Revista Brasileira de Farmacognosia (2023) 33:364-373
https://doi.org/10.1007/s43450-023-00361-2

ORIGINAL ARTICLE q

Check for
updates

Astaxanthin- Enriched Fraction from the Microalga Haematococcus
pluvialis Mitigates Kidney Injury via Modulation of Nrf2/Keap1
and MAPK/ERK Pathways in Rats

Farouk K. El-Baz'® - Sami I. Ali'® - Abeer Salama®® - Rania Elgohary?

Received: 5 September 2022 / Accepted: 17 January 2023 / Published online: 16 February 2023
© The Author(s) 2023

Abstract

Acute kidney injury is a complication of using gentamicin in high doses and is associated with severe morbidity and mortality.
Astaxanthin, the red xanthophyll carotenoid pigment, has an antioxidant power higher than 100 times that of vitamin E and 10
times more than that of B-carotene, making it one of the strongest bioactive carotenoids. Haematococcus pluvialis, Haemato-
coccaceae, microalga produces high amounts of astaxanthin in the form of astaxanthin esters besides adequate amounts of free
astaxanthin. We attempted to explore the potential therapeutic effects of astaxanthin- and astaxanthin ester—enriched fractions
from H. pluvialis against acute kidney injury induced by gentamicin and their mechanisms of action in rats. Adult male Wister
albino rats were injected with gentamicin (100 mg/kg, i.p.) for seven consecutive days to induce acute kidney injury, and these
rats were treated daily with astaxanthin ester—enriched fractions (30 mg/kg; p.o.) for 14 days. LC/ESI-MS analysis revealed the
presence of different isomers of free astaxanthin, astaxanthin monoesters, and astaxanthin diesters in the astaxanthin- and asta-
xanthin ester—enriched fractions. Astaxanthin and its esters ameliorated kidney dysfunction, modulated nuclear factor erythroid
2 related factor 2/Kelch-like erythroid associated protein 1/hypoxia-inducible factor-alpha, and suppressed mitogen-activated
protein kinases/extracellular signal-regulated kinases/renin-angiotensin system expression. Astaxanthin and its ester improved
early acute kidney injury via modulation of the Nrf2/Keap1 antioxidant defense pathway and MAPK/ERK signaling cascade.
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Introduction

Acute kidney injury is the case of systemic vasoconstric-
tion, intravascular hypovolemia, and organ dysfunction,
which result from oxidative stress. In acute kidney injury,
free radicals are involved in cellular function disruptions
and renal dysfunction followed by apoptosis (Quiros et al.
2011). Gentamicin, an aminoglycoside antibiotic, is used
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in gram-negative bacteria infection treatment, but high
doses of gentamicin produce serious side effects such
as nephrotoxicity through its accumulation in the renal
proximal tubular cells leading to renal dysfunction and
cell injury (Quiros et al. 2011). The administration of
gentamicin enhances the generation of reactive oxygen
species such as hydrogen peroxide, hydroxyl radicals, and
superoxide anions in the renal tubule cells, which causes
nephrotoxicity. Oxidative stress also provokes the release
of proinflammatory mediators such as mitogen-activated
protein kinases (MAPK), which causes kidney injury
(Subramanian et al. 2015). Nuclear factor erythroid-
2-related factor-2 (Nrf2) redox-sensitive transcription
factor plays a vital role in cellular defense against oxida-
tive stress (El-Baz et al. 2022). It activates the response
of the antioxidant elements and the antioxidant enzymes
such as glutathione (GSH), catalase (CAT), and super-
oxide dismutase (SOD) in the cell. It protects against
gentamicin-induced oxidative stress in rat kidneys (Sub-
ramanian et al. 2015).
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Astaxanthin (1; 3,3'-dihydroxy-f,3'-carotene-4,4'-dione),
the red xanthophyll carotenoid pigment, has an antioxidant
power higher than 100 times that of vitamin E and 10 times
more than that of B-carotene, making it one of the strongest
bioactive carotenoids (El-Baz et al. 2021). The microalga
Haematococcus pluvialis, a freshwater species of Chloro-
phyta from the family Haematococcaceae, produces astax-
anthin as astaxanthin esters. Haematococcus pluvialis can
accumulate excessive amounts of astaxanthin, as well as its
monoester (C16:2, C16:1, and C16:0) and diesters (C18:4/
C18:3 and C18:1/C18:3) of saturated and unsaturated fatty
acids (Todorovic et al. 2021). Therefore, this microalga has
become one of the main sources of astaxanthin for health
food supplements and pharmaceutical applications. Approved
doses varied in different countries and ranged between 2 and
24 mg (Brendler and Williamson 2019). H. pluvialis pro-
duces the 35,35’ isomer (1) of astaxanthin, which is the most
efficient for human implementations because of a superior
bioavailability, compared to the other isomers of 3R,35’
(meso form) and 3R,3R’ (Stachowiak and Szulc 2021).

Astaxanthin is the only carotenoid that passes through the
blood-brain barrier (Fanaee-Danesh et al. 2019). It exhib-
ited protective effects against tissue damage and oxidative
stress in the in vitro and the in vivo experiments, and cured
liver fibrosis (El-Baz et al. 2020 and 2021). It also protects
against inflammation and apoptosis of tubular epithelial
cells in ischemia/reperfusion-induced renal injury (Qiu et al.
2015). Despite these benefits, the effect of astaxanthin and
its esters in gentamicin-induced acute kidney injury has not
been investigated. So, we extracted astaxanthin- and astaxan-
thin ester—enriched fractions from H. pluvialis and evaluated
their therapeutic effect against gentamicin-induced acute
kidney injury in rats. We hypothesize that the potent anti-
oxidant properties of astaxanthin and its esters can mitigate
gentamicin-induced acute kidney injury in rats through the
modulation of the Nrf2/ Keapl and MAPK/ERK pathways.

Materials and Methods
Microalgae Cultivation
Haematococcus pluvialis, Haematococcaceae, was isolated

from a freshwater community of the River Nile in Cairo,
Egypt, and identified by Prof. Gamila H. Ali, professor of

water pollution, Environmental Research & Climate Changes
Institute, National Research Centre, Cairo, Egypt, and then
was grown on BG11 media (Abdo et al. 2013). Cultivation
was conducted in plastic bottles with a capacity of 171 con-
taining 15 1 of microalgal culture with continuous aeration.
The culture temperature was 22 +3 °C. Fluorescent light was
used to supply a constant light intensity of 100 umol/m?/
sec for the culture. After growing for 10 days the culture
was transferred to a fully automated and computer-controlled
vertical photobioreactor with a capacity of 4000 1. Carbon
dioxide was injected into the culture as a carbon source. The
culture was left to grow until the biomass reached 2-2.5 g/1.
Algal biomass was harvested by centrifugation at 896 X g
for 15 min using a basket centrifuge. Samples were washed
twice with water, dried in an oven at 50 °C, ground into a
homogenous powder, and stored in a refrigerator for further
chemical and biological investigation.

Astaxanthin Quantification
Extraction and Fractionation

The fine powder of H. pluvialis (100 g) was soaked with
1000 ml of hexane:ethyl acetate (1:1, v/v) in a 2000-ml coni-
cal flask and kept on an orbital shaker (Stuart, England) at
0.23 x g at room temperature for 24 h. Then, the extract was
centrifuged (Sigma 3-18ks Centrifuge, Germany) at 4248 X g
for 20 min at 25 °C to separate cell debris from the superna-
tant. The extraction step was repeated twice, and the pooled
supernatants were concentrated using a vacuum rotary
evaporator (Heidolph Unimax 2010, Germany) at 40 °C to
dryness giving the crude extract. The crude extract was sub-
jected to silica gel column chromatography using silica gel,
60-120 pm (Sigma-Aldrich Co., USA), and hexane/ethyl
acetate as mobile phase with increasing polarity (0, 10, 30,
and 100% ethyl acetate) then ethyl acetate:methanol (1:1)
that afforded 10 fractions that collected in 50 ml per frac-
tion. The 10 fractions were subjected to TLC (20 X 20-cm
aluminum sheets coated with silica gel 60 F254, Merck,
Germany) to detect the presence of phyto-compounds that
were visualized by ultraviolet (UV) fluorescent colors at
254/366-nm UV lamps. Fractions were combined into three
fractions based on TLC results and concentrated to dryness
using a rotary evaporator. Astaxanthin- and astaxanthin
ester—enriched fractions were recognized by HPLC.

HPLC-DAD Analysis

Haematococcus pluvialis crude extract and astaxanthin- and
astaxanthin ester—enriched fractions were subjected to analy-
sis with an Agilent 1260 infinity series HPLC-DAD system
(Agilent Technologies, Waldbronn, Germany) equipped
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with binary gradient Agilent 1260 prep pump (G1361A), an
autosampler Agilent 1260 prep ALS (G2260A), and Agilent
diode array detector 1260 DAD VL (G1315D). An Agilent
5 Prep C-18 Scalar column (5 pm, 150 mm X 4.6 mm) was
utilized for separation. The following solvents were used at a
flow rate of 1.25 ml/min: (A) acetone and (B) methanol: H,O
(9:1 v/v) containing 0.05% BHT. The separation of carot-
enoids and astaxanthin was achieved by a gradient between
solvents A and B for 40 min as follows: B was run at 80 to
20% for 25 min, 20% for 10 min, and 20 to 80%for 5 min
(Sarada et al. 2006). The peaks were integrated at 450 nm to
quantify astaxanthin. All-trans-astaxanthin (Sigma-Aldrich
Co., USA) was used as standard. Astaxanthin was identified
and quantified by comparison with retention time and the
peak area of the unknown peak with the all-trans-astaxan-
thin standard.

UHPLC-ESI-MS Analysis

UHPLC-ESI-MS positive ion acquisition mode was carried
out on a XEVOTQD triple quadruple instrument, Waters
Corporation, Milford, MA01757 USA, mass spectrom-
eter. Mass Lynx™ software version 4.1 (Waters, Milford,
MA, USA) was used to control the instruments, and for
data acquisition and processing. UHPLC chromatographic
separations were performed on a reversed-phase column
ACQUITYUPLC-BEH C-18 (1.7 pm, 2.1 X 50 mm) (Waters,
Milford, MA), and a gradient system with the mobile phase
consisting of solvent A: acetonitrile: methanol (7:3, v/v)
and solvent B: H,O 100%. The gradient program used is
shown in Table S1. ESI-mass conditions were m/z 50-3200
mass range: polarity, positive mode; capillary voltage set
at 3 kV; cone, 30 V; extractor 2 V; RF 0.5 V; source tem-
perature, 150 °C; probe temperature, 450 °C; cone gas flow,
10 1/h; dis-solvation gas flow, 440 1/h; and collision gas flow,
0.15 ml/min, following the methods of Rivera et al. (2011).
The column was thermo-stated at 32 °C and the sample tem-
perature was set at 25 °C. Before use, all solutions were
filtered through 0.2 pm Membrane Nylon White Plain (Mil-
lipore, Bedford, MA, USA). Chromatographic peaks were
identified by comparing positive ion ESI-MS spectra against
known standards or m/z of compounds previously reported
in the literature.

Animals

Adult male Wister albino rats weighing 120-150 g were
purchased from the animal house colony of the National
Research Centre (Dokki, Cairo, Egypt) and were kept at
room temperature 25 °C +2 and with a light program of
12-h on/off. During the whole experiment, standard food
and water were submitted to the animals under conventional
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laboratory conditions. The rats were allowed to adapt to
these conditions for 2 weeks before beginning the experi-
mental protocol. All experimental procedures were con-
ducted according to the ethical principles and guidelines
of the use, care, and handling of experimental animals
adopted by the Medical Research Ethics Committee at the
National Research Centre, Egypt, and approved under Reg.
No. 19/116, which is based on the Principles of Laboratory
Animal Care (NIH No. 85:23 revised 1985). All experimen-
tal procedures were conducted in compliance with the Ani-
mal Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines.

Experimental Design

Rats were grouped into 4 groups, each one consisting of
eight rats: group I: normal control group received saline;
group II: rats were injected with gentamicin (100 mg/kg,
intraperitoneally (i.p.) (Erdem et al. 2000) for 7 consecutive
days and served as the acute kidney injury group; group
III and IV: rats received daily astaxanthin- or astaxanthin
ester—enriched fractions (30 mg/kg/day, p.o.) (Deng et al.
2017) during 14 days after induction of acute kidney injury
with gentamicin (80-mg ampules were purchased from Alex-
andria Chemical Co., Egypt).

Blood and Tissue samples

At the end of the experimental period, blood samples were
withdrawn from the retro-orbital vein of each animal, and
centrifuged at 250 X g for 10 min to obtain serum samples
that were stored at— 20 °C. The animals were sacrificed by
decapitation; one kidney from each rat was immediately dis-
sected out, washed with ice-cooled physiological saline, and
homogenized in phosphate-buffered saline (PBS) (pH 7.4)
as 20% (w/v) for the biochemical measurements. The other
kidney was kept for histopathological assessment.

Biochemical Analysis

The obtained serum was used to estimate creatinine and urea
levels using biodiagnostic kits (Egypt). Mitogen-activated
protein kinase (MAPK), extracellular signal-regulated kinase
(ERK), renin-angiotensin system (RAS), and hypoxia-induc-
ible factor-alpha (HIF-ar), nuclear factor erythroid 2—related
factor 2 (Nrf2), kelch-like ECH-associated protein 1 (Keapl)
were determined using ELISA kits procured from Sunlong
Biotech Co., Ltd, China. Kidney contents of MAPK, ERK,
RAS, HIF-a, Nrf2, and Keapl were determined by ELISA
kits. The manufacturer’s instructions were followed for cal-
culating the results. Standards and samples were instilled
into wells with immobilized antibodies specific for each
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parameter, and then, horseradish peroxidase—conjugated
streptavidin was instilled into the wells and incubated for
60 min at 37 °C, which were aspirated and washed 5 times
with kit washing solution. Chromogen A and B solutions
were added to the wells and incubated for 15 min at 37 °C;
the developed color is proportional to the bound amounts of
MAPK, ERK, RAS, HIF-a, Nrf2, and Keapl. After 10 min,
color intensity was measured at 450 nm (Asfour et al. 2020).

Histological Examination

The dissected kidneys of distinct groups were fixed in 10%
formalin. Fixation for 1 or 2 days was followed by dehy-
dration in ascending grades of alcohol (70%, 90%, and
three changes in absolute alcohol), clearance with xylene,
impregnation in three successive changes in soft paraffin at
50 °C, and finally embedded in paraffin wax to obtain solid
blocks containing the tissue. Serial transverse sections of
7 pm thick were cut. Paraffin sections were mounted on glass
slides covered by albumin glycerin and then stained with
hematoxylin and eosin. Hematoxylin and eosin sections were
evaluated qualitatively under light microscopy.

Statistical Analysis

All the values are presented as means + standard error of the
means (SE). Data of this study were evaluated by one-way
analysis of variance followed by Tukey’s multiple compari-
sons tests. GraphPad Prism software, version 5 (GraphPad
Software Inc.; San Diego, USA) was used to conduct these
statistical tests. The difference was considered significant
when p <0.05.

Results and Discussion
LC/ESI-MS Analysis

The extraction of fine powder of H. pluvialis with
hexane:ethyl acetate (1:1, v/v) provided a crude extract
with a yield (2.83%, dry weight) containing astaxanthin
(11.91 mg/g, extract) as measured by HPLC (Fig. S1A).
Based on HPLC analysis, the silica gel column chromatog-
raphy fractionation gave different fractions from H. pluvia-
lis extract such as astaxanthin ester—enriched fraction and
astaxanthin—enriched fraction (Fig. S1B and S1C). The
astaxanthin—enriched fraction contains 17.8 mg/g, while
the astaxanthin ester—enriched fraction contains mono- and
di-esters of astaxanthin.

The LC/ESI-MS analysis of all-frans-astaxanthin used as
standard showed a remarkable m/z value of 597.32 [M+H]*
and 619.50 [M +Na]*, as previously described (Todorovic
et al. 2021). We observed a remarkable m/z value of 611.40; it

is assumed to be [M —H,0+MeOH]" of astaxanthin. The
adducts with solvents methanol (MeOH) and water (H,O) were
observed as well at m/z values of 660.32 [M +2MeOH +H]*
and 669.38 [M +MeOH +H,0+ Na]* with low intensity com-
pared with high intensity of [M+Na]* (Fig. S2A and S3A).
LC/ESI-MS positive mode and the MS? data applied to iden-
tify free astaxanthin isomers and astaxanthin mono- and di-
esters in H. pluvialis fractions are presented in Table S2 for the
astaxanthin ester—enriched fraction and in Table S3 for the
astaxanthin—enriched fraction. The mass spectrum (Fig. S2B)
of the astaxanthin ester—enriched fraction showed 5 isomers of
free astaxanthin, 13 molecules of astaxanthin monoester (ME
Cl14:2,C16:1,C17:3,C18:3,C21:1, C21:2, C23:2), and 9 mol-
ecules of astaxanthin diester (DE C10:0/C11:1, C10:0/C14-:1,
C10:1/C14:2, C13:0/C14:2, C14:0/C14:0, C12:0/C14:2,
C17:1/C16:2, C17:1/C18:1). Molecules were identified based
on the molecular weight (Table S2). For the astaxanthin-
enriched fraction, the LC/ESI-MS spectrum (Fig. S2C)
revealed 21 isomers of free astaxanthin, 7 molecules of astax-
anthin monoester (ME C14:2, C17:3, and C21:2), and one
molecule of astaxanthin diester (DE C14:0/C14:0). Molecules
were identified based on the molecular weight (Table S3). The
MS pattern of most astaxanthin isomers showed [M+Na]*
with low intensity and [M +MeOH +H,0 + Na]* with high
intensity, while the astaxanthin radical parent ion [M]* at m/z
593 and other solvent adducts such as [M +3H,0+Na]* at m/z
673 and [M+MeOH +H]" at m/z 629 were observed in few
astaxanthin isomers such as astaxanthin isomer 19 (Fig. S3B)
and astaxanthin isomer 24 (Fig. S3C). All astaxanthin isomers
showed a remarkable m/z value of 611 (M —H,0+MeOH)
with variable intensities, the same as that of the standard.
The addition of formic acid to the used mobile phase in
the present study to improve carotenoid separation showed
a remarkable effect on the ionization of astaxanthin as it
leads to the observation of different ionization adducts as
presented in Fig. S3. The astaxanthin isomers in the present
study showed a remarkable fragmentation pattern, the same
as previous reports of different carotenoids (Todorovic et al.
2021), through the elimination of 92 Da that corresponds to
polyene toluene (C;Hg), elimination of 106 Da that corre-
sponds to polyene xylene (CgH,)), and elimination of 18 Da
of H,0. The fragment ion at m/z 413.13 (MH-92-92,
100%), made from losing two units of (C;Hy), was a charac-
teristic pattern for astaxanthin isomers 4, 5, 7, 21, 23, 24, and
26, while fragment ion at m/z 385.96 (M — 106 — 106, 100%),
made from losing two units of (CgH,), was a characteris-
tic pattern for astaxanthin isomer 8. In addition, the loss of
H,0 in fragment ions at m/z 315.05 (M —106 — 106 — 4H,0,
100%) and 345.12 (M — 106 —92 —3H,0, 100%) was a char-
acteristic pattern for astaxanthin isomer 9 and 11, respec-
tively (Tables S2 and S3). The astaxanthin monoesters (ME)
were assigned as [ME +H]" and showed a remarkable frag-
mentation pattern containing a common fragment ion at m/z
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611 (ME — FA + MeOH), and few ME showed the fragment
ion at m/z 579 (ME — FA) as presented in Tables S2 and
S3. The ESI-MS spectrum of astaxanthin monoester (ME
C18:3) is presented in Fig. S4A; the m/z 857.87(10) repre-
sents [M +H+ME C18:3]*; the MS? product ions showed
m/z 185.44 (ME — 4H,0, 9), m/z 727.57 (ME - 92 — 4H,0,
20), m/z 611.21 (ME — FA+MeOH, 18), m/z 579.46 (ME
—FA, 40), and m/z 301.06 (ME — 92 — 92 — 92, 100). The
astaxanthin diesters (DE) were assigned also as [DE+H]"
and showed a remarkable fragment ion of one fatty acid
elimination [DE —FA]" beside the fragment ion of both fatty
acids elimination [DE — FA —FA]" as presented in Tables S2
and S3. The ESI-MS spectrum of astaxanthin diester (DE
C17:1/C16:2) is presented in Fig. S4B; the m/z 1081.23
(56) represents [M 4+ H + DE C17:1/C16:2]*; the MS? prod-
uct ions showed m/z 832.97 (DE —FAc 4.5, 2), m/z 813.94
(DE—-FA¢7.1), m/z 568.05 (DE —FA(6.,—FA 17.1), and m/z
552.39 (DE —FA (6., —FA 7., —H,0, 100%). We found
that the loss of fatty acid and water is the common fragmen-
tation pattern of astaxanthin esters in H. pluvialis. The mass
difference between the protonated molecule and fragment
ions in the mass spectrum can be utilized only to assign acyl
chains, not to determine the position of double bonds, so it
is difficult to determine different isomers of astaxanthin and
astaxanthin esters in H. pluvialis. The current findings agree
with other findings that have identified different isomers of
astaxanthin mono- and diesters (Miao et al. 2006; Holtin
et al. 2009; Todorovic et al. 2021).

Creatinine and Urea Levels

Acute kidney injury induced by injection of gentamicin after
7 days was evidenced by a significant increase in serum
creatinine and urea levels by 67 and 75%, respectively, as
compared to the normal control group. Astaxanthin and
astaxanthin ester administration provided marked protection
manifested as significantly decreased serum levels of creati-
nine by 24 and 32% and urea by 38 and 42%, respectively, as
compared to the gentamicin group (Table 1).

Nrf2 and Keap 1 Kidney Contents

Injection of gentamicin showed a significant reduction in
Nrf2 and a significant increase in Keap 1 tissue levels by 34
and 161%, respectively, as compared with the normal con-
trol values. On the other hand, administration of astaxanthin
and astaxanthin esters showed a significant increase in tissue
levels of Nrf2 by 32 and 39% and a decrease in Keapl by
25 and 38%. respectively, as compared with the gentamicin

group (Fig. 1).

HIF-a Kidney Content

HIF-a content decreased by 70% after gentamicin injection
as compared with the normal control value. In contrast, asta-
xanthin and astaxanthin esters exerted an antioxidant effect
by increasing HIF-a content significantly by 60 and 149%,
respectively, as compared with the gentamicin group (Fig. 1c).

MAPK and ERK Kidney Contents

Gentamicin injection induced a significant increase in
MAPK and ERK tissue levels by 3.4-fold and 2.6-fold,
respectively, as compared with the normal control values as
a sign of kidney inflammation. On the other hand, adminis-
tration of astaxanthin and astaxanthin esters showed a sig-
nificant decrease in the level of MAPK by 55 and 77% and
ERK by 46 and 65%, respectively, as compared with the
gentamicin group (Fig. 2a,b).

RAS Kidney Content

Gentamicin injection induced a significant increase in RAS
tissue levels by twofold as compared with the normal control
value as a sign of kidney inflammation. On the other hand,
treatment with astaxanthin and astaxanthin esters decreased
the level of RAS by 20% and 60% as compared with the
gentamicin group (Fig. 2c).

Table 1 Effect of astaxanthin
(1) and astaxanthin ester—
enriched fractions on serum

levels of creatinine and urea

Normal control Gentamicin (100 mg/kg) Astaxanthin (30 mg/ Astaxanthin
kg) esters (30 mg/kg)
Creatinine (mg/dl) 0.96+0.03 1.6+0.06* 1.22+0.08° 1.09 +0.06°
% of gentamicin 76% 68%
Urea (mg/dl) 43.6+1.9 76.2+11.9% 47+0.84° 43.9+2.9°
% of gentamicin 62% 58%

Data are presented as mean + SE for each group (n=28) and % of the gentamicin group. Statistical analysis
was carried out by one-way analysis of variance followed by Tukey’s multiple-comparison tests

Statistically significant from the normal control group

PStatistically significant from the gentamicin group at p <0.05
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Histopathological Results

In the control group, the kidney section showed no histo-
pathological alterations and showed ordinary histological
architecture of average glomeruli with average Bowman’s
spaces, average proximal tubules with preserved brush bor-
ders, and average distal tubules (Fig. 3a The gentamicin treat-
ment revealed remarkable histopathological alterations in the
kidney section, including markedly atrophied glomeruli with
widened Bowman’s spaces, proximal tubules with markedly
apoptotic epithelial lining, and mild interstitial inflamma-
tory infiltrate as shown in Fig. 3¢, d). The control group
also showed normal histopathological structure in the renal
medulla, with average collecting tubules with average epithe-
lial lining and average interstitium (Fig. 3e). The gentamicin
group showed remarkable histopathological changes in the
renal medulla, including collecting tubules with mildly apop-
totic epithelial lining, intra-tubular hyaline casts, and mildly
congested peri-tubular capillaries (Fig. 3f). The treatment
with astaxanthin and astaxanthin esters also improved the
gentamicin histopathological changes in the renal medulla
and showed average collecting tubules with average epithelial
lining and average interstitium (Fig. 3g, h).

In the gentamicin animal model, its accumulation in the
renal tubules induces oxidative stress in the kidney, which
causes nephrotoxicity. In the current study, the histopatho-
logical results showed that gentamicin-treated rats showed
markedly atrophied glomeruli and apoptotic epithelial lin-
ing of proximal tubules with inflammatory infiltrate. These
results are in accord with earlier reports, which reported that
gentamicin causes kidney histopathological injuries such as
proximal tubule epithelial edema, desquamation, and tubular
fibrosis and necrosis (Xu et al. 2008). Our results showed
that the administration of astaxanthin and astaxanthin esters
mitigated all kidney and renal medulla histopathological
alterations caused by gentamicin in rats. Administration of
gentamicin increased serum creatinine and urea levels in
our study, which is in consensus with the results of Xu et al.
(2008), who reported that gentamycin elevated kidney func-
tion levels. Astaxanthin and astaxanthin ester administration
in this study alleviated kidney dysfunction by decreasing the
serum levels of creatinine and urea. Administration of astax-
anthin attenuated elevated kidney function, oxidative stress,
and apoptosis in acute kidney injury (Guo et al. 2015).

Nrf2 is a leading transcription factor that controls the
endogenous antioxidant defense system via controlling
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different antioxidant-responsive elements (ARE) genes.
Gentamicin treatment suppresses renal Nrf2 translocation
and activation and prevents ARE gene expression. This
result may be related to the impact of gentamicin on Keapl
expression or dissociation (Ali et al. 2021). Our findings
showed that astaxanthin and astaxanthin esters increased
the levels of Nrf2 and decreased the levels of Keapl in the
kidney tissues. Thus, they can alleviate the kidney damage
induced by the oxidative stress of gentamicin in rats by regu-
lating the Nrf2/Keap1 pathway. Astaxanthin regulated oxida-
tive stress and kidney injury-related Nrf2/Keapl pathway
induced by ochratoxin in mice (Ruiz-Salinas et al. 2020).
The positive role of astaxanthin and astaxanthin esters in
regulating the Nrf2/Keapl pathway in the present study is
due to their potent antioxidant properties. Due to its special
structure, astaxanthin exhibits higher antioxidant effects
than other antioxidants because of its high ability to bind
to the cell membrane from the inside to the outside. The
astaxanthin end ring can capture free radicals on the surface
and inside the cell membrane, while the double-single bond
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chain can capture free radicals only inside the cell membrane
(Pashkow et al. 2008).

Upregulation of a regulatory defense factor against
hypoxia-inducible factor-alpha (HIF-a) plays a vital role in
acute or chronic kidney disease against podocyte injury with
suppression of oxidative stress (Weidemann et al. 2008). HIF
has an antioxidant effect also in diabetic nephropathy and
renal ischemia—reperfusion injury and has a renal tubular cell
antiapoptotic effect in cisplatin-induced nephrotoxicity (Wei-
demann et al. 2008). Gentamicin-induced nephrotoxicity ele-
vated renal HIF-1ae mRNA levels (Xu et al. 2008). Therefore,
HIF-a may be involved in gentamicin-induced renal injury.
This study showed that astaxanthin and astaxanthin esters
have a therapeutic effect against gentamicin-induced renal
tubule cell injuries through modulation of HIF-a activity. In
oxidative stress, the activation of different pro-inflammatory
mediators including nuclear factor-kappa beta (NF)-«B,
TGF-B1, and MAPKSs leads to the progression of kidney
damage. MAPK engages in cellular growth, differentiation,
proliferation, and apoptosis regulation. MAPK promotes the
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Fig.3 Kidney section of a normal rats showing the normal architec-
ture of average glomeruli (G) with average Bowman’s spaces (BS),
average proximal tubules (P) with preserved brush borders (black
arrow), and average distal tubules (D). b Gentamicin-treated rats
showing markedly atrophied glomeruli (G) with widened Bowman’s
spaces (BS), proximal tubules (P) with markedly apoptotic epithelial
lining (black arrow), and mild interstitial inflammatory infiltrate (yel-
low arrow). ¢ Kidney section of astaxanthin-enriched-fraction-treated
rats showing mildly congested glomeruli (G) with average Bowman’s
spaces (BS), proximal tubules (P) with markedly edematous epithelial
lining (black arrow), and average distal tubules (D). d Kidney section
of astaxanthin ester—enriched fraction—treated rats showing mildly
congested glomeruli (G) with average Bowman’s spaces (BS), proxi-

activation of NF-kB that is present in every cell cytoplasm;
upon stimulation, it enhances TNF-o and IL-6 expressions
aggravating the cellular damage (Qiao et al. 2012). In this
study, gentamicin elevated kidney contents of MAPK and
ERK. These results explain the vital role of proximal tubu-
lar epithelial cells in producing cytokines and cell adhesion
molecules, provoking infiltrating cell recruitment, and acti-
vation at the inflammatory sites. Our findings showed that
astaxanthin and astaxanthin esters alleviated MAPK/ERK
signaling pathways. Thus, they may be considered a potential
therapy for the renal disease caused by gentamicin through

mal tubules (P) with mildly edematous epithelial lining (black arrow),
and average distal tubules (D) (H&E x400)Kidney section in the renal
medulla of e normal rats showing the normal architecture of average
collecting tubules (CT) with average epithelial lining (black arrow)
and average interstitium (blue arrow). f Gentamicin-treated rats show-
ing collecting tubules (CT) with mildly apoptotic epithelial lining
(black arrow), intra-tubular hyaline casts (blue arrow), and mildly con-
gested peri-tubular capillaries (yellow arrow). g Astaxanthin-enriched
fraction—treated rats showing average collecting tubules (CT) with
average epithelial lining (black arrow) and average interstitium (blue
arrow). h Astaxanthin ester—enriched fraction—treated rats showing
average collecting tubules (CT) with average epithelial lining (black
arrow) and average interstitium (blue arrow) (H&E x400)

the inactivation of MAPK/ERK pathways; consequently, they
can inhibit the inflammatory process and apoptosis in the
kidney cells, as shown in the histopathological results. In
a previous study, astaxanthin reduced acetaldehyde-induced
apoptosis and inhibited MAPK signaling pathway activation
in diabetic cardiomyopathy (Zhang and Xu 2018).

The kidney is a unique organ containing a renin-angiotensin
system (RAS) component as angiotensin II. Oxidative stress
also affects the proinflammatory effect of angiotensin II pro-
duced in the distal and proximal tubules, the collecting ducts,
and renal endothelial cells. RAS disturbance is one of the chief

@ Springer



372

Revista Brasileira de Farmacognosia (2023) 33:364-373

pathways implicated in both glomerular and tubulointerstitial
injuries resulting in renal injury through direct effects of angio-
tensin II type 1 receptor and also due to inflammatory cytokine
activation (Al-Kuraishy et al. 2019). In the current study, asta-
xanthin and astaxanthin esters ameliorated the elevated levels
of RAS induced by gentamicin in the kidney. Consequently,
they can inhibit inflammation caused by RAS disturbance. In
another study, astaxanthin modulated RAS and decreased TGF-
B1 levels and calcium oxalate crystal deposition in the kidney
(Alex et al. 2014). The therapeutic role of the astaxanthin and
astaxanthin ester fractions in the present study might be due to
the high contents of different isomers of free astaxanthin and
astaxanthin mono- and di-esters; isomers of astaxanthin may
be of 9-cis, 13-cis, and 15-cis isomers not only all-zrans which
exert high therapeutic effects against gentamicin-induced kid-
ney damage in rats. The isomers of 9-cis and 13-cis-astaxanthin
exhibited a higher antioxidant effect than all-trans-astaxanthin
against oxidative stress in the human intestinal epithelial Caco-2
cells (Yang et al. 2017).

Conclusion

The LC-ESI-MS analysis revealed different isomers of
free astaxanthin and astaxanthin mono- and di-esters in the
astaxanthin-enriched fraction and astaxanthin ester—enriched
fraction of H. pluvialis. Due to its special structure, astax-
anthin exhibits the highest antioxidant capacity, which may
attract much attention to its use in the pharmaceutical and
food industries. Astaxanthin-enriched fraction and astaxanthin
ester—enriched fraction of H. pluvialis exert reno-therapeutic
effects on renal tubular epithelial cells against gentamicin-
induced acute kidney injury. They showed high therapeutic
effects against gentamicin-induced kidney damage in rats by
activating the antioxidant defense pathway of Nrf2 and HIF-a
as well as suppressed Keapl/MAPK/ERK/RAS pathways.
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