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Figure 1. Changes of hematological indexes by a load to +3 or +9 Gz
hypergravity.

(A) A new equation created using reported effects of gravity on mortality vs.
masses of different animals. A scaling in hypergravity was extrapolated to that of
human using the proposed equation. (B) Hematological parameters. The activities
of aminotransferases, creatine phosphate kinase (CPK), blood urea nitrogen (BUN)
and creatinine contents in serum were measured as injury markers of the liver,
skeletal muscle, and kidney, respectively, immediately following exposure of mice
to a single load to + 3 or + 9 Gz for 1 h or 3 h. Data represent the mean+ S.E (N =
3-4 each). Statistical significance of the differences between hypergravity stress

and control group (*P < 0.05, **P < 0.01). Con, control.
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Figure 2. AMPK subunit levels and its signal intensity after load(s) to +9 Gz

hypergravity.

(A, B) Immunoblottings for AMPKa 1, B 1, v 1/2/3, p-AMPK, p-ACC and ACC in

liver homogenates (Top). C57BL/6 mice were subjected to a single load to + 1 Gz

(control, Con) or + 9 Gz for 1 h (x1), or to three consecutive daily loads (x3), and

the liver samples were obtained at the indicated times after treatment. Of six

different samples, two or three representative lanes were shown in each group.
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Scanning densitometry was done to assess relative changes (bottom). Data
represent the meant+ S.E (N = 6 each). Statistical significance of the differences
was determined as compared to control group (*P < 0.05, **P < 0.01) or to a single

load to + 9 Gz (##P < 0.01).
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Figure 3. cDNA microarray and qRT-PCR assays.

(A) Heat map. cDNA microarray analyses were done on RNA samples extracted
from the liver. Mice were subjected to a single load to + 1 Gz (control, Con) or + 9
Gz for 1 h, or to three consecutive daily loads, and the liver samples were obtained
6 h after treatment (N = 3 each). (B) Relative changes and significance values for
the transcripts of a subset of genes targeted by Nrf2 and two Nrf2-independent
antioxidant genes. (C) qRT-PCR assays for Gclc, Abcd2 and Txnip in the liver.
Data represent the meant S.E (N = 4 each). Statistical significance of the
differences was determined as compared to control group (*P < 0.05) or to a single

load to + 9 Gz treatment (#P < 0.05, ##P < 0.01).
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Figure 4. Nrf2 levels after load(s) to +9 Gz and the effect of Nrf2 gene
knockout on AMPK.

(A) Immunoblottings for Nrf2 in the liver. Mice were treated as described in the
panels to Fig. 2. Of six different samples, two or three representative lanes were

shown in each group. Data represent the meant S.E (N = 6 each). No statistical

significance of the differences was found between each treatment group and control.

(B) Immunoblottings on the liver samples. C57BL/6 mice (wild type) or Nrf2 gene
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knockout (KO) mice were treated as described in the panel A to Fig. 3. Of three

different samples, two lanes were shown in each group.
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Figure 5. The effects of +9 Gz load(s) on the markers associated with
hepatocyte viability or blood glucose contents.

(A,B) Immunoblottings for the molecules associated with apoptosis or cell survival
in the liver. Mice were treated as described in the panels to Fig. 2. Of six different
samples, two or three representative lanes were shown in each group. (C) Serum
transaminase activities. (D) Serum glucose levels. For A-D, data represent the

mean+ S.E (N = 6 each). Statistical significance of the differences was determined
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as compared to control group (*P < 0.05, **P < (.01) or to a single load to + 9 Gz

(#P < 0.05, ##P < 0.01).
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Figure 6. The effects of +9 Gz load(s) on hepatic transcription factors.

(A, B) Immunoblottings for major transcription factors in the liver. Mice were
treated as described in the panels to Fig. 2. Of six different samples, two or three
representative lanes were shown in each group. Data represent the mean+ S.E (N =
6 each). Statistical significance of the differences was determined as compared to
control group (*P < 0.05, **P < 0.01) or to a single load to + 9 Gz (#P < 0.05, ##P

< 0.01). Con, control.
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Figure 8. Immunoblottings for hepatic molecules in mice subjected to restraint
stress.

C57BL/6 mice were exposed to either a single restraint stress (x1) or three
consecutive daily stresses (x3), and the liver samples were obtained 6 h after
treatment. Of six different samples, three or six representative lanes were shown in

each group. Con, control.
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Figure 9. The effects of +9 Gz load plus binge alcohol intake on hepatocyte
viability markers.

(A) Experimental scheme. (B) Immunoblottings for total Akt and p-Akt in liver
homogenates. C57BL/6 mice were subjected to a single load to +1 Gz (1 G,
Vehicle) or +9 Gz for 1 hour (9 G, Vehicle), or a binge alcohol intake following a
single load to +1 Gz (1G, EtOH) or +9 Gz for 1 hour (9 G, EtOH), and the liver
samples were obtained 23 hours after alcohol (or vehicle) treatment. Of 6 different
samples, 3 representative lanes are shown in each group. (C) Immunoblottings for
PARP-1 and caspase-3. Of 6 different samples, 3 representative lanes are shown in
each group. Data represent the mean = S.E (N = 3 each). For B and C, statistical
significance of the differences was determined as compared to 1 G vehicle-treated
group (*p < 0.05, **p < 0.01), 1 G EtOH-treated group (#p < 0.05, ##p < 0.01), or
9 G vehicle-treated group (&p < 0.05, &&p < 0.01). EtOH, ethanol; N.S., not

significant.
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Figure 10. The levels of AMPK subunits and ACC intensities after +9 Gz load
plus binge alcohol intake.

(A) Immunoblottings for AMPKal, B1, y1/2/3, p-AMPK, and ACC in liver
homogenates. C57BL/6 mice were subjected to a single load to +1 Gz (1 G,
Vehicle) or +9 Gz for 1 hour (9 G, Vehicle), or a binge alcohol intake following a
single load to +1 Gz (1G, EtOH) or +9 Gz for 1 hour (9 G, EtOH). The liver
samples were obtained 23 hours after alcohol (or vehicle) treatment. Of 6 different

samples, 3 representative lanes are shown in each group. (B) Scanning
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densitometry using the immunoblots. Data represent the mean = S.E (N = 3 each).
Statistical significance of the differences was determined as compared to 1 G
vehicle-treated group (*p < 0.05, **p < 0.01), 1 G EtOH-treated group (#p < 0.05,
##p < 0.01), or 9 G vehicle-treated group (&&p < 0.01). EtOH, ethanol; AMPK,

AMP-activated protein kinase.
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Figure 11. The effect of +9 Gz load plus binge alcohol intake on SIRT1/3 and

PGC-1a levels.

(A) Immunoblottings for SIRT1, SIRT3, and PGC-la. Mice were treated as

described in the panels to Fig. 10. Of 6 different samples, 3 representative lanes are

shown in each group. (B) Scanning densitometry using the immunoblots. Data

represent the mean = S.E (N = 3 each). Statistical significance of the differences

was determined as compared to 1 G vehicle-treated group (*p < 0.05, **p < 0.01),

1 G EtOH-treated group (#p < 0.05, ##p < 0.01), or 9 G vehicle-treated group

(&&p < 0.01). EtOH, ethanol; N.S., not significant; PGC-1a., proliferator-activated

receptor-gamma coactivator-1 alpha.
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Figure 12. Gene ontology (GO) terms and a gene expression network

(A) cDNA microarray analyses using RNA samples extracted from the liver 6 hours

after a single load to +1 Gz (control, Con) or +9 Gz for 1 hour. Enriched pathways

and gene set enrichment analysis (GSEA) are shown (left). Heat map with selected
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genes inside GO categories is listed (right). (B) A network of genes up- or down-
regulated 6 hours after +9 Gz hypergravity stress for 1 hour. The colors of each

node indicate amounts of expression. Red, up-regulated; blue, down-regulated.
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Figure 13. The effects of +9 Gz load plus binge alcohol intake on liver

transcription factors.

(A) Immunoblottings for STAT3, FOXO3/1, C/EBPB, and CREB in liver

homogenates. Mice were treated as described in the panels to Fig. 2. Of 6 different

samples, 3 representative lanes are shown in each group. (B) Scanning

densitometry using the immunoblots. Data represent the mean = S.E (N = 3 each).
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Statistical significance of the differences was determined as compared to 1 G
vehicle-treated group (*p < 0.05, **p < 0.01), 1 G EtOH-treated group (#p < 0.05,

##p < 0.01), or 9 G vehicle-treated group (&p < 0.05, &&p < 0.01). EtOH, ethanol.
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Figure 14. The effects of repetitive +9 Gz loads plus binge alcohol intakes.

(A) Experimental scheme. (B) Immunoblottings for total Akt and phosphorylated
Akt in liver homogenates. C57BL/6 mice were subjected to 3 consecutive daily
loads to +1 Gz (1G x 3, Vehicle) or +9 Gz for 1 hour (9 G x 3, Vehicle), or binge
alcohol intakes following 3 consecutive daily loads to +1 Gz (1G x 3, EtOH) or +9
Gz for 1 hour (9 G x 3, EtOH). The liver samples were obtained 23 hours after last
alcohol (or vehicle) treatment. Of 6 different samples, 3 representative lanes are
shown in each group. (C—E) Immunoblottings for the targets of interest using the

same liver homogenates. EtOH, ethanol.
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(A) Bioinformatic analysis of genes affected by +9 Gx load and APAP in mouse

liver. The Venn diagram illustrates the DEG overlap according to the cDNA

microarray data obtained from the analysis of mouse livers and RNA-seq analysis

data for the liver of mice treated with APAP. DEG pathway enrichment analysis

was conducted using the DAVID database. (B) Protein-protein interaction network.

An interaction network for the DEGs of ER-related enriched pathways (marked in
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red in panel A) was constructed using the STRING database. (C) The network of
ER stress-related gene clusters. Boxes indicate well-recognized ER stress-

associated genes
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Figure 16. Effects of hypergravity preconditioning on kidney dysfunction,
cell survival marker expression, and ER stress induced by APAP treatment.
The network of genes linked to Nrf2 in the liver of mice treated with APAP and

hypergravity. Blue boxes indicate representative cell-survival marker proteins.

54



-

3-4. % A3 AF £4 & AF Ul miR-122 T3 9] H3 S 5

U0 2, 758 % B APAP A 53} 3 H 2A5 S Akl Al
&t the T2 o] APAP 540 T B A2 e adE Swshs

HAYZS AE37] 918l = akglvh 9 24A7F o2 39 fFriaAE Al
o]3}7] wji-oll, ™ A Ingenuity path analysis(IPA) 232 E 9] ©J(QIAGEN)E A}-&
sto] & A} Q1AE oS3kt 1 15A(ZH2 800, 379701 ¢] AF-8F =4
FrRAbyell vERd 117971 9] DEG & 7HE 938 wol W §31x7F by
AT 17). ER 2E#H 2 24} (XBP1 2 ATF4) 2 A A 33 %
AR (TP63) = A 2= v, & A 2AdAL 33 Z2H 2} (HNF4A,
SRSF2, FOXA1 ¥ SMAD7)& sl 249 Ao 2 o=t} o] A7+ ER

AE Y 27 A1 M3 7] s Aol m]H]

ol
2
0
o

pali
a7
z
>_1(‘

ot

v

2 ¢] dgo]gw|o] 2 BA o A miR-122= L E 2 A9 A9 242 = 3f

}_
5 79} 7hol A ¢ miR-1229] F3-3F w3 v} v} & 7|9



Eal

=13
=

miR-122

1T APAP ]3] ¢}

ENES

Kol
=

o A9 miR-122 2 pri-miR-122 53

A 7171 7)< Bt

J|

g]
o] A A ol A= miR-

oF

B
col

Kol
=

1=

ol 4] miR-122

}

N

52 Aol

2}2}

A
B

—

e
w

|

] APAP #] 2] 9} th% 2458 2p=o] 2o

= =]
t:TO

bt

3|

SECREER R

3|

1 7F pri-miR-1229] F=¢] =2

of ¥

el
s

AN

N

Al S 7HE AT

9 APAP A %] 7} 7Fol| A] pri-miR-

o

1
s

Eide

2 XA}

2= o
ol

=

tol ER ¥ Ale] 7155 %

S

2 o)%

2] o
=

56



Activation z-score

8 T T T — T T T T T
& $¢¢¢i@$ « :@S’l&?}%@é;ﬁie? o

Figure 17. miR-122 and primary miR-122 levels in major organs of mice
exposed to combined treatments of hypergravity load(s) and APAP and
putative target genes of miR-122.

The upstream regulator analysis using Ingenuity Pathway Analysis (IPA) software
(QIAGEN) from the 1179 overlapping DEGs (Fig.16A) that commonly up- (800
genes) or down- (379 genes) regulated by a single hypergravity load and by an

APAP treatment.
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Figure 18. Schematic diagram showing mechanism of self-protection and
signal regulation against hypergravity stress

(A) A load of mice to hypergravity causes AMPKo repression with liver injury,
which is overcome by preconditioning loads via Nrf2. (B) A binge alcohol intake
after hypergravity stress sustainably decreases AMPK and transcription factors
necessary for hepatocyte survival. (C) Hypergravity Load Modulates
Acetaminophen Nephrotoxicity via Endoplasmic Reticulum Stress in Association

with Hepatic microRNA-122 Expression.
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VI. Abstract

Mechanism of self-protection and signal regulation

against hypergravity stress

Sang Gil Lee

Advisor: Prof. Keon Wook Kang

Gravity-related stresses experienced by living things vary depending on the
research model, object, and observation index. Therefore, managing appropriate
physiological responses and changes to aerospace missions requires an
understanding of the effects of hypergravity on the human body.

In this study, it was investigated whether single or repeated stimulation of
hypergravity affects molecules related to energy metabolism using a mouse model.
The expression of AMPKa and its sub-signals in the liver was significantly
suppressed after 6 hours after exposure to +9 Gz hypergravity stimulation for 1
hour and gradually returned to normal. However, the expression figures of the
suppressed AMPKa show normal levels when +9 Gz hypergravity stimulation is
repeated three times, suggesting that it is adaptive by repeated multi-stimulus
training. The cDNA microarray analysis revealed that 221 genes were significantly
altered by +9 Gz gravitational stimulation, and confirmed that the inhibited genes
contained Nrf2 target genes. Experiments with Nrf2 gene-deficient animals

conducted to further confirm this confirmed that no recovery was shown through
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adaptation of AMPKa signals induced by +9 Gz 3 repeated stimuli, indicating that
Nrf2 plays a role in the recovery effect through adaptation of AMPKa. Overall, it is
confirmed that +9 Gz gravity causes AMPKa signal inhibition effects with liver
damage when given to mice, which can be overcome by adaptive responses caused
by repeated hypergravity stimulation mediated by Nrf2.

To further understand the effect of hypergravity stimulation on liver function, a
representative liver toxicity model, alcohol binge-drinking intake and liver changes
due to combined treatment of +9 Gz hypergravity stimulation were investigated.
Alcohol binge drinking is known to cause mitochondrial dysfunction in liver cells.
Therefore, we investigated how the combination of hypergravity stress and binge
drinking intake affects AMPK and biological signals needed to survive hepatocytes.
Immediately after the rat was subjected to +9 Gz of hypergravity stimulation for
one hour, binge alcohol intake was carried out and Akt and PARP-1 levels were
found to be inhibited in the liver after 24 hours. Furthermore, the level of AMPKa
in the key molecules regulating energy metabolism was continuously reduced.
Similarly, we inhibited levels of STAT3, FoxO1/3, C/EBP and CREB, the key
transcription factors needed for cell survival. However, this change was not seen
after three consecutive repetitive stimuli, indicating that adaptive responses caused
by repeated hypergravity stimuli to hypergravity can overcome the effects of
hypergravity and alcohol.

In particular, the accumulation of proteins (i.e., ER stress) from the vesicle is
observed in kidney disease. Protein levels of cell survival indicators decreased in
the kidneys after acetaminophen administration after a single hypergravity stimulus,

and kidney damage indicators increased, and ER stress-related indicators were
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expressed. It has also been confirmed that kidney damage in mice is overcome by
hypergravity repetitive stimulation training. It was predicted that the increase in
miR-122 levels in the kidneys would likely have originated in the liver, as the
levels of multiple hypergravity stimuli and pri-miR-122 by APAP only increased in
the liver, not in the kidney. It was found that hypergravity stimulation and APAP-
induced stimulation caused kidney failure due to increased ER stress in the mouse's
vivo, which can be overcome by increased production of miR-122 in the liver due
to repeated hypergravity stimulation.

Taken together, this study found that stimulation caused by hypergravity stress
caused stress in organs including liver and kidneys. In particular, hypergravity
stress has confused energy homeostasis maintenance including AMPKa signaling
in the liver, which has been demonstrated that repeated hypergravity stimulation
training has been mediated in part by Nrf2-dependent AMPK recovery, improving
adaptability to hypergravity stress. This defense mechanism has also been found to
be the same in intensified hypergravity stimulation accompanied by binge drinking
alcohol stimulation. It is also confirmed that stress from hypergravity stimulation
can cause kidney dysfunction through ER stress generation not only in the liver but
also in the kidneys, which can be overcome by the action of miR-122 by repeated
hypergravity stimulation training, providing new information on overcoming

hypergravity stress during space travel.

Key words: hypergravity stress, alcohol, acetaminophen, AMPK, Nrf2, ER stress.

Student ID Number: 2014-30558
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