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Abstract

Sepsis-associated overproduction of reactive oxygen species (ROS) and nitric oxide (NO) during
pathogen infection leads to overwhelming oxidative stress, which has been recognized as a primary
contributor to acute kidney injury (AKI). Hence, antioxidant therapy has been widely explored in
order to find an effective treatment for sepsis-related AKI, in particular by using endogenous
antioxidant — superoxide dismutase (SOD). We assessed the effect of oral SOD on the alteration of
AKI biomarkers (creatinine and Neutrophil Gelatinase-Associated Lipocalin — NGAL) in endotoxin-
induced septic murine. The animals were assigned as a healthy control, a septic control, and three
treatment groups (250, 500, and 1000 IU oral SOD). Treatment of SOD was carried out by force-
feeding for 16 weeks prior to intraperitoneal injection of lipopolysaccharide (LPS). The sepsis was
assessed using the murine sepsis score (MSS) after 12 hours post-LPS injection, where the changes
in plasma SOD, ROS, NO, creatinine, and NGAL were measured by enzyme-linked immunosorbent
assay (ELISA). During sepsis, SOD was significantly decreased from its baseline level while other
biomarkers were significantly increased (p<0.05) — except for NGAL. MSS exhibited a declining
trend in SOD dosage-dependent manner, and was significantly different with that of septic control
group at SOD dosage of 1000 IU (p<0.05). SOD treatment with a dosage as low as 250 IU could
prevent the abnormal expression of the tested biomarkers during sepsis. There were significant
reduction of plasma ROS, NO, creatine and NGAL in rats treated with 1000 |[U SOD. Our study
suggests the protective effect of SOD against sepsis-induced AKI by scavenging ROS and NO.

1- Introduction
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Sepsis is a primary cause of acute kidney injury (AKI) and sepsis is more likely to cause AKI (26-50%) than primary
kidney diseases (7-10%) in adults [1]. A multicenter study reported that sepsis was responsible for at least 50% of AKI
cases in intensive care units (ICUs) and was associated with high mortality [2]. A retrospective study of 11 years' duration
suggested that sepsis was predominantly responsible for AKI in children admitted to hospitals [3]. Sepsis has been
identified as an independent risk factor for the development of AKI [4], and AKI is a major contributor to the

development of sepsis in critically ill patients [5-7].
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The mechanism of sepsis-related AKI remains poorly understood. Evidence suggests that it may involve ischemia-
reperfusion (IR) injury in the glomerulus, nephron inflammation, hypoxia, and overproduction of oxidative stress,
cytokines, and chemokines causing tubular injury and mesenchymal cell apoptosis [8, 9]. Of these, oxidative stress could
be considered as the most common mechanism. A postmortem study on humans with sepsis-related AKI revealed that
renal tubular epithelial cell vacuolization was associated with oxidative stress [10]. The production of reactive oxygen
species (ROS) and nitric oxide (NO) increased in septic patients, indicating the state of oxidative balance impairment
[11]. Both ROS and NO, along with other inflammatory mediators, contribute to the pathogenesis of mitochondrial
dysfunction [12-14]. Additionally, NO is also associated with renal hemodynamic alteration and tubular injury via nitric
peroxide formation during sepsis [10].

In response to the generation of oxidative stress, endogenous superoxide dismutase (SOD) is synthesized in
mitochondria with the main function of neutralizing free radicals [15, 16]. However, a study found that SOD was
significantly reduced in septic patients, leading to an antioxidant—oxidative stress imbalance [17]. To overcome this,
studies have employed exogenous SOD to cure various oxidative stress-related diseases. A study using cats infected with
feline immunodeficiency virus (FIV) reported that 30-days of administration of SOD improved the endogenous SOD
and immune system [18]. Another study investigated the role of 12-days oral administration of melon-based SOD and
found a significant reduction in diabetes-related intrarenal oxidative stress [19].

In the case of sepsis, the use of exogenous SOD as a therapeutic approach is still scarce. A study investigating septic
murine model induced via cecal ligation puncture (CLP), revealed that an administration of SOD 2 hours prior to the
sepsis induction showed improvement in plasma leukocytes, thrombocytes, lactate, and glucose; although the survival
was not significantly different compared to control group [20]. The protective effect of SOD on lung tissue was reported
by a study using a murine model with a similar CLP induction method [21]. Collectively, exogenous SOD could be
considered a promising therapy for multi-organ injury caused by sepsis, including AKI.

The aim of this study is to investigate the effectiveness of melon-based SOD in managing oxidative stress as a
treatment for sepsis-associated AKI. Herein, the murine model was injected with lipopolysaccharide (LPS) endotoxin,
which is closely related to sepsis pathogenesis [22, 23]. The dosages of oral SOD were 250, 500, and 1000 1U for 16
weeks. The effect of SOD on sepsis-related AKI was assessed based on the expression of creatinine and neutrophil
gelatinase-associated lipocalin (NGAL), the common biomarkers for early AKI.

2- Materials and Methods
2-1- Materials

The LPS, procured from Sigma-Aldrich (MO, USA), was isolated from Escherichia coli (serotype O55:B5). The LPS
was used to induce sepsis in rat model. Commercial melon-based SOD (Glisodin®) used in this research was available
in combination with gliadin. All the reagents used in this research were procured from Merck (Selangor, Malaysia).

2-2- Study Design

The research was conducted on murine model (Rattus norvegicus) which were obtained from Universitas Gadjah
Mada (Yogyakarta, Indonesia). The LPS-induced sepsis rats were treated with commercial melon SOD through oral
route administration for 16 weeks, where related biomarkers were measured before and post-treatment. The procedures
employed in this research could be seen in Figure 1.

2-3- Treatment and Sepsis Induction

A total of 25 R. norvegicus weighing from 0.20 to 0.25 kg were firstly acclimated and then equally divided into five
groups, namely group I, Il, I, 1V, and V. All groups received free access to food and water. During 16 weeks of
treatment, rats in group 11, 1V, and V were fed with 250, 500, and 1000 1U SOD daily, respectively. Thereafter, to induce
the sepsis, intraperitoneal injection of LPS (10 mg/kg body weight) were carried out for all groups, except for group |
that was injected with saline (acting as healthy control). Group Il was assigned as a septic control group which received
only intraperitoneal injection of LPS without the administration of SOD. The venous blood was collected from each
animal and the plasma were used to measure the expressions of SOD, ROS, NO, creatinine, and NGAL pre- and 12-
hours post-LPS injection. Sepsis in the murine model was assessed using Murine Sepsis Score (MSS) indicated by
following parameters: physical appearance, eyes, response to stimuli, level of consciousness, breathing quality, and
respiratory rate. The grading system for the MSS referred to the previous report [24].

2-4-Biochemical Analysis

Enzyme linked immunosorbent assays (ELISAs) were performed to determine the expressions of SOD, ROS, NO,
creatinine, and NGAL using commercial Bioenzy ELISA Kits (Jakarta, Indonesia). The serum samples (40 pL) and
streptavidin-horseradish peroxidase (HRP) (50 uL) were sequentially added into a microwell that had been coated
with rat antibody of each aforementioned biomarker. Samples were incubated for 60 min and washed five times with
0.35 mL Wash buffer in a microplate washer (ImmunoWash 1575, Jakarta, Indonesia) for 1 min. Into each well, 50 pL.
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substrate A and 50 substrate B were sequentially added, followed by an incubation at 37°C for 10 min. Prior to the
analysis using Bio Rad x Mark microplate spectrophotometer at 450 nm, stop solution was added into each well (50 pL).
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Figure 1. Flowchart of the procedures of study. The rats were equally divided into five groups, where the treated groups
received oral SOD daily for 16 weeks. The MSS and expressions of plasma SOD, ROS, NO, creatinine, and NGAL were
measured upon pre and 12-hour.

2-5- Statistical Analysis

MSS was statistically analyzed using Post Hoc Tamhane test. To compare the data of the markers pre- and post-
injection of saline or PLS, the dependent t-test was used. To determine the between groups, analysis of variance
(ANOVA) was employed.

3- Results
3-1- Endotoxin-induced Sepsis

Sepsis induction in rats were confirmed using MSS as presented in Figure 2. Group | which received saline injection
only had no sign of sepsis. Compared to Group 1, those in Group Il that received LPS injection only had higher MSS
scores (mean 22.4 + 2.7) (p<0.005). The MSS scores were declining in group I, 11, and 11l treated with 250, 500, and
1000 IU SOD, respectively. The reduction of sepsis scores was observed to be SOD dosage-dependent and significantly
lower at 1000 IU.

*P =0.001
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Figure 2. Murine sepsis score of samples in group | — V observed after 12 hours post-LPS injection. *Group 11 vs. group |
and **group 11 vs. group V; significant at p<0.05 based on Post Hoc Tamhane test
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3-2- Endogenous SOD

The level of endogenous SOD post-LPS injection was significantly lower compared to pre-LPS injection suggesting
SOD was affected by sepsis showing with p<0.05 (Table 1). Similar level of endogenous SOD, however, could be
maintained in a group with oral intake of 250 IU SOD. In groups administered with 500 and 1000 IU SOD, the depletion
of SOD expression were 0.21-fold and 0.29-fold compared to baseline, respectively. However, the level of endogenous
SOD in the aforementioned groups remained above the healthy control at 12 hours post-LPS injection. Additionally, a
significant variation of endogenous SOD level before the LPS injection was also obtained, where the levels were higher
in groups treated with oral SOD (Table 1).

Table 1. The effect of oral SOD on the expressions of SOD, ROS, and NO in LPS-induced sepsis rats

Group Superoxide dismutase Reactive oxygen species Nitric oxide
Pre-injection  Post-injection p? Pre-injection Post-injection p? Pre-injection  Post-injection p?

Healthy control 0.52+0.10 0.55+0.14 0.73 52.74+4.90 51.50+7.16 0.77 18.50+4.09 18.16+2.22 0.83
Septic Control 0.60+0.00 0.56+0.00 0.00 52.68+7.37 62.18+6.16 0.00" 17.91+1.54 20.65+1.62 0.03"
250 IU 0.63+0.00 0.73+0.10 0.13 73.22+14.96 68.32+5.90 0.59 21.06+1.31 19.92+2.36 0.25
500 IU 3.87+0.89 0.83+0.00 0.02 64.50+8.34 71.69+19.02 0.50 18.14+2.30 18.36+2.29 0.91
1000 IV 2.86+1.32 0.83+0.14 0.02 64.20+7.22 46.11+12.10 0.00 17.59+2.45 16.08+3.56 0.46

p 0.00 0.00" 0.01" 0.01" 0.24 0.07

“Significant at p<0.05; 2 Analyzed with dependent t-test; ® Analyzed with ANOVA.

3-3- ROS and NO

Observation on plasma ROS and NO expressions suggested their significant increase upon 12 hours post-LPS
injection at p<0.05 (Table 1). Prior to the injection, the levels of ROS were significantly varied. The oral administration
of SOD with a dosage of 250 and 500 IU were able of maintaining the similar value during sepsis. However, a significant
decline of ROS as much as 0.72-fold baseline was observed. As in the case of NO, there were no significant changes of
its expression before and after the LPS injection at any SOD dosage (Table 1).

3-4- Creatinine and NGAL

The level of plasma creatinine, collected before and after LPS injection, were measured and the data are presented in
Table 2. Our data suggested a dynamic change of creatinine level indicating by a significant reduction in healthy control.
Meanwhile, its expression was significantly increase in plasma of septic rats without the treatment of oral SOD. The
level was unchanged in a group treated with 250 IU SOD. Higher SOD dosage could yield a significant reduction of
creatinine levels upon LPS injection. In contrast to creatinine, NGAL level did not change significantly during sepsis,
although a certain extent of increment was observed. There was no significant different of NGAL level before and after
LPS injection (Table 2). Nonetheless, daily SOD intake of at least 500 1U could significant reduced NGAL level upon
sepsis. Plasma NGAL was also further reduced, reaching 0.59-fold baseline, by increasing the SOD dosage to 1000 IU.

Table 2. The effect of oral SOD on the expressions of creatinine and NGAL in LPS-induced sepsis rats

Creatinine Neutrophil gelatinase-associated lipocalin
Group Pre-LPS Post-LPS p? Pre-LPS Post-LPS p?
Healthy control ~ 194.01+4.12 187.73¢5.63  0.02" 20.25+4.5 20.67+2.60 0.56
Septic control 181.04+8.90 191.15¢7.53  0.04" 18.11+2.86 23.45x3.45 0.06
250 IU SOD 193.11+10.68 180.48+13.04 0.11 22.32+3.97 17.87+4.46 0.07
500 IU SOD 196.95+11.92 186+12.82 0.01" 21.79+3.79 17.67£3.64 0.00
1000 IU SOD 190.21+11.64  176.69+9.78  0.01" 21.58+3.96 12.82£1.91 0.01"
p° 0.15 0.21 0.36 0.00"

“Significant at p<0.05; ? Analyzed with dependent t-test; ® Analyzed with ANOVA

4- Discussion

In this present study, we observed the sepsis on rats after 12 hours post-LPS injection based on MSS score along with
overwhelming oxidative stress. Previously, a study revealed that the intraperitoneal injection of LPS could induce sepsis
in murine model that eventually led to AKI [23]. LPS administration causes systemic inflammation to the murine model
by upregulation of proinflammatory cytokines [22]. As immune cells are activated, the inflammation could cause a
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mitochondrial dysfunction leading to the excessive release of ROS and NO. Additionally, hypoxic injury may occur
during sepsis, leading to the overproduction of ROS via metabolic processes [25, 26].

Sepsis could progress to multi-organ dysfunctions, mostly associated with excessive oxidative stress [8]. Sepsis is the
main contributor to the development of AKI thought several mechanisms such as glomerulus injury, inflammation,
microvascular dysfunction, and tubular injury [8, 27]. Kidney acts as the main route for the elimination of amino acids
metabolism product — creatinine. Patients with AKI have abnormalities in the excretion of urinary creatinine, therefore
could be correlated with the severity of kidney failure [28]. Creatinine was also suggested as the most suitable biomarker
for early diagnosis of sepsis-related AKI [29]. The significant increase on creatinine expression in our current
observation, therefore suggests the initiation of renal function impairment. According to previous reports, significant
increase of serum creatinine in human might occur after at least 50% of renal parenchyma has been injured [30, 31].

Furthermore, we conducted an observation on NGAL expression before and after sepsis induction using LPS
injection. Its use as a biomarker of sepsis-induced AKI was based on the fact that NGAL production was stimulated by
preventive measures of renal tubular epithelial cells against the ischemia-reperfusion injury [32]. Moreover, this
biomarker has been reported more effective for early detection of sepsis-induced AKI, in comparison with creatinine
[33]. However, our present results suggest NGAL expression in septic murine was not significantly different with the
baseline. Nonetheless, previous in vivo study suggested the discriminative NGAL expression appeared optimum in
plasma sample after 6 hours sepsis induction using LPS [34]. The difference in our findings with that of reported could
be subjected to different the type of sample and analysis. The use of NGAL as the proposed biomarker is rather
inconclusive, where different results were obtained from studies using different subjects, types of sample (urinary or
serum), or hospital settings [35, 36].

Our findings showed that endogenous SOD in rats were suppressed upon LPS injection, disabling the recovery from
oxidative imbalance. A previous prospective observation revealed significant attenuation of both plasma SOD and
catalase activities along with their inverse correlation with the severity of organ failure [17]. SOD has a role in converting
superoxide radical into hydrogen peroxide which could be eventually removed by catalase and peroxidase enzymes [37].
Hence, many have agreed on the therapeutic value of SOD to protect the mitochondria from oxidative damage during
sepsis. To elevate the level of endogenous SOD, a study had employed intravenous infusion to administer exogenous
SOD proved to improve the outcome in septic rats [38]. Induction of endogenous SOD had also already been carried out
via subcutaneous injection of insulin resulting in improved outcomes [39].

Herein, the SOD administered through oral route enabled to increase the expression of endogenous SOD. Despite the
injection of LPS, the SOD values in the treated groups were still higher than healthy control. It implicates that SOD
elevation prior to sepsis onset could prevent the excessive oxidative stress as suggested by the observation on sepsis
score that decreased in a concentration-dependent manner. It is further corroborated by significantly lower expressions
of ROS and NO in plasma collected from SOD group, in contrast with septic control. The attenuation of oxidative stress
subsequently reduces the risk of AKI as indicated by creatinine expression. Interestingly, daily intake of SOD as low as
250 1U could maintain the level of creatinine upon sepsis. Moreover, increasing the SOD dosage could improve the
creatinine clearance, where similar outcome was also reported in a randomized clinical trial using alkaline phosphatase
therapy [40].

At 12 hours after LPS injection, NGAL expression was maintained in a group administered with 250 U SOD. Further
increase on the dosage led to significant drop of NGAL expression from the baseline. It is still unknown how SOD
elevation could attenuate endogenous NGAL as triggered by sepsis induction. Currently, there is a debate on the role of
NGAL in the progression of renal IR injury. One study suggested that NGAL provides protective effect against renal IR
injury in murine model via autophagy activation [32]. Meanwhile, the other reported aggravated renal IR damage
concomitant to NGAL-induced overproduction of autophagy in vitro [41]. Both, however, indicated the importance of
NGAL in the pathogenesis of AKI, which could be potentially exploited for the therapeutic treatment. Hence, dosage of
SOD should be carefully determined to yield the optimum outcome. It is also worth mentioning that the MSS was
significantly lower in treatment group with 1000 1U SOD, in comparison with septic control group. In comparison with
a published study who used tempol to induce endogenous SOD, they reported the effective dosage of 4-weeks 1.5
mM/kg/day transdermal injection [42]. Other study required a dosage of 1 mmol/L oral tempol through drinking water
for 8 weeks to achieve an improvement of oxidative balance in septic rats [43].

The strength of our investigation included the long duration of oral SOD administration to the rat sample with dosages
ranged from 250 1U to 1000 IU. Nevertheless, it is important to note the limitations in this study including the small size
of the sample. In this case, heterogeneity among samples was hard to overcome. Furthermore, the observation of AKI
occurrence in our study was only based on biomarkers. Creatinine has various clearance pathways making its use as a
biomarker less definitive [44]. Similarly, NGAL is not only specifically produced in kidney tubules but also in failing
myocardium which contributes to higher false-positive rate [45]. In the future, it is important to investigate the septic
condition not only based on the biomarkers but also should be accompanied with histological analysis on the renal tissue.
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5- Conclusion

Administration of exogenous melon SOD to rat models could increase the level of the endogenous SOD, even
following the intraperitoneal injection of LPS. The injection resulted in the occurrence of sepsis in a murine model based
on MSS and changes in ROS and NO expression levels. Moreover, the increase in plasma ROS and NO is attributed to
an increase in oxidative stress disruption, which is responsible for the development of AKI. Observation of the change
in creatinine further suggests the initial stage of renal damage induced by a septic condition. However, NGAL expression
was found to insignificantly increase after the LPS induction, which was probably due to the type of sample and analysis
time. The role of SOD in improving the condition of septic murine could be observed in the MSS, where daily
administration of 1000 Ul SOD for 16 weeks was found to contribute significantly. Investigation into plasma ROS and
NO revealed that administration of oral SOD had a role in preserving the oxidative balance, where the administration of
SOD as low as 250 1U/day for 16 weeks was sufficient to keep the biomarker expressions insignificantly different from
that of pre-LPS injection. A similar dosage of oral SOD was also found to yield an insignificantly different level of AKI-
associated biomarkers (creatinine and NGAL). Taken altogether, the findings proved the protective effect of SOD against
the development of AKI during sepsis by restoring the oxidative stress imbalance. Furthermore, our study suggested oral
administration of SOD could manipulate the endogenous NGAL expression during sepsis, which could be a new
treatment strategy for sepsis-related AKI. Nonetheless, further investigation needs to be carried out to confirm the role
of exogenous SOD in the alteration of NGAL expression during sepsis.
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