared to the control group after 7 days (n=3). **P<0.01
indicates the significant difference between the control group.
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Fig. 2. The effect of H. lepturus envenomation on CoQ,, level in the kidney
confirmed a significant decrease in CoQ, level following H. lepturus-treated
groups (5 and 10 mg/kg) after 1 day and only 5 mg/kg of venom compared
to the control group after 7 days (n=3). *P<0.05, **P<0.01 indicates the
significant difference with the control group.

the CoQ,,level of the H. lepturus-treated groups (5 mg/
kg) had a significant effect on the CoQ, level compared
with the control group (P<0.05; Fig. 2).

The effects of venom-induced AKI on ROS level
AsshowninFig. 3, one-way ANOVA analysis demonstrated
significant effects of H. lepturus after 1 day and 7 days on
the ROS production levels in the kidney (P <0.05; Fig. 3).
The post-hoc analysis also indicated the increased ROS
level after H. lepturus envenomation compared to control
mice (P<0.001, Fig. 3). It is worth mentioning that the
ROS level decreased in mice that received treatment 7
days after treatment in comparison with that treated one
day after envenomation (Fig. 3).

The effects of venom-induced AKI on cell death signaling
Changes in the gene expression of cell death signaling
including caspase-9 and caspase-3 was assessed by the real
time-PCR after H. lepturus envenomation.

Caspase-9 gene expression

One-way ANOVA in Fig. 4A indicates a significant rise in
caspase-9 gene expression as a potential initiator caspase
of apoptosis in mice that received only 10 mg/kg and 5
mg/kg of venom 1 day and 7 days after inoculation,
respectively.

Caspase-3 gene expression

Based on Fig. 4B, the expression of caspase-3 as an
execution caspase in cell death signaling activation (5 and
10 mg/kg) significantly increased 1 day after the treatment
(P<0.05). Furthermore, no significant difference was
observed between treatment and control groups after 7
days (P>0.05).

The effects of venom-induced AKI on mitochondrial
biogenesis
Changes in the gene expression of mitochondrial
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Fig. 3. The effect of H. lepturus envenomation on ROS levels in kidneys
revealed that increase in ROS levels after H. lepturus envenomation
following 1 and 7 days of envenomation compared to control mice (n=3).
*P<0.05, **P<0.01 indicates the significant difference with the control

group.
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Fig. 4. The effect of H. lepturus envenomation on (a) Caspase-3 and
(b) Caspase-9 mRNA expression by RT- PCR in kidneys showed that a
significant rise in caspase-9 gene expression in mice that received only
10 mg/kg and 5mg/kg of venom 1 day and 7 days after inoculation,
respectively. Also, an increase in expression of caspase-3 was observed in
5 and 10 mg/kg of venom after 1-day envenomation without no significant
difference after 7 days (n=3). *P<0.05, ***P<0.001 indicates the significant
difference between the control group.
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biogenesis such as AMPK, PGC-1la, Sirtl and Sirt3,
were assessed by the real time-PCR after H. lepturus
envenomation.

AMPK gene expression

AMPK as a cellular energy controller promotes
mitochondrial biogenesis through the transcriptional
regulation of some nuclear genes. Fig. 5A represents
the over-expression of AMPK one day after treatments
with 5 and 10 mg/kg of venom and seven days after
administration of only 5 mg/kg 7 days, compared to
control or normal animals (P<0.05).

PGC-1« expression

One-way ANOVA analysis (Fig. 5B) revealed that up-
regulation of PGC-1a, as the main mitochondriogenesis
co-activator, significantly occurred in mice treated with
only 5 mg/kg of venom(P <0.001). However, PGC-1a gene
expressions in 10 mg/kg administration were suppressed
in comparison with the control group. Also, PGC-1a
expression after 7 days of venom inoculation can reverse
to normal condition (P>0.05).

Sirt 1 and 3 gene expression

The gene expression of Sirtl, as a renal protective
molecule, was investigated and the results (Fig. 5c¢)
revealed a significant overexpression only 24 hours after
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administration of 5, 10 mg/kg (P<0.001). A significant
increase was observed in the expression of the Sirtl gene
7 days after treatment with 5 mg/kg of venom, compared
with the control group (Fig. 5C, P<0.01).

As shown in Fig. 5D, up-regulation of Sirt3 as the
mitochondrial-specific protein deacetylase which plays
a key role in mitochondrial function and integrity was
significantly induced only in the group receiving 5 mg/
kg of venom after 1 day (P<0.001). However, our data
revealed no significant rise in Sirt3 gene expression in the
mice receiving 10 mg/kg of venom compared control mice
(Fig. 5d). Furthermore, a major difference was observed
in Sirt3 expression 7 days after the administration of 5 mg/
kg of venom (Fig. 5d, P<0.01).

Discussion

Lack of perfect molecular mechanisms has been found
in various studies to be the pathological cause of venom-
induced AKI.**** Numerous clinical and preclinical
studies have concluded that nephrotoxicity is one of the
serious systemic effects of H. lepturus envenomation.
Unfortunately, these toxic effects of scorpion venom are
more severe and fatal in younger victims.>* Up-regulation
in renal IL-18 gene expression can be observed under
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Fig. 5. The effect of H. lepturus envenomation on mitochondrial biogenesis gene expression by RT- PCR in kidneys showed a different pattern. (a)PGC-
1a: Up-regulation of PGC-1a significantly occurred in mice treated with only 5 mg/kg of venom only 1 day after inoculation ;(b) AMPK: over-expression of
AMPK one day after treatments with 5 and 10 mg/kg of venom and seven days after administration of only 5 mg/kg 7 days ;(c) Sirt 1: It revealed a similar
over-expression pattern with AMPK; (d)Sirt 3 over-expression was observed only in the group receiving 5 mg/kg of venom after 1 and 7 days (n=3).*P<0.05,
**P<0.01, ***P<0.001 indicates the significant difference between the control group.
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stressful conditions such as ischemia-reperfusion injury
and cisplatin-induced nephrotoxicity. It shows that IL-18
is a mediator of tubular injury-inducing both neutrophil
and monocyte infiltration of the renal parenchyma.”?*
Based on the present study, venom-induced AKI can
introduce IL-18 up-regulation as the main biomarker in
the inflammation pathway.

AKI stressful status interrupts the mitochondrial
function and hemostasis, resulting in ROS formation,
an increase in cytochrome c release from mitochondria
to cytosol, a probable decline of mitochondrial essential
macromolecules (CoQ, ), and finally, a decrease in
ATP level.” Our previous data revealed that H. lepturus
induced AKI is related to hemolysis, and hemoglobinuria
followed by a significant increase in ROS production and
Fenton reactions which contributed to hemodynamic
changes and destabilization of the lysosomal membrane.
These proteases and the released hydroxyl radicals could
either directly target the mitochondrial outer membranes
or indirectly activate Bid or Bax and other lytic enzymes
including phospholipase A2 to open the MPT pore and
release cytochrome c. So, it can initiate the downstream
events that finally trigger apoptotic cell death signaling
including caspase-9 and caspase-3 activation which was
evaluated in the present study.®” Furthermore, we decided
to determine the association between CoQ,, and nutrient
sensor gene expression to find out mechanistic approaches
involved in venom-induced AKI.

Based on the recently-obtained data, mitochondria
can show an adaptive response to stimulators like
inflammation and oxidative stress conditions in order to
save cellular homeostasis via mitochondrial biogenesis
and mitochondrial-selective autophagy. The injured
mitochondria affected by fragmentation before mitophagy
can result in a significant increase in ROS formation and
ATP depletion.*"” Decrease in CoQ,, as an antioxidant
effector in cellular metabolism disturbs the electron
transport chain through mitochondrial membrane
potential collapse, increased ROS level, and finally,
decreased ATP amount.'*** Our data revealed that CoQ,,
depletion is associated with venom-induced AKI model
so that all mice died within 4 days after envenomation
(10 mg/kg), implying that the CoQ,, depletion is a non-
redundant player in AKI. Furthermore, CoQ,, depletion
and energy hemostasis disruption increase caspase-9 and
3 and activate cell death signaling.

Due to a decrease in CoQ,, level, an increase in ROS
production, and consequently, ATP disturbances in cells,
AMPK as the main metabolic sensor is over-expressed
to regulate the cellular homeostasis through PGC-la
gene expression. However, it plays different roles in up-
taking glucose and cell cycle regulation.'>** Sirtuins
can also regulate energy-sensing pathways through
mitochondrial biogenesis. In the sirtuin family, Sirt3
controls mitochondrial ROS formation to maintain
the mitochondrial morphology and decrease cellular

Research Highlights

What is the current knowledge?
V Our data revealed that Sirt3/AMPK signaling pathway and
CoQ,, content are involved in AKT condition.

What is new here?

v The coordinate reduction in Sirt3 and AMPK leads to the
interaction of energy homeostasis and lethality in venom-
induced AKI. Besides, a decrease in CoQ, level at low doses
of venom acts as a boosting factor in AMPK upregulation,
which is essential in energy homeostasis under ROS
production.

apoptosis following AKIL'»* The biological role of
the Sirtl gene is hypothetically intermediated by the
deacetylation of multiple transcription factors, such as
PGC-1a.?" Sirtl gene expression also increases in the
venom-treated mice after 1 day. In addition, Sirt3 gene
expression which is essential for the recovery of tubular
injury decreases after the administration of 10 mg/kg of
venom and increases after receiving 5 mg/kg of venom
(Fig. 4). It suggested that the low to moderate dose of
venom caused Sirt3 over-expression which can be able to
detoxify ROS levels via non-enzymatic antioxidant (e.g.
GSH) and enzymatic antioxidant (e.g. SOD, catalase)
capacity. Therefore it seems that in high dosage, Sirt3
gene expression cannot decrease ROS formation during
AKI. The similar results regarding the upregulation and
suppression of PGC-1a gene expression were observed in
mice treated with 5 and 10 mg/kg of venom in comparison
to control group, respectively. It confirms that PGC-1a as
the main mitochondriogenesis co-activator is activated by
deacylation if the cells need more energy.” Therefore, the
expression of multiple key mitochondrial regulators such
as Sirt3 and PGC-1a can be considered as biomarkers for
mitochondrial hemostasis.?!

Conclusion

The present study showed that a significant increase in
Sirt3 and AMPK gene expression can remarkably raise
PGC-1a gene expression, supporting the previous study
by the authors. Sirt3 as a critical mitochondrial deacetylase
controls mitochondrial oxidative phosphorylation and
activates enzymes responsible for ROS clearance. The
coordinate reduction in Sirt3, AMPK, and CoQ,, can lead
to the interaction of energy homeostasis and consequently,
the lethality in mice. Decreased CoQ, level at low doses of
venom acts as a motivating force in AMPK upregulation,
which is essential in energy homeostasis under oxidative
stress and inflammatory stimulus.

Designing innovative therapies and determining
possible key mediators of damage in pharmacological
studies can accelerate renal repair. The data show the role
of AMPK, Sirt 3, and Sirtl in venom-induced AKI which is
accompanied by CoQ, depletion. Therefore, Sirt3/ AMPK
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signaling and CoQ,, content are expected to act as feature
mechanisms in venom-induced AKI. Furthermore, CoQ,,
which can be an important regulator of AKI needs to be
more investigated in similar studies.
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