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Abstract

Sepsis is related to systemic inflammation and oxidative stress, the primary causes of death in intensive care units. Severe
functional abnormalities in numerous organs can arise due to sepsis, with acute lung damage being the most common and
significant morbidity. Spirulina, blue-green algae with high protein, vitamins, phycocyanin, and antioxidant content, shows
anti-inflammatory properties by decreasing the release of cytokines. In addition, zinc (Zn) and selenium (Se) act as an anti-
oxidant by inhibiting the oxidation of macromolecules, as well as the inhibition of the inflammatory response. The current
study aimed to examine the combined properties of Zn, Se, and phycocyanin oligopeptides (ZnSePO) against lipopolysac-
charide-D-galactosamine (LPS-GalN)-induced septic lung injury through survival rate, inflammatory, and histopathological
changes in Balb/c mice. A total of 30 mice were allocated into three groups: normal control, LPS-GalN (100 ng of LPS plus
8 mg of D-galactosamine), LPS-GalN + ZnSePO (ZnPic, 52.5 pg/mL; SeMet, 0.02 pg/mL; and phycocyanin oligopeptide
(PO), 2.00 mg/mL; at 1 h before the injection of LPS-GalN). Lung tissue from mice revealed noticeable inflammatory reac-
tions and typical interstitial fibrosis after the LPS-GalN challenge. LPS-GalN-induced increased mortality rate and levels
of IL-1, IL-6, IL-10, TGF-p, TNF-a, and NF-kB in lung tissue. Moreover, treatment of septic mice LPS-GalN + ZnSePO
reduced mortality rates and inflammatory responses. ZnSePO considerably influenced tissue cytokine levels, contributing
to its capacity to minimize acute lung injury (ALI) and pulmonary inflammation and prevent pulmonary edema formation in
LPS-GalN-injected mice. In conclusion, ZnSePO treatment enhanced the survival rate of endotoxemia mice via improving
inflammation and oxidative stress, indicating a possible therapeutic effect for patients with septic infections.
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Introduction

Sepsis is a significant health problem worldwide, caused by
an uncontrolled inflammatory response to infection, which
can cause multi-organ failures and even death [1]. The inci-
dence of sepsis is associated with wounds, bacteria, or bac-
terial toxins such as lipopolysaccharide (LPS), an essential

< Kazim Sahin
nsahinkm @yahoo.com

Department of Microbiology, Fethi Sekin City Hospital,
Elazig, Turkey

Division of Biology, Faculty of Science, Firat University,
23119 Elazig, Turkey

Department of Animal Nutrition, Faculty of Veterinary
Medicine, Firat University, 23119 Elazig, Turkey

element of the Gram-negative bacterial outer membrane.
Previous data have presented that low-dose LPS application
in mice can contribute to the onset of systemic inflammation
and apoptosis [2, 3]. LPS stimulates the transcription factor
nuclear factor kappa B (NF-kB), which after translocation
to the nucleus, stimulates the production of cytokines and
chemokines, including tumor necrosis factor-alpha (TNF-
a) and interleukin-1 beta (IL-1f). TNF-a and IL-1p, which
can cause systemic problems by directing leukocytes to the
inflamed area, have an essential role in the early stages of
inflammation and defense. TNF-a overproduction can harm
the body and cause septic shock [4]. Increased cytokine lev-
els cause rapid onset of systemic inflammatory response syn-
drome (SIRS) and dose-related mortality [5].

Spirulina platensis (Arthrospira platensis) is a microalga
rich in vitamins (vitamins E and C), proteins, minerals, phy-
topigments, phenolic acids, betacarotene, gamma-linoleic
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acid, phycocyanins, and chlorophyll. These substances have
antimicrobial, antioxidant, anticancer, anti-inflammatory,
hypolipidemic, hypoglycemic, antiplatelet, hepatoprotec-
tive, and antihypertensive properties [6]. It has been dem-
onstrated that spirulina exhibits anti-inflammatory posses-
sions, mainly by decreasing the release of cytokines [7].
C-Phycocyanin (PO), a pigment protein with many biologi-
cal activities like antioxidant and anti-inflammatory activi-
ties, immunomodulation, antiplatelet, and hepatoprotective,
is highly dominant in spirulina. It is gaining popularity due
to its bioactive properties in reported studies [8]. PO is used
as a crude material to prepare nutraceutical products [9].
Even anticancer bioactivity has been reported [10]. Recent
research has found that the PO has considerable antioxidant
effects, suggesting that it might be used to treat oxidative
stress-related disorders [11]. So far, in vivo experimental
findings regarding PO’s immunomodulatory and antioxidant
effects are insufficient, and more in vivo studies are needed
before human studies [12].

Zinc (Zn) is a crucial trace element because of its func-
tion in energy metabolism and antioxidant qualities in the
body, particularly in the cellular immune system. Zinc is
required for optimal growth and function in neutrophils, nat-
ural killer cells, and macrophages [13]. Studies have shown
that a Zn deficiency negatively impacts chemotaxis and
immune system functions [14]. Zinc is vital for the proper
structure and function of many biological enzymes, such as
lactate dehydrogenase, superoxide dismutase, and carbonic
anhydrase [15]. One of the critical properties of zinc is that it
modulates the production of inflammatory cytokines. Stud-
ies have reported that Zn deficiency can increase inflamma-
tion, organ injury, and mortality and that short-term zinc
supplementation can improve these effects [16].

Selenium (Se) is a vital trace element needed by humans
and animals. It is a critical co-factor in the antioxidant
enzyme system and is found in at least 25 selenoproteins
[17]. Se deficiency can cause several pathological reactions,
such as apoptosis, autophagy, and necrosis [18]. Further-
more, inflammation is a significant pathological response
to a Se deficiency. As a result of Se deficiency, pro-inflam-
matory factors such as TNF-o and NF-xB are also released,
worsening inflammatory lesions [19-21]. Selenomethionine,
the selenium analog of methionine, has been a reactive oxy-
gen species scavenger. Selenomethionine has been shown to
reduce oxidative stress, accelerate cell viability and growth,
and heal tissue and organ damage [22].

Various forms of Zn, Se, and PO, alone or together, have
been used as supplements to investigate their metabolic
effects in animals and humans [12, 23]. For example, it has
also been reported that spirulina is more effective when
enriched with a few essential elements, such as selenium
[24]. However, there are no detailed studies investigating
the effect of the combination of zinc picolinate (ZincPic),
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selenomethionine (SeMet), and PO on survival, inflamma-
tion, and antioxidant status in mice injected with lipopol-
ysaccharide-D-galactosamine (LPS-GalN). Therefore, we
hypothesized that ZincPic, SeMet, and PO combinations
improve survival, lipid peroxidation, antioxidant enzyme
(SOD) and glutathione peroxidase (GPx), and lung IL-1f,
IL-6, IL-10, NF-xB, TGF-f, and TNF-a levels in mice
injected with LPS-GalN.

Materials and Methods
Animals

A total of 30 Balb/c mice (8 weeks, weighing 20-25 g) were
from the Firat University (FUDAM). The mice were housed
in agreement with the laboratory animal use and care pro-
cedures at the Laboratory Animal Research Center of Firat
University. Mice were fed in a controlled room (22 +2 °C,
50 +5 relative humidity, 12-h light and dark). The study was
permitted by the University Animal Ethics Committee and
done according to the standard ethical guidelines described
in the European Economic Community rules (EEC, 1986).

Study Design

Except for control mice, animals were injected with an i.p.
injection of LPS plus D-galactosamine (Sigma, St. Louis,
MO). The LPS-galactosamine mixture was freshly pre-
pared at 500 puL (consisting of 100 ng of LPS plus 8 mg
of D-galactosamine, Sigma, St. Louis, MO) and adminis-
tered to each mouse (i.p.). Control animals were treated
with 0.5 mL normal saline (NS), i.e., an aqueous solution
of 0.9% NaCl instead of ZnSePO [25]. Thirty BALB/c male
mice, all genetically identical and of the same age, were allo-
cated into 3 groups (n=10): (1) control, mice injected (i.p.)
with normal saline; (2) LPS-GalN, mice were injected (i.p.)
with a single dose of LPS combined with D-galactosamine;
(3) LPS-GalN +ZnSePO, mice were given LPS-GalN and
ZnSePO (Zn picolinate, 52.5 pug/mL; selenomethionine,
0.02 pg/mL; phycocyanin oligopeptide, 2.00 mg/mL solu-
tion) at 1 h before the injection of LPS-GalN. All supple-
mental products were obtained by Nutrition 21 (NY, USA).
After then, the mice’s survival was tracked for 24 h. Stand-
ard diet and water were provided ad libitum. The standard
rodent diet was used in this study (Table 1).

Malondialdehyde (MDA) Levels and Activities
of SOD and GPx Enzymes

According to the manufacturer’s procedures, the activities
of SOD and GPx in the lung tissues were detected using
commercially available kits (Cayman Chemical, Ann
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Table 1 Composition of

. - Ingredients %
experimental diet

Casein 20.00
Cornstarch 57.95
Sucrose 5.00
Soy oil 7.00
Cellulose 5.00
Mineral premix* 35
Vitamin premix** 1.0
L-Cysteine 0.30
Choline bitartrate 0.25
*AIN-93G-MX

“AIN-93G-VX

Arbor, MI, USA). As earlier defined, MDA levels were
determined in the lungs [25]. Tissue samples were analyzed
for MDA using high-performance liquid chromatography
(HPLC, Shimadzu, Kyoto, Japan). Specifically, an HPLC
system equipped with the LC solution Software (Shimadzu,
Kyoto, Japan), a UV Detector (SPD-20A), and a column
(Inertsil ODS-3, 250X 46 mm, 5 mm) were used. Samples
(0.3 g) were homogenized in a mixture of 0.5 mL of HCIO,
(0.5 M), 2.5 mL distilled water, and 2[6]-di-tert-butyl-p-
cresol (BHT) for precipitating proteins. Then, the samples
were centrifuged at 4500 rpm for 5 min, and supernatants
were injected into the HPLC system. The mobile phase was
30 mM KH,PO,-methanol (82.5+17.5, v/v %, pH 3.6), and
the flow rate was 1 mL min~!. The injection volume was 30
pL, and chromatograms were scanned at 250 nm.

Western Blot Analyses

Lung tissue IL-1p, IL-6, IL-10, NF-xB, TGF-f, and TNF-«
levels were determined by western blot analysis [25]. After
electrophoresis with SDS-PAGE, the separated proteins
from the gel were transferred onto a nitrocellulose mem-
brane Antibodies (Abcam, Cambridge, UK) sensitive to
IL-1p (ab282021), IL-6 (ab208113), IL-10 (ab9969), NF-xB
(ab16502), TGF-p (ab31013), and TNF-a (ab6671) proteins
(containing 0.05% Tween®-20) were diluted 1:1000 in
PBS buffer. The loaded proteins were checked with p-actin
against monoclonal mouse antibodies (A5316; Sigma). The
obtained bands were analyzed densitometrically with the
Image J image analysis system (National Institute of Health,
Bethesda, MD, USA).

Quantitative Real-Time qPCR Analyses

Total RNA was extracted from the mouse lung using a
GeneJET RNA extraction kit (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s guide-
lines, and the quality and concentration of the RNA were

verified by Thermo Qubit 4.0 equipment from Invitrogen™
by Life Technologies (Thermo Fisher Scientific, Waltham,
MA, USA). Complementary DNA (cDNA) was generated
from 1 pg of total RNA in a 20-pL reaction volume using an
RT? HT First Strand Kit (Catalog no. 330411, Qiagen, Ger-
many). Real-time quantitative reverse transcription PCR was
performed on cDNA aliquots with an RT?> SYBR® Green
ROX FAST Mastermix (Catalog no. 330620, Qiagen) to
quantitatively assess the gene expressions on Rotor-Gene
Q (Qiagen). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as the internal control. The primers
used for the amplification are as follows: gene ID 16,176,
forward sequence TGGACCTTCCAGGATGAGGACA,
reverse sequence GTTCATCTCGGAGCCTGTAGTG; gene
ID 16,193, forward sequence TACCACTTCACAAGTCGG
AGGOC, reverse sequence CTGCAAGTGCATCATCGT
TGTTC; gene ID 21,803, forward sequence TGATACGCC
TGAGTGGCTGTCT, reverse sequence CACAAGAGC
AGTGAGCGCTGAA; gene ID 21,926, forward sequence
GGTGCCTATGTCTCAGCCTCTT, reverse sequence GCC
ATAGAACTGATGAGAGGGAG; gene ID 14,433, forward
sequence CATCACTGCCACCCAGAAGACTG, reverse
sequence ATGCCAGTGAGCTTCCCGTTCAG. Each PCR
was made in triplicate, and the mean Ct value was used for
statistical analysis. mRNA expressions were standardized
using the GAPDH expression levels and then normalized to
the control group.

Histopathological Analyses

Tissue samples from the lungs of all the mice in each group
were taken for pathological examination once they were
dead. Another piece was taken for additional analysis, and
3-m slices were cut, deparaffinized, dried, and stained with
hematoxylin and eosin (H&E) after being fixed in 10% for-
malin solution and processed for histopathologic evaluation.

Statistical Analysis

Data were analyzed using the SPSS software (IBM, SPPS
Version 21, or/and GraphPad Prism version 8.0) for Win-
dows. The Shapiro—Wilk test evaluated whether the vari-
ables were normally distributed. Continuous data were
analyzed by parametric analysis of variance (ANOVA) test
for normally distributed variables (Shapiro—Wilk test result
p>0.05). ANOVA was performed, and the Tukey test was
used for post hoc comparisons among the groups. The daily
survival rates of mice in various treatment groups were ana-
lyzed using the Kaplan—Meier approach and the log-rank
chi-square test. Log-rank survival analysis was performed
to compare survival between different groups. All p values
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LPS LPS+ZnSePO 11.721 0.0006

were two-tailed, and values < 0.05 were considered to indi-
cate statistical significance.

Results

The survival rate of the mice was monitored for 24 h. As
shown in Fig. 1, mice treated only saline (control) all sur-
vived. Mice injected only with LPS-GalN suffered subsequent
death in 5.36 h, and the mortality rate was 100%. However, we
reported the mortality rate of pretreatment with ZnSePO on
LPS-GalN-induced lung damage significantly decreased. In
contrast to the consistently fatal treatment outcome found in
LPS-GalN mice, who had a median survival period of 5.36 h,
60% of mice treated with ZnSePO survived, with an aver-
age survival duration of 24 h (log-rank=11.72, p=0.0006;
Fig. 1). The lung MDA levels were much higher in LPS-
GalN-exposed mice than in healthy control group mice. The
activities of SOD and glutathione peroxidase (GPx) were
substantially lower, representing severe oxidative stress in
tissue (p <0.0001, Fig. 2). When compared to LPS-GalN-
exposed mice, lung MDA levels were lower (p <0.001), and
SOD and glutathione peroxidase (GPx) activities were greater
(p<0.0001) in the ZnSePO treatment group (Fig. 2).
Western blot examination of lung tissue cytokine
levels in LPS-GalN-injected mice revealed significant
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results compared with control mice not injected with
LPS-GalN (p <0.0001 for all; Fig. 3). In mice exposed to
LPS-GalN, transcription factor NF-xB and inflammatory
cytokine levels (IL-1f, IL-6, IL-10, TGF-f, and TNF-
o) were dramatically elevated at death (p < 0.0001 for
all, Fig. 3), consistent with a cytokine storm and severe
systemic inflammation. IL-1p, IL-6, and IL-10 were
noticeably lower in LPS-GalN + ZnSePO-treated mice
compared to LPS-GalN-injected mice alone (p < 0.0001
for all; Fig. 3). In addition, western blot results indicated
that the NF-kB, TGF-f, and TNF-a levels were signifi-
cantly decreased in lungs treated with ZnSePO compared
with the LPS-GalN group (p <0.0001 for all; Fig. 3).
RT-qPCR was performed to investigate the effects of
ZnSePO administration on inflammatory cytokines and
NF-kB signaling pathway activation in lung tissue, and
the results indicated that the mRNA expressions of IL-1f,
IL-6, TGF-f, and TNF-a were increased in the LPS-GalN
group compared with the control (p < 0.0001 for all;
Fig. 4). However, the results indicated that the expres-
sions of IL-1B (p <0.0001), IL-6 (p =0.0035), TGF-$
(p <0.0001), and TNF-a (p =0.0008) were decreased in
the ZnSePO group compared with LPS-GalN (Fig. 4).
Histological alterations associated with severe acute
ALI were seen in H/E-stained lung tissues from LPS-GalN-
injected mice, including alveolar hemorrhages, thickening
of the alveolar wall, edemas/congestion, and leukocyte
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infiltration (Fig. 5). The lung tissues of the mice that were
not administrated with LPS-GalN did not show any such
histological alterations. ZnSePO significantly reduced
LPS-GalN-induced ALI. The ZnSePO treatment dramati-
cally decreased alveolar wall thickness, a marker of pulmo-
nary edema (Fig. 5). In LPS-GalN-injected mice, ZnSePO
seemed to inhibit the development of pulmonary edema.
ZnSePO administration reduced the LPS-GalN-related mor-
tality rate by reducing the systemic inflammatory response
and improving lung injury.

Discussion
This study examined the properties of combining Zn, Se,

and PO on septic lethality and sepsis-induced inflam-
mation using a mouse model of mice injected with

LPS-GalN. A combination of Zn, Se, and PO pretreat-
ment contributed 60% to the survival rates of septic mice
by reducing pro-inflammatory and anti-inflammatory
cytokines in septic mice.

Combining current methodologies can help research-
ers better understand certain elements of sepsis develop-
ment and generate new and creative treatment options
[26]. Previous studies show that the synergistic impact
of a broad range of antioxidants is more beneficial than
utilizing a single antioxidant [27]. It is known that anti-
oxidants derived from natural sources have better bio-
availability and, as a result, a stronger protective effi-
ciency than antioxidants derived from synthetic sources
[28]. Several vital elements, such as selenium, were sup-
plemented with spirulina in some studies. Hassan et al.
showed that the combined impact of spirulina enhanced
with Zn and Se in rabbits has resulted in better growth
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Fig.3 The effects of LPS-GalN +ZnSePO administration on interleu-
kin 1B (IL-1p, panel A), interleukin-6 (IL-6, panel B), interleukin-10
(IL-10, panel C), nuclear factor kappa B (NF-kB, panel D), trans-
former growth factor-beta (TGF-, panel E), tumor necrosis factor-

than alone [29]. The beneficial effects of spirulina,
selenium, and zinc supplementations had already been
described, also evidenced in our experiment. Castel
et al. demonstrated that Se (88%) rats had better sur-
vival than Se + spirulina (50%) rats. They also stated that
spirulina reduces the positive results of sepsis and that
more research is needed on this subject [30]. Contrary
to this study, our data revealed the valuable properties of
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alpha (TNF-a, panel F) protein levels, and bands (panel G). Differ-
ences between groups were demonstrated using one-way analysis of
variance (ANOVA) and the Tukey test as a post hoc test

spirulina in combination with zinc and selenium in septic
mice. According to our results, the ZnSePO application
not only prolonged the survival time but also increased
the survival rate to 60%. High nitrogenous substances in
spirulina biomass, especially free amino acids and phe-
nolic compounds, have been reported to provide antimi-
crobial or bacteriostatic properties and better growth and
survival [31]. Ganatra et al. reported that juvenile mice
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Fig.4 Effects of LPS- A
GalN +ZnSePO administration
on interleukin 1p (IL-1p, panel
A), IL-6 (panel B), transform-
ing growth factor-beta (TGF-p,
panel C), and tumor necrosis
factor-alpha (TNF-a, panel

D) mRNA protein expression
levels in a mouse septic shock
model. Differences between
groups were demonstrated using
one-way analysis of variance
(ANOVA) and the Tukey test as
a post hoc test

oo}

p=0.0041 25+ p=0.0002
2.0 : ] '

0.0001 =0.0035
p<0.0001  p<0.0001 :p< .4 ;

2.0

IL-1B
Relative mRNA quantification
1L-6
Relative mRNA quantification

@
w,

p=0.0004

p=0.0002 i B '
2.5+ ; : 2.0+ _p=0.0001 .p—0.0008

<0.0001 »<0.0001

TGF-B

Relative mRNA quantification
TNF-a

Relative mRNA quantification

LY

Control LPS+ ZnSePO

Fig. 5 Histopathological changes in lung tissue of LPS-GalN +ZnSePO application in mouse septic shock model (H&E x400)

treated with zinc supplementation showed significantly We observed that lung MDA levels were consider-
improved survival (50%) in sepsis secondary to polymi-  ably enhanced, whereas the activities of SOD and GPx
crobial peritonitis [16]. were lowered, indicating increased lipid peroxidation
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associated with LPS-GalN-related lung damage and
severe oxidative stress. ZnSePO decreased the levels
of pro-inflammatory cytokines in the lungs, decreased
MDA levels, and increased SOD and GPx activities. Sim-
ilar to our results, Hassan et al. (2021) reported that the
Zn, Se, and spirulina combination showed an antioxidant
effect in rabbits under heat stress and was linked with
lower thiobarbituric acid reactive substances (TBARS),
higher total antioxidant capacity (T-AOC), glutathione
peroxidase enzyme (GPx), catalase (CAT), and SOD
activities. PO is a potent antioxidant due to the high
content of antioxidant phenols or flavonoids. In various
animal models, spirulina has exhibited antioxidant capac-
ity [32, 33]. In septic mice, Abdel-Daim et al. observed
that spirulina decreased pro-inflammatory cytokines in
serum and improved antioxidant status (MDA, SOD,
CAT, GSH, and GSH-Px) in the liver, kidney, and brain
tissues [34]. Ou et al. reported that mice treated with
PO showed decreased MDA levels and increased serum
total antioxidant capacity [35]. In cellular models, PO
showed antioxidant activity regulating the activities of
SOD, CAT, and GSH-Px [31]. In addition, Castel et al.
reported that the Se + spirulina-supplemented group
showed 2.5 times higher GSH-Px mRNA content than the
Se-increased group [30]. On the other hand, Se or zinc
alone or in combinations would be expected to decrease
MDA concentrations since they are involved in antiox-
idant defense systems [36, 37]. Previous studies have
shown that Se increases enzymatic antioxidant activity
and reduces lipid peroxidation (MDA) in animal studies
and in vitro. It has also been reported that selenium has
antioxidant properties because it is an essential compo-
nent of GSH-Px [29]. Antioxidant effects of Zn are well
recognized and have been proven in several researches
[38]. Prasad et al. showed that Zn increases oxidative
activity and improves animal health [37]. Alissa et al.
showed that plasma TBAR concentration decreased in
association with the decrease in plasma lipid peroxides of
zinc [39]. Interestingly, Nasirian et al. showed that oral
supplementation of Spirulina platensis (20 and 30 mg/kg
body weight) increased plasma levels of zinc, selenium,
iron, and copper required for synthesizing antioxidant
enzymes while decreasing the plasma concentration of
MDA, TNF-a, and IL-6 [33].

Our findings showed that ZnSePO improved LPS-
GalN-induced sepsis, protected LPS-induced tissue
damage by reducing levels of inflammatory cytokines,
and increased septic shock survival rates. Oxidative
stress is closely related to the inflammatory response.
Oxidative stress caused by LPS-GalN can increase the
expression of NF-xkB and TNF-a [19]. An increase in
pro-inflammatory cytokines (TNF-a and IL-6) and anti-
inflammatory cytokines (IL-10 and TGF-p) is associated
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with the worse progression of sepsis [40]. Previous stud-
ies have reported that spirulina has immunomodulatory,
anti-inflammatory, antioxidant, and antimicrobial activ-
ity in animals [41, 42]. In animal models of experimental
arthritis and colitis, the antioxidant activity of PO was
associated with anti-inflammatory effects. Phycocyanin
exerts its anti-inflammatory and antioxidant effects by
inhibiting NF-xB [31]. Activation of the NF-kB path-
way mainly increases inflammation by promoting pro-
inflammatory factors’ expression [43]. In our study, a
decrease in NF-xB and other inflammatory cytokine
levels (IL-1p3, IL-6, TNF-a, IL-10, and TGF-f) was
observed in mice treated with ZnSePO. Many animal
studies have examined the effects of prophylactic zinc
supplementation on anti-inflammatory effects. Similar
to our study, zinc supplementation before sepsis induc-
tion showed beneficial effects such as better survival,
lower pro-inflammatory cytokine (IL-1p, IL-6, IL-2)
concentrations, lower bacterial load, or better pulmo-
nary function compared to the control group [16, 44].
Al-Rasheed et al. reported a decrease in inflammatory
cytokines such as IL-1f, IL-6, and TNF-a in rats treated
with zinc [15]. According to Visalakshy et al., plasma
zinc levels are strongly linked to sepsis-related death
[13]. Utomo et al. showed that zinc treatment improved
sepsis status via regulating cytokines, resulting in lower
levels of pro-inflammatory cytokines (TNF-a and IL-6)
and higher levels of anti-inflammatory cytokines (IL-10
and TGF-f) [40]. It has been shown that 92% of septic
patients in critical care units are selenium deficient, sug-
gesting that selenium deficiency may play a part in sepsis
development [30]. Selenium has been reported to reduce
LPS-induced inflammatory cytokines (TNF-a, IL-1,
IL-6, IFN-y), inhibit oxidative stress formation, and alle-
viate myocardial tissue damage [45]. Lack of selenium
is linked to worse clinical results, a rise in nosocomial
infections, and even death. The advantages of selenium
treatment in septic patients are still being contested, and
more research is needed to comprehend their effects fully
[46, 47]. The studies mentioned above have demonstrated
the antioxidant and anti-inflammatory properties of zinc,
selenium, and spirulina. In our study, oxidative stress
markers and inflammatory cytokines decreased with the
synergistic effect of zinc, selenium, and spirulina.

In this study, ZnSePO has an anti-inflammatory role
in inflammation reasoned by LPS-GalN and has tissue-
protective effects in sepsis induced by LPS-GalN. The
levels of IL-1p, IL-10, IL-6, NF-kB, and TNF-a, along
with TGF-f, in the lungs of mice exposed to LPS-GalN
were significantly reduced after treatment with ZnSePO.
TGF-p is also implicated in acute respiratory distress
syndrome (ARDS)-related lung tissue improvement and
fibrosis [48]. We demonstrated that ZnSePO treatment
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suppressed TGF-p in the lungs, reducing pulmonary
inflammation and ARDS-related tissue damage in mice.
This study was consistent with other studies showing that
spirulina, Zn, and selenium would regulate the produc-
tion of inflammatory cytokines in inflammatory condi-
tions. Mahmoud et al. showed that spirulina ameliorates
gastric mucosal injury by improving antioxidant and
cytoprotective protection and attenuating oxidative stress
and inflammation in albino mice. Also, it has been dem-
onstrated that spirulina enhances the enzymatic antioxi-
dant system (GSH, GPx, SOD, and CAT) and alleviation
of the tissue levels of lipid peroxidation marker (MDA)
and inflammatory mediators (TNF-a) [49]. Many studies
have shown that Se has protective effects on inflamma-
tory damage of various tissues and organs. Qu et al. used
selenomethionine to ameliorate LPS-induced inflam-
mation and tissue damage by suppressing the NF-kxB
signaling pathway in broiler liver tissue [22]. Luo et al.
revealed that Se supplementation could preserve against
modifies in the liver by regulating the mRNA expression
levels of inflammatory factors and exert a considerable
protective effect against oxidative stress by increasing
the activities of antioxidant enzymes [50]. Wang J et al.
showed that Se supplementation improves tissue damage
in the small intestine by increasing GPx activity and reg-
ulating the NF-xB pathway [51]. Wang X et al. reported
that selenium supplementation decreased pro-inflamma-
tory cytokine expression and oxidative stress and showed
protective effects on LPS-induced myocardial damage
[52]. Knoell et al. reported a significant effect of zinc
supplementation on inflammation, organ damage, and
mortality in a polymicrobial sepsis model [53].

The limitation of this study should be acknowledged
in a way that treatments did not contain Zn, Se, and PO
or their combination such as Zn + PO or Se + PO groups,
which would give an idea of the properties of their com-
bination before evaluating the combination of these
organic minerals and PO. It would also be interesting to
see a possible effect(s) of the combination of Zn + PO or
Se 4+ PO. Study results from a combination of organic Zn
and Se and PO in animal models have been scarce in the
literature. Hassan et al. [23] reported that supplemental
zinc and/or selenium-enriched spirulina or their combi-
nation improved nutrient digestibility, plasma biochemi-
cals, and antioxidant status of growing rabbits.

Conclusion

Our findings reported that a combination of ZnSePO
treatment efficiently prevented LPS-GalN-induced
death in mice. ZnSePO also inhibited lipid peroxida-
tion and inflammation markers, including IL-1f, IL-6,

IL-10, NF-xB, TGF-f, and TNF-a. The combination
also increased the SOD and GPx activities. Although
the pretreatment of ZnSePO showed a promising protec-
tive activity by protecting the lung tissues, further studies
involving molecular mechanisms with a longer treatment
period and investigating the effects of these two elements
together with PO separately are needed to evaluate the
post-treatment effects.
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