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stress in the kidney through its C-phycocyanin
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Arthrospira maxima (Spirulina) is a cyanobacte-
rium which is considered a nutraceutical because it
has antioxidant, anti-inflammatory, and cytoprotective
properties in different renal disease models (Rodriguez-
Sanchez et al., 2012; Aziz et al., 2018; Memije-Lazaro
et al.,, 2018). The therapeutic effects are due to the
presence of metabolites with biological effects similar
to those of essential fatty acids ®-3 and w-6, vitamins
A, C and E, and accessory pigments such as phycobili-
proteins. One of the most abundant phycobiliproteins
in A. maxima is C-phycocyanin (Mysliwa-Kurdziel
and Solymosi, 2017). This molecule is responsible for
nephroprotective action in a model of acute kidney
injury (AKI) because it reduces oxidative stress and
caspase activation (Rodriguez-Sanchez et al., 2012;
Rojas-Franco et al., 2018). However, both A. maxima and
its C-phycocyanin are related to the reduction of the
redox environment. Thus, they probably help to maintain
the adequate function of the intracellular organelles like
the endoplasmic reticulum. However, this therapeutic
action has not been evaluated previously.

In the laboratory, AKI is induced in animals by
intoxication with inorganic mercury. The kidney is a
target organ for inorganic mercury toxicity because the
mercury binds to thiol-containing proteins in the tubular
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and glomerular nephron portion, disturbing the tubular
transport mechanism and producing oxidative stress
(Zalups, 2000; Orr et al., 2019). Besides these events,
Hg® promotes the accumulation of misfolded and
unfolded proteins in the endoplasmic reticulum, causing
endoplasmic reticulum stress (ERS) (Stacchiotti et al.,
2004; Rojas-Franco et al., 2019). The ERS activates
three pathways: the protein kinase RNA-like ER-kinase
(PERK) pathway, the activating transcription factor-6a
(ATF-60a)) pathway, and the inositol-requiring enzyme-
la (IRE-1a) pathway. When ERS cannot compensate
the cell damage, these pathways promote cell death
(Stacchiotti et al., 2004). Inorganic mercury intoxica-
tion in mice activates the PERK/eukaryotic initiation
factor 2o (elF2a) pathway in the kidney during the
first 48 h without a protective response. Meanwhile,
in the 72 h after intoxication, the PERK/ATF-4 activa-
tion branch causes the ATF-4, ATF-6a, and IRE-la
pathways to activate a cell death promoter response
through growth arrest- and DNA damage-inducible
gene 153 (GADDI153) and subsequent activation of
caspases 12 and 3 (Rojas-Franco et al., 2019).

Thus, in this work, we aimed to evaluate the effects
of A. maxima and C-phycocyanin treatment on the three
branches involved in ERS in mercury-caused AKI, to
provide more information about the molecular mecha-
nisms of nephroprotection of both nutraceuticals.

We used eighteen male NIH-Swiss albino mice
weighing between 25 and 30 g. They were housed in
groups of three in Plexiglas cages, and given food and
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water ad libitum in a room with constant temperature
(214£2) °C and a 12-h light/dark cycle.

First, the A. maxima used in this experiment was
cultured in our laboratory in Zarrouk medium, and
C-phycocyanin was purified from it as described in our
previous study (Rodriguez-Sanchez et al., 2012; Memije-
Lazaro et al., 2018). Briefly, we used a Sephadex
G-250 column equilibrated with 100 mmol/L phos-
phate buffer (PB; pH=7.4). The exclusion chromatog-
raphy was eluted with PB (pH=7.4) with a linear
gradient from 100.0 to 6.5 mmol/L. The protein was
precipitated with (NH,),SO, at 4 °C and dialyzed. The
resultant fraction was passed through ion-exchange chro-
matography using diethylaminoethyl (DEAE)-cellulose
equilibrated with 50 mmol/L acetate buffer (pH=5.5).
The column was eluted with a 50 mmol/L acetate buffer
(pH=5.5). Finally, the protein was precipitated with
(NH,),SO, at 4 °C, dialyzed, and lyophilized.

Mice were randomly assigned into six groups
(Fig. S1 shows a diagram of the groups). Three control
groups received: (1) 100 mmol/L PB by oral gavage (og)
per day as a vehicle for the nutraceuticals+0.9% saline
solution (SS) intraperitoneally (ip); (2) 1 g/(kg-d)
of A. maxima (0g)+SS (ip); (3) 100 mg/(kg-d) of
C-phycocyanin (og)+SS (ip). The other three groups
received 5 mg/kg HgCl, (ip) and each one received
treatment with: (4) vehicle (100 mmol/L PB (o0g));
(5) 1 g/(kg-d) A. maxima (og); or (6) 100 mg/(kg-d)
C-phycocyanin (0g).

The administration of 4. maxima and C-phycocyanin
was done 30 min before saline and HgCl, administra-
tion. Seventy-two hours after mercury intoxication, the
mice were euthanized by cervical dislocation and their
kidneys were dissected and frozen at —80 °C until we
determined the ERS markers by western blotting (Rojas-
Franco et al., 2019). The primary antibodies used for
this study were caspase 12 (Millipore, Billerica, Mas-
sachusetts, USA; AB3613), ATF-6a, GADD34, X-box-
binding protein 1 (XBP1), GADD153, and elF2a (Santa
Cruz Biotechnology, Dallas, Texas, USA; sc-22799,
sc-8327, sc-575, sc-7160, and sc-517214, respectively),
IRE-1a (Abcam, UK; ab37073), ATF-4, podocin, and
nephrin (Biorbyt, Cambridge, UK; orb-129518, orb-
337389, and orb-11107, respectively). Protein B-actin
expression was used as a constitutive protein (Santa
Cruz Biotechnology; sc-1615). According to ImagelJ
program specifications, we analyzed optical density (OD)
from all bands obtained with the program.

All data in our results are presented as mean+
standard error of the mean (SEM). We analyzed the
data by two-way analysis of variance (ANOVA) and
the Student’s Newman-Keuls post-hoc test. The factors
were treatment with nutraceutical and the presence of
AKI. Values that presented at P<0.05 were considered
statistically different.

Fig. 1 shows the effects of nutraceutical treatment
with 4. maxima and its C-phycocyanin on nephrin
and podocin expression in the kidneys of mice intoxi-
cated with inorganic mercury. It also displays a repre-
sentative blot for protein expression. It is evident that
HgCl-induced AKI reduced the renal expression of
nephrin (29%) and podocin (45%). Meanwhile, 4. maxima
treatment prevented AKI-caused down-expression of both
proteins. The reduction of the expression of nephrin
was about 6%, and of podocin was about 33%. Also,
C-phycocyanin prevented alteration in podocin and
nephrin expression in the kidneys of mice with AKI.

Fig. 2 shows the effects of 4. maxima and C-
phycocyanin on the PERK/elF20/ATF-4 signaling path-
way. AKI induced by mercury intoxication caused over-
expression of all proteins evaluated (eI[EF2a=86.00%,
GADD34=97.89%, ATF-4=101.14%, GADDI153=
60.48%, and caspase 12=45.79%). On the other hand,
A. maxima treatment prevented increases in GADD34
(an increase of 35.68%) and caspase 12 (an increase
of 4.11%). Also, it prevented changes in expression of
GADD153 and ATF-4. With regard to C-phycocyanin
treatment, it prevented altered expression of all proteins
evaluated.

Fig. 3 shows the effects of 4. maxima or C-
phycocyanin on the IRE-la and ATF-6a branches in
the kidneys of mice intoxicated with inorganic mercury,
including the changes in expression of IRE-1a; it is
evident that mercury enhanced the effects by about
100%, and treatment with A. maxima only increased
them by about 20%. Meanwhile, C-phycocyanin treat-
ment prevented the altered expression of IRE-la in
mercury-caused AKI. Mercury also caused an over-
expression of ATF-6a (145%) and XBP1 (50%). The A.
maxima and C-phycocyanin treatments only enhanced
the expression of ATF-6a (by about 54% and 7%,
respectively) while XBP1 only expressed about 33%
with Spirulina treatment and 37% with C-phycocyanin
treatment.

Nutraceutical demand stimulates the food industry
to develop new products that claim beneficial health
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effects. However, it is crucial to demonstrate the mecha-
nism of these therapeutic effects. In the case of A.
maxima and its C-phycocyanin, research showed that
they had a nephroprotective effect in animal models
of AKI caused by inorganic mercury intoxication. The
nephroprotective effect is related to the antioxidant
and anti-apoptotic effects in the kidney (Rodriguez-
Sanchez et al., 2012; Rojas-Franco et al., 2018). Like-
wise, some researchers demonstrated that A. maxima
and C-phycocyanin prevented cell death in RINm5F
cell cultures through activation of the reactive oxygen
species (ROS)/Akt/nuclear factor-kB (NF-«B) pathway
to reduce ERS, but they only evaluated spliced XBP1
(spXBP1) and GADDI153 messenger RNA (mRNA)
synthesis (Lee et al., 2017). However, this was the first
study to evaluate the effect of 4. maxima and its C-
phycocyanin treatments on the three branches of ERS
(PERK, ATF-4, and ATF-60) in the model of mercury-
caused AKI.

HgCl,-caused AKI is characterized by renal dysfunc-
tion due to tubular necrosis and glomerular damage
(Rojas-Franco et al., 2018). This glomerular damage

model is associated with slit membrane damage of the
podocyte. Two essential proteins of the slit membrane
evaluated in this study were podocin and nephrin.
Inorganic mercury intoxication reduced their expression,
and proteinuria occurred because of the organizational
change in the slit diaphragm. Another point is that low
expression of nephrin is associated with a reduction
in pro-survival signaling into podocytes because nephrin
activates the phosphoinositide 3-kinase (PI3K)/Akt
pathway with an anti-apoptotic effect (Shankland,
2006). In our study, 4. maxima and its C-phycocyanin
treatments prevented low expression of nephrin and
podocin, and the treatments were associated with the
anti-apoptotic effects previously reported (Rojas-Franco
etal., 2018).

On the other hand, inorganic mercury enhanced
the expressed proteins associated with unfolding protein
response (UPR), such as GADD34, heat shock protein
72 (HSP72), HSP60, and glucose-regulated protein
75 (GRP75) (Stacchiotti et al., 2004). In a previous
report, HgCl, caused ERS in the kidney because the
PERK/elF20/ATF-4/GADD153 pathway activated
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during the first 48 h after intoxication. However, it had
a protective response that activated IRE-10/XBP1,
promoting cell death by activating caspases 12 and 3,
72 h after inorganic mercury intoxication (Rojas-Franco
et al., 2019). Concerning A. maxima and C-phycocyanin,
a few studies have demonstrated a reduction of the UPR
in cell culture by treating with phycocyanin only (Lee
et al., 2017). Our study is the first that reveals that 4.
maxima and its C-phycocyanin prevent HgCl,-caused

ERS in the kidney in mammals. First, 4. maxima and
C-phycocyanin administrations limit ROS production
and disturbance in the antioxidant system of renal
cells, preventing disruption of the ERS. In particular,
the treatments with 4. maxima and C-phycocyanin
prevented activation of the three branches of ERS. A4.
maxima contains several natural polyphenols that modu-
late phosphorylation of the ER transmembrane sensor
and prevent GRP78 from dissociating the sensory
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proteins in the membrane; they also inhibit ERS (Liu
etal.,2016). On the other hand, A. maxima contains
C-phycocyanin, which by itself exerts nutraceutical
effects on ERS. C-phycocyanin prevents activation of
the PERK/elF20/ATF-4/GADD153 pathway that
promotes cell death because the molecule treatment
reduces ATF-4 and GADD153 expression (Bhardwaj
et al., 2020). Also, C-phycocyanin reduces the activity
of the IRE-10/XBP1 signaling pathway in the kidneys
of animals intoxicated with mercury. This branch
is a pro-survival pathway that operates through the
over-expression of several chaperones. However,
under a sustained engaged stimulus such as mercury
intoxication, IRE-1a stimulates c-Jun N-terminal kinase
(JNK)/mitogen-activated protein kinase 8§ (MAPK®8)/
stress/abscisic acid (ABA)-activated protein kinase 1
(SAPK1) pathway (Iurlaro and Munoz-Pinedo, 2016).
This idea is supported by the fact that in cell culture, C-
phycocyanin decreases the expression of phosphory-
lated ERK (p-ERK), p-JNK, p-p38, Bcl-2-associated
X protein (Bax), caspase 9, and caspase 3, but increases
expression of Bcl-2 (Lim et al., 2012). Finally, we
propose that C-phycocyanin treatment prevents ERS by

P<0.05 with respect to its

IRE-1a: inositol-requiring enzyme-la; ATF-6a: activating

reducing caspase 12-mediated cell death in the kidneys
of animals intoxicated with inorganic mercury. Also,
C-phycocyanin reduces the activity of caspases 3 and
9 in kidneys exhibiting HgCl,-caused AKI (Rojas-
Franco et al., 2018).

In this paper, we propose that the nephroprotec-
tive action of 4. maxima and C-phycocyanin against
mercury-caused AKI is related to preventing reduction
of nephrin and podocin expression, as well as preven-
tion of ERS. In conclusion, treatment with A. maxima
reduced over-expression of GADD34, IRE-1a, ATF-6a,
and caspase 12, which are related to HgCl,-caused ERS.
Meanwhile, C-phycocyanin treatment prevented the ERS
caused by inorganic mercury because it normalized all
protein expression except that of ATF-6a. Finally, we
suggest A. maxima and C-phycocyanin as an alternative
therapy to prevent HgCl,-caused AKI.
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