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Abstract

Astaxanthin is a powerful carotenoid antioxidant prevalent in marine organisms and approved as a food supplement. Recent
studies have demonstrated Astaxanthin’s beneficial attributes in various health states. Following initial reports of potential heat
protective properties in Astaxanthin supplemented rats, we present here results of a novel study examining the effect of
Astaxanthin supplementation on the heat shock response in rats in relation to core temperature (Tc) and the ensuing physiological
strain. Two hours of heat stress at 41 °C during which rats developed their thermoregulatory hyperthermic plateau resulted in
progressive increases in HSP72 and HSP27 in the Astaxanthin (Oleoresin)-treated group but not in the control (Olive oil) group.
Enhanced elevation in HSPs suggests that Astaxanthin supplementation may augment the cellular stress protective response to

heat stress.

Keywords Astaxanthin - Heat stress - Nutritional pre-treatment - Environmental physiology

Introduction

Heat injury is a hazardous condition that may progress rapidly
and potentially be fatal. Current recommendations to popula-
tions at risk focus on raising awareness to environmental con-
ditions with respect to the individual’s state of acclimation,
hydration, clothing, physical health and fitness, and
supporting heat dissipation to the environment where possible
(Epstein and Roberts 2011). Anticipated heat stress exposure
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offers an opportunity to prepare heat injury—prone populations
and minimize its potentially damaging effects.

The concept of physical preconditioning has been expan-
sively explored in the literature by utilizing a wide variety of
pharmaceutical and/or neutraceutical agents (Bouchama et al.
2007; Chen et al. 2008; Lin et al. 2011; McLellan et al. 2000;
Niu et al. 2003). Since the response to heat may be altered by
past exposure to pharmaceuticals (Lomax and Schonbaum
1998) or environmental toxicants (Leon 2008), it may be pos-
sible to use an exogenous substance to enhance resistance to
heat injury. However, to date, no supplement utilized for pre-
conditioning to delay thermal injuries has been directly linked
to improved heat tolerance (Kuennen et al. 2011; Moran et al.
1999).

The physiological, cellular, and molecular responses
evoked by substantial elevation in core temperature (Tc) pro-
mote heat dissipation to the environment, together with cellu-
lar protection mechanisms, among which the heat shock re-
sponse (HSR) is fundamental (Lindquist 1986). It is charac-
terized by enhanced synthesis of heat shock proteins (HSPs)
including HSP72, which is the current consensus marker of
heat stress. Heat-related synthesis of HSPs was initially ob-
served as chromosomal puffing in heat-treated Drosophila
cells (Ritossa 1962). It was more than a decade later when
the appearance of these chromosomal puffs after exposure to
heat stress was linked with novel protein synthesis (Tissieres
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et al. 1974). Soon after, exposure to a single exposure of hy-
perthermia was shown to protect HeLa cells from recurrent
heat exposure and effectively increase their thermotolerance
in a dose-dependent manner (Gerner and Schneider 1975).
Exposure to heat shock or trauma were later demonstrated to
precede increased HSP70 protein synthesis in vivo (Currie
and White 1981). An elevation in levels of HSP70 isoforms
has been associated with enhanced resistance to a multitude of
stressors including heat, hypoxia, and oxidative stress (Ghosh
et al. 2018).

The HSPs induced during the HSR protect the proteome
via chaperoning the multitude of protein forms typically prev-
alent during stress exposure, i.e.: unfolded, misfolded, and
nascent proteins (Verghese et al. 2012). Heat protection mech-
anisms in the whole organism are more complex and involve
alterations in other components not restricted only to the level
of cellular protection. An example of that is seen in epithelial
tissue, which maintains its structural integrity through heat
stress and avoids the increase in permeability induced by heat
stress (Dokladny et al. 2016). This mechanism of epithelial
protection may contribute greatly to withstanding the damages
of heat stress at the whole organism level. The rapid synthesis
of inducible HSP70 isoforms in response to heat stress is due
to an evolutionarily conserved structure and function of the
path governing its transcription and translation through the
heat shock factor one (HSF1) (Silver and Noble 2012), sub-
sequently enhancing heat resistance (Kelty et al. 2002).

Small molecular weight HSPs are also induced by the
HSR and aggregate within cells to form larger structures
acting as chaperonins, which aid in maintaining protein
integrity and preventing degradation. Among them,
HSP27 is of particular importance as it is expressed in
response to multiple stressors, such as oxidative stress,
starvation, and heat stress, where its phosphorylated form
protects nuclear proteins from degradation. Similarly to
HSP70, it is involved in the immune response and has
both pro- and anti-inflammatory actions. It is common in
anti-apoptotic scenarios and serves as a biomarker for
several types of cancer (Singh et al. 2017). Recently,
HSP27 expression in goat cardiac tissue was shown to
positively correlate with the duration of heat stress expo-
sure, which suggests a role for HSP27 in thermal protec-
tion (Parida et al. 2019).

Astaxanthin is a xanthophyll carotenoid prevalent in ma-
rine organisms, which is approved for human consumption as
a safe food supplement (Kidd 2011). Astaxanthin is consid-
ered a very potent antioxidant. Its molecular structure contains
two polar ionone rings, joined by a non-polar chain of conju-
gated double bonds enabling it to accept or receive electrons
and quench free radicals and reactive oxygen and nitrogen
species, while spanning biological membranes; it thus stabi-
lizes many processes, especially in oxidative surroundings
(McNulty et al. 2007).
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Many beneficial health-related traits have been attributed to
Astaxanthin (Yuan et al. 2011), such as a reduction in C reac-
tive protein and DNA damage (Park et al. 2010), reduction of
exercise-induced muscle damage (Aoi et al. 2003), and im-
provement of cell survival after oxidative stress (Wolf et al.
2010). Astaxanthin has also been shown to confer a measure
of protection against heat-related injury in rodents (Preuss
et al. 2011), and to protect bovine embryos from heat stress
(Namekawa et al. 2010). The aim of this study was twofold:
(1) to test whether Astaxanthin pretreatment impacts the ther-
mal response to passive heat stress and (2) to determine
whether Astaxanthin pretreatment affects the HSPs profile.

Methods
Ethics

All experimental protocols were approved by the Ethics
Committee for Animal Experimentation of The Hebrew
University, Jerusalem, Isracl (Approval numbers: MD-13-
13734-4 and MD-16-14156-4) and complied with the guide-
lines of the National Research Council Guide for the Care and
Use of Laboratory Animals (Council et al. 2010).

Study design

The study consisted of two experimental series, focusing on
the thermal and cytoprotective aspects of Astaxanthin supple-
mentation in rats. The first experiment examined core temper-
ature dynamics during exposure to heat stress whereas the
second experiment examined the dynamics of HSP levels post
heat stress exposure in cardiac and hepatic tissues.

Pre-experimental conditions

Animals were housed in the animal facility at an ambient
temperature of 24+ 1 °C in a 12 h—12 h light-dark cycle, with
free access to food (Teklad Global rodent diet no. 2018SC,
18% protein Harlan Teklad, USA, by Envigo, Israel) and wa-
ter. Weight was monitored biweekly.

Preparation of Astaxanthin

Astaxanathin 1% v/v for gavage was prepared by dissolv-
ing Astaxanthin 10% oleoresin (Astapure®,
Algatechnologies, Ktora, Israel) in extra virgin olive oil
(Acidity <0.8%, Negba olive press, Revivim, Israel) by a
1:4.5 ratio and administered by gavage at a dosage of
1 mL per 100 g body weight.
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Core temperature dynamics experiment

Male Sprague Dawley rats, initially 6 weeks old,
weighing approximately 200 g, were peritoneally im-
planted with iButtons® temperature loggers (DS1921H-
F5# Thermochron, Maxim Integrated Products, USA),
programmed to log core temperature at 5-min intervals.
The iButtons® sensors were implanted surgically by a
trained veterinary surgeon under sterile conditions. Prior
to implantation, the animals were anesthetized by
Isofluran induction 0.2 ml\min. The peritoneal area was
shaved and disinfected. Analgesia was provided subcuta-
neously to the back of the neck (Carprofen in normal
Saline 5 mg/mL). Internal sutures were sewn with 3-0
USP monofilament absorbable sutures (Assucryl®, Assut
sutures, Switzerland). External sutures were sewn with 3-
0 USP Nylon blue monofilament non-absorbable (Assut
sutures, Switzerland). Surgery lasted 5.5 min on average
and after its completion, the animals were moved to re-
cover under a heating lamp. No antibiotic was used in
order to avoid any influence to thermoregulation. Post-
surgery complications (an opening of peritoneal sutures)
developed in one animal, which was euthanized. The 2-
week (a total of 10 days, excluding weekends) supple-
mentation regimen began after full recovery and consisted
of four groups: (1) 100 mg/kg Astaxanthin in olive oil
(ATXsd, n=35), by gavage (2) 1 mL of olive oil (OILsd,
n=>5) by gavage, (3) 1 mL normal saline by gavage
(NSsd, n=5) or (4) no treatment control animals (NTsd,
n=1>5) that received no treatment prior to heat stress expo-
sure and were kept in the animal facility for the same
duration prior to heat stress exposure.

The animals were then subjected to the heat stress protocol
and sacrificed thereafter. iButtons® were removed posthu-
mously and the temperature record was downloaded.

Protein dynamics post heat stress exposure
experiment

Male Sabra rats initially 6 weeks old, weighing approximately
200 g were randomly divided into two groups and treated for
2 weeks (a total of ten treatment days, excluding weekends)
with either Astaxanthin 100 mg/kg dissolved in olive oil, daily
(ATXsa, n=35; 4-5 animals in each group) or olive oil, in
equal volume (OILsa, n = 33; 4-5 animals in each group), by
gavage. The animals were exposed to the heat stress protocol
and sacrificed at the following time points post heat stress:
0 min, 30 min, 1 h, 2 h, 3 h, and 4 h. Additionally, four animals
of each group were designated as control and exposed to room
temperature. Heart and liver were promptly removed, placed
in liquid nitrogen and later stored at — 80 degrees Celsius for
future analysis.

Heat stress (HS) protocol

Animals were exposed to an established controlled, pas-
sive heat stress protocol described previously (Schochina
and Horowitz 1989). Briefly, heat stress exposure was
conducted for 2 h in a reach-in climatic chamber (Lab-
line reach in environmental chamber, Thermo Fisher
Scientific Inc., USA) at a constant temperature range of
40-41 °C. Animals were monitored for weight and rectal
temperature (Trec, rectal thermistor YL402, Yellow
Springs industries, USA) before exposure, at 60 min and
immediately after removal from the climatic chamber.
Access to food and water was withdrawn at the onset of
heat stress or control exposure and returned freely upon
recovery. At the pre-set time points, animals were anes-
thetized by a mixture of 85 mg/mL Ketamine HCL and
3.6 mg/mL Xylazine, administered peritoneally at 0.1 mL
per 100 g body weight and sacrificed by cardiac resection.
An estimation of heat strain during the heat stress expo-
sure was made by calculating the cumulative heat storage
according to Maloyan et al. (Maloyan et al. 1999) as
3 ATrec/min x 0.83 x body weight (normalized to 100 g
of body weight). Heating rate per minute was calculated
from the cumulative heat storage during the heat exposure
until the peak heat storage was reached, and compared
between groups.

Western immunoblotting

Left ventricle cardiac tissue and hepatic tissue were pre-
pared as described previously (Maloyan et al. 2005) and
the cytosolic fraction was frozen at — 80 °C. Protein con-
centration was quantified by Bradford reagent (Bio-Rad,
USA), and 50-pg samples were separated using 12%
SDS-PAGE gel (TGX Fast cast, Biorad, USA) and blotted
onto nitrocellulose membranes, which were then blocked
with 5% skim milk powder. Blots were probed overnight
at 4 °C with primary antibodies against HSP72, HSP27,
and HSP90. Anti-f3-actin antibody was used to confirm
equal protein loading. Appropriate peroxidase-coupled
immunoglobulin G was used as secondary antibodies
(1 h, at room temperature). Tables 1 and 2 list the primary
and secondary antibodies used, respectively. Membranes
were stripped for re-probing when necessary by exposing
them to a guanidine thiocyanate 4 M solution for 30 s.
Reactive bands were visualized by using chemilumines-
cence (EZ-ECL, biological industries, Israel) and detected
using the ChemiDoc imaging system (Bio-rad, USA).
Image lab software was used to measure band pixel den-
sity (version 5.1, BioRad, USA) which was normalized to
[3-actin in the same lane. Four technical repeats were per-
formed for each sample.
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Table 1 Primary antibodies used

for Western blot protein detection Primary antibody
Protein Manufacturer cat. Number Antibody Dilution
detected origin
Actin Abcam, international ab8227 Rabbit 1:5000
HSP27 Santa cruz biotechnology, USA (C-20): sc-1048 Goat 1:1000
HSP72 StressMarq Biosciences Inc., SPC-103C/D Rabbit 1:10,000
Canada
HSP90 Abcam, international ACR8S, ab13492 Mouse 1:1250

(monoclonal)

Animals removed from the experiment

In the protein dynamics experiment, two animals from the
ATXsa group were removed from the experiment during the
supplementation stage due to weight loss related to iatrogenic
esophageal injury. Eight animals (four of the ATXsa group
and four of the OILsa group) were removed from the climatic
chamber due to high rectal temperature after 1 h and were not
included in thermal or biochemical analysis. The remaining
animals (29 ATXsa and 29 OlLsa) were included in result
analysis. Heat strain manifestations of heat stress exposure
and cellular heat shock responses were compared between
the groups.

Statistics

A statistical program (SPSS, version 23, USA) was used for
data analysis. Biological results were averaged from the four
technical repetitions for each analyzed tissue, after removal of
extreme values (4.5-6%), leaving two to three averaged
values for each data point. One-way ANOVA with Tukey’s
post-hoc analysis was used to estimate significance of time
dependent dynamic changes from the control within treatment
groups. Scatter plots of individual data points as well as
boxplot representations were created. The latter were used to
find outliers defined by the SPSS program to be extreme or
regular (3 or 1.5 times the inter quartile ratio, respectively),
marked by an asterisk or a circle, respectively (see Figs. 2 and
3). Seven outlier points were removed from the database be-
fore performing one-way ANOVA within and between

treatments in each tissue, followed by Tukey’s post-hoc test
of significance. In the heat stress dynamics experiment, the
heating rate per minute was selectively compared between
groups with a two tailed ¢ test, with equal variance assumed.
P value <0.05 was considered significant.

Results
Physiological heat strain during HS

Core temperature (Tc) changes recorded during heat stress
(Fig. 1a and b) displayed an overall attenuation in the in-
crease in core temperature to the thermoregulatory hyper-
thermic plateau in response to passive heat stress exposure
in ATXsd and ATXsa groups compared with OILsd and
OILsa groups, respectively. Combined data from both ex-
periments shows a similar average basal Tc between the
Astaxanthin (38.4 °C, n=35) and olive oil (38.3 °C, n=
35) treated animals. The normal saline (NSsd) and no treat-
ment (NTsd) groups displayed a similar Tc profile, with an
early rise in core temperature that peaked by 60 min of heat
stress exposure (ATc at 60 min=1.65=+0.15 °C and 1.825
+0.01 °oC, mean+S.E for the NSsd and NTsd groups, re-
spectively), followed by a reduction to maintain the hyper-
thermic plateau. For the OILsd and ATXsd groups, the
peak in core temperature change was reached later—at
80 min (ATc=2.2+0.37 °C) and 120 min (ATc=1.63 +
0.365 °C), respectively, reflecting a different rate of
heating. Cumulative heat storage calculated for the heat

Table 2 Secondary antibodies
used for Western blot protein

Secondary antibody (Horeseradish peroxidase conjugated 1gG)

detection
Protein Manufacturer cat. Number  Antibody Dilution
detected origin
Rabbit [gG Jackson ImmunoResearch laboratories Inc., 711-035-152  Donkey 1:5000
USA
Goat IgG Jackson ImmunoResearch laboratories Inc., 805-035-180  Bovine 1:10,000
USA
Mouse IgG Jackson ImmunoResearch laboratories Inc., 115-035-003  Goat 1:10,000

USA
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Fig. 1 a Core temperature measured before, 1 h into heat stress (HS) HS,
and at the end of the 2 h HS in the protein dynamics experiment. Average
temperatures are displayed with standard error bars for the OlILsa (n = 25)
and ATXsa (n = 25) groups. b Changes in average core temperature of the
ATXsd, OILsd, NSsd, and NTsd groups, recorded during the temperature
dynamics experiment with standard error bars. N=35 in each group.
Rectal temperature measured after the onset of heat strain (indicated by
the black arrow) was: 39.3+—0.6, 38.4+0.4, 38.9+0.6, and 38.9+0.6
oC for the ATXsd, OILsd, NSsd, and NTsd groups, respectively (1W
ANOVA ns). ¢ Average heat strain experienced during HS by the ATX

stress exposure demonstrated development of an earlier
and higher heat storage during HS exposure in the OILsd
group (68.2+10.9 calories/100 g BW) compared to the
ATXsd group (29.2+15.5 calories/100 g BW) (Fig. lc,
p <0.04). The heating rate (Fig. 1d) was also significantly
higher for the ATXsd group (0.26+0.1 Calories x 100 g
BW ! x min™ "), in comparison with the OILsd group (0.71
+0.14 Calories x 100 g BW ! x min™'; p=0.031), The
difference between ATXsd and NTsd (0.83+0.17
Calories x 100 g BW ™' x min™') was also significant
(p =0.02), while not between ATXsd and NSsd (0.41 +
0.06 Calories x 100 g BW ™' x min™'). The heating rate
of the OILsd group was not significantly different from
that of NSsd or NTsd.

The loss in body mass post heat stress resulting from de-
hydration did not differ between the groups: from 313.4 +
3.31 g before to 290.5+3.31 g after the exposure in the
ATXsa group and from 309.36+3.67 g before to 285.44 +
3.24 g after the exposure in the OlILsa group, reflecting a total

(\E//IS 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120
-1

d
1.2 **n=0.02
-
[\
‘E 8- “‘p=_0.04
= -6
(1]
]
I 4-
-0 1 |
Astaxanthin No treatment
Olive oil Saline
group

(red line) and OIL (green line) groups. Cumulative heat strain in the ATX
group from 15 to 120 min (no heat storage was apparent before this point)
was significantly different from that of the OIL group between 0 and
120 min (where heat storage began earlier) (7 test, one tailed, equal var-
iance, p =0.025). d Average heating rate per minute (Calories x 100 g
BW ! x min™") experienced by the four groups, until the peak heating rate
was achieved. The heating rate for ATXsd was significantly lower than
that of OILsd (*p = 0.03) and NTsd (**p = 0.02). The heating rate for NT
was significantly higher than that of NSsd (***p =0.04)

weight loss of 7.73% and 7.31% in the ATXsa and OILsa
groups, respectively.

Cellular heat shock protein levels
Heart

Figure 2 displays cardiac tissue HSP levels during recovery
from 2 h of HS, for the ATXsa and OlLsa groups (n=4-5
animals in each group). Significant differences in HSP72 pro-
tein level were observed between the ATXsa and OlILsa treat-
ments at two time points, 30’ (6.1 £0.7 and 2.4 + 0.2, respec-
tively) and 4 h (6.8 +1.3 and 1.5+0.3, respectively) in the
heart (»p =0.003 and p <0.001, respectively). Within-
treatment analysis revealed a significant elevation in HSP72
protein level in the ATXsa group at the 30" (6.1+0.7) and 4 h
(6.8 +£1.3) time points compared to the control (1.2+0.1;
p<0.001). Contrastingly in the OILsa group, no significant
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Fig. 2 Heat shock protein dynamics post heat stress in the heart. Orange
boxes—ATXsa group; Green boxes—OILsa group. n = 4-5 animals per
group for each time point. Blot representations of sample membranes
appear below for ATXsa and OILsa. a.1 Cardiac HSP72 protein
dynamics post HS. *ATXsa ¢ = 30 m was significantly higher than
OlLsa # =30 m (p = 0.003); **ATXsa ¢ = 4 h was significantly higher
than OlLsa t=4 h (p < 0.001); #ATXsa ¢ = 30 m, and 4 h post HS were
significantly higher than the control, (p < 0.001). a.2 Cardiac HSP72

difference was observed in HSP72 protein level in the heart at
any of the analyzed time points.

Although changes in HSP90 and HSP27 protein levels post
HS were much smaller, at 4 h post HS, HSP27 was markedly
elevated in the ATXsa group (1.35 4+ 0.3) and to a significantly
higher level than ATXsaat7=0(0.5+0.1), L h (0.7+0.1) and
2h(0.6+0.1) (p <0.05).

Liver

Figure 3 displays hepatic HSP levels, during recovery
from 2 h of HS, for the ATXsa and OILsa groups (n=
4-5 animals in each group). Changes in HSP72 heat
shock protein level in the liver were more dramatic than
those observed in the heart: post heat stress exposure,
HSP72 level in the heart tissue reached an average value
of 6.64 and 3.67 in the ATXsa and OlLsa groups, respec-
tively, whereas in the liver, HSP72 protein level normal-
ized to Actin reached 12.98 and 12.07 in the ATXsa and
OlLsa groups, respectively.
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protein dynamics post HS, individual animals represented in a 3D plot.
b.1 Cardiac HSP27 protein dynamics post HS. *ATXsa ¢ = 4 h was
significantly higher than ATXsa r=0,7=1h,and =2 h (p < 0.05).
b.2 Cardiac HSP27 protein dynamics post HS, individual animals
represented in a 3D plot. ¢.1 Cardiac HSP90 protein dynamics post HS.
c.2 Cardiac HSP90 protein dynamics post HS, individual animals
represented in a 3D plot

This elevation was apparent across all measurement time
points yet was not significantly different from the control and
was observed in both treatment groups, possibly indicating a
tissue-specific effect which could not be attributed to the
treatment.

Between-groups comparison revealed no significant
difference in levels of all heat shock proteins analyzed
(HSP72, HSP27, and HSPO) at all tested time points,
apart from HSP90 level at 1=4 h in the OlILsa group
(2.3+£0.5) which was significantly higher than the
ATXsa group (1.1+0.2) at the same time point
(p<0.02). Figures 3a.l, a.2, b.1, b.2, c.1, and c.2,
respectively.

Overall, no significant difference was observed within
treatment groups in any of the heat shock proteins examined
(HSP72, HSP90, and HSP 27), apart from =4 h post HS in
the OILsa group (2.3 +0.5), where the hepatic protein level of
HSP90 was significantly higher than all other time points in
the OILsa group (OlLsa, t=0 min, 1.1 £0.1; =30 min, 1.15
+0.1; t=1h, 1.3+0.1; r=2 h, 1.2+02; t=3 h, 1.2+0.1;
»<0.036).
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Fig. 3 Heat shock protein dynamics post heat stress, in the liver Orange
boxes—ATXsa group; green boxes—OILsa group. n =4-5 animals per
group for each time point. Blot representations of sample membranes
appear below for ATXsa and OlLsa. a.1 Hepatic HSP72 protein
dynamics post HS. a.2 Hepatic HSP72 protein dynamics post HS,
individual animals represented in a scatter plot. b.1 Hepatic HSP27 protein
dynamics post HS. b.2 Hepatic HSP27 protein dynamics post HS,

Sample blots from each experimental group are presented
in Fig. 3.

Discussion and conclusions
Core temperature dynamics during heat stress

In small rodents, exposure to heat stress induces a rise in
core body temperature until the hyperthermic plateau is
reached (Schwimmer et al. 2004). Pre-treatment with
Astaxanthin in both rat strains attenuated the rise to the
hyperthermic plateau during heat stress exposure. This
fact, in combination with no significant difference in body
mass loss between the experimental groups may suggest
no differences in evaporative cooling (salivation) between
the ATXsd and the OILsd groups during 2 h of heat stress.
Tail blood flow was not measured in our experimental
protocol, thus we cannot negate the possibility that the
attenuated rise in Tcore was associated with cardio-
vascular changes or decreased heat production. The

individual animals represented in a scatter plot. ¢.1 Hepatic HSP90 protein
dynamics post HS. *OlILsa ¢ =4 h is significantly higher than ATXsar=4h
(p<0.02); ##OILsa t=4 h is significantly higher than all other OlLsa
time points (p <0.036). ¢.2 Hepatic HSP90 protein dynamics post HS,
individual animals represented in a 3D plot. Graphical representations were
created by using the Excel and SPSS programs

cumulative heat strain, as well as the heating rate, was
definitely lower in the ATXsd group, compared to the
OILsd group.

Heat shock protein dynamics

Exposure to passive heat stress in rodents has been well
documented in the past. One of the hallmarks of the heat
shock response involves elevation of cellular levels of
heat shock proteins (Lindquist 1986). Specifically, in rat
tissue, elevated levels of HSP70 protein was found to
appear as early as 2.5 h post heat shock exposure
(Currie and White 1983). In addition, clevated levels of
HSP72 have been correlated to the severity of injury and
cellular response (Dehbi et al. 2010), but the magnitude of
their elevation may delay the threshold for thermal injury.
Prior elevation of HSP72 in heat acclimation, for exam-
ple, leads to a delayed temperature threshold for injury in
rats (Horowitz 2011).

Here we show that Astaxanthin pretreatment produced
higher levels of cardiac HSP72 protein (but not hepatic)
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compared to the olive oil solvent. Heat stress exposure
caused a detectable heat shock response manifested as an
elevation in both cardiac and hepatic HSP72.

The different magnitude and timing of the physiologi-
cal thermal response in the ATXsd and OILsd groups, as
evident from the change in core temperature and heat
storage during heat stress exposure, was reflected by a
different dynamic of cardiac HSP72 during recovery,
where a peak in cardiac HSP72 level was observed at
4 h post heat stress in the ATXsa group, but not in the
OILsa group. Greater basal HSP level and greater induc-
tion of HSPs in the Astaxanthin pretreated group may
have been linked to enhanced cellular stress response
and increased cellular protection. Although Astaxanthin’s
mechanism of action is attributed mainly to its stabilizing,
antioxidant properties (Fassett and Coombes 2012; Kidd
2011), it has been reported, in human keratinocytes, to
signal through the nuclear kinase MSK1 (Terazawa et al.
2012). Induction of MSK1 activity provides some clues as
to a potential molecular-epigenetic mechanism developed
during Astaxanthin supplementation prior to the heat
stress. Significant up-regulation of MSK1 was found dur-
ing short-term heat acclimation during stress on HSP72
and HSP90 promoters (Horowitz 2015).

The mechanism of action attributed to Astaxanthin in-
cludes other downstream signaling pathways, including:

1) indirect induction of anti-oxidative pathways such
as: elevation of the anti-oxidant enzymes catalase,
superoxide dismutase, peroxidase, and thiobarbitu-
ric acid reactive substances (TBARS) (Ranga Rao
et al. 2010); activation of the phosphoinositide 3-
kinase (PI;K)/AKT and extracellular signal-
regulated protein kinase (ERK) pathways, which
support the activation of the NRF2-anti-oxidant re-
sponse elements (ARE) pathway, which up-
regulates the expressions of enzymes that protect
against oxygen species (OS), such as heme
oxygenase-1 (HO-1), glutathione-S-transferase-x1
(GST-«1), and NAD(P)H quinine oxyreductase-1
(NQQ-1) (Fakhri et al. 2018)

2) induction of anti-inflammatory pathways such as in-
hibition of ROS-induced activation of nuclear
factor-k B (NF-kB) transcription factor, which subse-
quently inhibits the production of the pro-
inflammatory cytokines IL-13, IL-6, and TNF-«
(Speranza et al. 2012)

3) involvement in multiple anti-carcinogenic activities
including induction of apoptotic pathways such as
the PI3K/AKT pathway to facilitate cell death, and
inhibition of invasiveness promoting pathways such
as the JAK-2/STAT-3 pathway (Zhang and Wang
2015)

@ Springer

4) activation of anti-apoptotic effects in neuro-degenerative
disorders, heart disease, ischemia, and multiple organ dis-
order syndromes (Fakhri et al. 2018).

The different dynamics in cardiac HSP72 and HSP27
during HS recovery suggest later induction of HSP27
production compared to HSP72, which displayed elevat-
ed levels at an earlier time post heat stress. Based on the
diversity of possible downstream signaling induced by
Astaxanthin, and the fact that HSP27 was also induced
4 h post HS in the Astaxanthin supplemented group, the
results of altered thermoregulatory dynamics may also
derive from enhanced anti-oxidant activity and indirect
effects on thermal tolerance.

HSP72, HSP90, and HSP27 elevations in the liver were
greater than those observed in the heart, which is consis-
tent with previously published evidence of tissue-specific
accumulation of HSP72 following heat stress in rodents
(Flanagan et al. 1995). This is probably the outcome of
the major thermoregulatory reflex showing splanchnic va-
soconstriction coincidentally with peripheral vasodilata-
tion, leading to higher splanchnic temperature and the
resulting tissue damage (Horowitz 2011). In conclusion,
our results suggest that Astaxanthin pretreatment may en-
hance thermo-tolerance at the whole organism level and
through increased cellular protection via alteration of the
threshold for thermal injury.
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