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Abstract:

Background: Liver ischemia/reperfusion (I/R) commonly happens within liver surgical
procedures as well as transplantation. It causes postoperative liver dysfunction, and poor patient
outcome. Emerging strategies assume that efficacy of mesenchymal stem cells-exosomes
(MSCs-EXOs) is dependent on status of MSCs extracellular environment. Hydrogen sulfide
(H2S) regulates several cellular signaling pathways and exerts a protective effect in various
disorders. Aim of the work: Comparing the protective influence of co-administration of H>S and
exosomes versus H>S-preconditioned exosomes on liver I/R injury adult male rat model.
Materials and Methods: Fifty adult male rats were categorized to donor, control, liver I/R,
recovery, HoS + EXOs, and H>S-preconditioned EXOs groups. At the end of experiment,
biochemical analysis [for liver enzymes, nuclear factor kappa-B (NF-kB) and superoxide
dismutase (SOD)], histological and immunohistochemical studies [for high-mobility group box 1
(HMGBI), nuclear factor-erythroid 2-related factor 2 (Nrf2), as well as heme oxygenase-1 (HO-
1)], and statistical analysis were done. Results: Ischemia/reperfusion group recorded significant
rise in hepatic enzymes, NF-xB level, HMGB1 immunoreactivity, and decrease in SOD level,
Nrf2 and HO-1 immunoreactivity. In addition to the presence of foci of disorganized hepatocytes,
necrotic cells, apoptosis, and periportal inflammatory infiltration. Recovery showed insignificant

improvement in formerly mentioned results. While the use of H>S + EXOs, or HaS-
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precoordinated EXOs clearly improved inflammation, antioxidant parameters, and hepatocellular

injury. Conclusion: H>S + EXOs in addition to HxS-precoordinated EXOs possessed

hepatoprotective impacts against I/R injury in the liver. Whereas H>S preconditioning of MSCs

could augment the protective impact of MSC-EXOs.
Keywords: Hepatic I/R injury, EXOs+ H»S, H2S Preconditioned EXOs, HMGB1, Nrf2/HO1.

1. Introduction:

Hepatic ischemia reperfusion injury (HIRI)
is a critical consequence of multiple
operative procedures as in resection as well
as transplantation of liver "I, Liver I/R
stimulates  inflammatory  along  with
immunological responses that may result in
liver dysfunction and acute or chronic
rejection of graft in cases of hepatic
transplantation. This could affect the
prognosis of recipient 12 Thus, it is critical
for successful liver transplantation surgery
to avoid hepatic I/R B3I,

During the period of ischemia, loss of the
arterial supply leads to disturbed balance
between metabolic supplements and needs,
creating a hypoxic status in liver tissues.
Moreover, during reperfusion period, the
return of blood flow triggers aggravated
inflammatory reaction in addition to
oxidative stress . These series of events

occurring during I/R causes reactive oxygen

species (ROS) to accumulate in hepatic
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tissues, inducing severe hepatocellular
injury L

High-mobility group box 1 (HMGBI) is a
pro-inflammatory factor, a key trigger of
inflammatory reaction during I/R of liver.
HMGBI1 release is mediated through the
production of ROS following liver ischemia.
Therefore, the antioxidant approach for
suppressing release of HMGB1 may have a
hopeful effect in the protection as well as
management of liver I/R 16,

Nuclear factor-erythroid 2-related factor 2
(Nrf2)/ heme oxygenase-1 (HO-1), a
necessary antioxidant signaling pathway,
maintain homeostasis of redox state for
protection against cellular oxidative stress !\,
During physiological status, Nrf2 in addition
to its negative regulator Kelch-like
epichlorohydrin (ECH)-associated protein 1
(Keapl) are present in cytoplasm. During
stressful situations, Nrf2 dissociates from

Keapl, allowing translocation of Nrf2 to the
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nucleus then interact with antioxidant
response element (ARE), key antioxidant
pathway Bl ARE genes is comprising
antioxidant enzymes, such as superoxide
dismutase ~ (SOD), catalase  (CAT),
glutathione peroxidase (GPx) as well as
glutathione-S  transferase (GST), anti-
inflammatory proteins, heme oxygenase-1
(HO-1), and cyclooxygenase-2 (COX-2) *
0 HO-1, an initial antioxidant enzyme
related to ARE genes, involved in defense
process against liver oxidative injury. Upon
activation it leads to redox homeostatic
balance, inhibition of inflammatory
responses and suppression of tissue damage
11 The Nrf2/ARE pathway exhibits a major
effect in defense against liver I/R injury 121,
Stem cells therapy is a new strategy that
allows management of various diseases and
injuries. Whereas the implanted stem cells
have poor survival rate especially in hypoxic
status leading to ineffective therapeutic
action 13141,

To overcome such obstacles, exosomes have
appeared as a target to attain better
therapeutic results with extended circulatory
life. Exosomes, lipid bi-layer cellular
vesicles, are secreted for intercellular
signaling Sl Exosomes are a substantial

paracrine element for stem cells 16, They

have a prominent effect in regeneration of
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affected organs through promotion of cell-
to-cell connection "7, Exosomes transport
their cargo lipids, proteins, also nucleic
acids to the target cells, influencing various
signaling and biological processes inside the
target cells 1181,

Modification of MSCs media may enhance
their effects by changing the secreted
paracrine factors "L Various methods of
preconditioning of MSCs have been tested,
comprising preconditioning with
pharmacological/chemical, hypoxia
preconditioning, physical elements, trophic
factors, or cytokines preconditioning 2%,
Hydrogen sulfide (H2S) is one of the
endogenously synthesized gaseous
molecules with major cytoprotective effects
against cell injury and death. This is
mediated via combating reactive oxygen and
nitrogen species 2122, Among the different
donors of hydrogen sulfide, sodium
hydrogen sulfide (NaHS); is commonly used
as a fast-releasing hydrogen sulfide donor
both in-vivo as well as in-vitro 123,

This work aimed at comparing the
protective influence of co-administration of
H>S (liberated from sodium hydrogen
sulfide) and exosomes versus HaS
preconditioned exosomes on liver I/R injury
in adult male albino rat.

2. Material and methods:
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A-Materials:

Drugs:

1- Sodium hydrosulfide (NaHS):

A H2S donor was obtained from Sigma-
Aldrich chemical company, USA in the
form of chips which were crushed and

241 Tt was

dissolved in normal saline
prepared at concentration of 11.2 pumol/ml
saline for rat administration and 200 umol/L
phosphate buffer saline (PBS) for adipose
tissue mesenchymal stem cells (AMSCs)
pretreatment. These preparations were
performed at Biochemistry Department,

Faculty of Medicine, Cairo University.

2- Paul Karl Horan-26 (PKH-26)
labelled adipose tissue mesenchymal
stem cells derived exosomes (AMSCs-
EXOs):

Preparation and isolation of exosomes from

AMSCs conditioned media was obtained via

ultracentrifugation according to Yuan et al.,

2019 1 methodology. Exosomes were

extracted from AMSCs and labeled with

PKH-26 dye (Sigma-Aldrich chemical

company, USA) to trace homing of

exosomes in the liver tissues.

Exosomes were provided as 100pg

EXOs/100ul of PBS.

3- H:S preconditioned AMSCs derived
exosomes (H2S

AMSCs-EXOs):

preconditioned
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AMSCs were pretreated with 200 pmol/L
NaHS for 30 minutes followed by EXOs
collection. Subsequently exosomes were
labelled with PKH-26 and provided as
100pg EXOs/100ul PBS 1261,

AMSCs preparation and pretreatment along
with exosomes preparation, isolation,
collection and labelling were achieved at
Histology Department, Faculty of Medicine,
Cairo University

Animals:

The current work included 50 male albino
rats, approximately 12 weeks age, 200
grams weight. The animals were maintained
in the animal house of Faculty of Medicine,
Cairo  University and were handled
respective to instructions approved by Cairo
University-Institutional Animal Care and
Use Committee (CU-IACUC) [approval
number  CU/III/F/46/23]. They  were
maintained in cages under standard
environmental state (at 24 = 1°C in normal
light/dark cycle) & allowed access to chow
along with water ad [libitum for 2 days
former to the onset of study to acclimate to
the environmental circumstances. Then the
animals were kept in previous situations
through the entire experimental durations.
Experimental Design

Donor group:
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Two rats were applied for AMSCs isolation,
culturing, phenotyping, as well as extraction
of exosomes.

The remaining 48 rats were categorized
into 5 groups:

Group I (Control group) (8 rats): was
subdivided equally in 4 subgroups (2 rats
each), rats did not undergo the procedure of
ischemia/reperfusion injury:

- Subgroup Ia: animals were not subjected
to any procedures or treatments, serving as
negative control.

- Subgroup Ib: sham rats were submitted to
laparotomy only without cross clamping the
bilio-vascular pedicle, sacrificed
corresponding to group II (/R group) & III
(Recovery group).

- Subgroup Ic: rats were operated as
subgroup Ib and each animal was injected
intraperitoneally (IP) in the lower right
quadrant with 1ml saline concomitantly with
portal vein injection of a 100 pl PBS,
corresponding to group IV (H2S + EXOs).

- Subgroup Id: rats were operated as
subgroup Ib and each rat was injected once
intravenously (IV) via the portal vein with a
100 pl PBS, corresponding to group V (H2S
preconditioned EXOs).

Group II (I/R group) (10 rats):

Anesthesia of rats was performed by

ketamine intramuscular injection (50 mg/kg)
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271 followed by transverse abdominal
incision to access liver 8], Then, the hepatic
artery, common bile duct, along with portal
vein, which make up the hepatic vascular
pedicle of whole liver was clamped by
microvascular bulldog clamp. After thirty
minutes of total hepatic ischemia (THI),
removal of clamp was done to start hepatic
blood flow. After that, suturing of the
abdomen was accomplished in 2 layers by 4-
0 continuous sutures (Vicryl 4-0; Ethicon)
and rats were sacrificed after 2 hours of
reperfusion 21,

Group III (Recovery group) (10 rats):
Rats underwent I/R as in group II and were
injected subcutaneously with buprenorphine
(0.03 mg/kg/24 hour) in addition to
cefuroxime sodium (16 mgkg/24 hour)
(Sigma-Aldrich chemical business, Cairo,
Egypt) as analgesia and antibiotic treatment.
Animals were closely monitored for the first
four hours following surgery before being
returned to their cages 12l Then they were
sacrificed 48 hours after reperfusion.

Group IV (H2S and exosomes) (H:S +
EXOs) (10 rats):

Rats were subjected to laparotomy as in
group II and each rat was injected IP at
lower right quadrant (to avoid spilling of the
drug) with a single dose of 11.2 pmol NaHS
dissolved in 1ml saline (56 umol/kg NaHS)
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28] concomitantly with a single IV injection
of 100 pg exosomes suspended in 100 pl
PBS 126 through portal vein B% Then rats
were immediately subjected to I/R as in
group II.

Group V (H:S preconditioned exosomes
group) (H:S preconditioned EXOs) (10
rats):

Rats were subjected to laparotomy as in
group II and each animal was injected once
via the portal vein with a 100 pl PBS
containing 100 pg exosomes of AMSCs
preconditioned with 200 pmol/L NaHS 126l
then I/R was conducted in rats as in group II
animals.

B- Methods

ADMSCs and Exosomes Study:
Preparation, isolation, and collection of
AMSC:s derived exosomes:

A. Preparation of AMSCs:

For isolation of the AMSCs, digestion of 5 g
of abdominal adipose tissue from the 2
donor rats was applied in Dulbecco's
Modified Eagle Medium (DMEM) (Cat. No.
12491015, Gibco, UK) having collagenase
type I (CAS 9001-12-1, Sigma Aldrich,
USA) at 37°C for 2 hours on a shaker. The
resultant suspension underwent a 10-minute
centrifugation at 1,200 g. After centrifuging,
the supernatant was drained off, the pellet

was returned to DMEM having 10%
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(volume/volume) fetal bovine serum (FBS)
as well as 1%  (volume/volume)
penicillin/streptomycin  until about 80%
confluency (~1 x 10° cells) with 2 passages
was obtained B!,

Examination of unconditioned AMSCs
and H>S preconditioned AMSCs using
cell proliferation assay:

The cell proliferation assay of the
unconditioned AMSCs and H>S
preconditioned AMSCs pretreatment with
200 umol/L NaHS for 30 minutes 261 was
done at the Biochemistry Department,
Faculty of Medicine, Cairo University as
follows: A cell proliferation kit (Trevigen
Inc., USA) was used to measure the
proliferation of untreated AMSCs and
AMSCs preconditioned with NaHS in
accordance  with the guidelines of
manufacturer instructions.

B. Exosomes and H:S preconditioned
EXOs collection and purification:
According to Gonzdlez-Cubero et al., 2021
study Pl; for collection of AMSCs-derived
exosomes, serum-free DMEM with 1%
penicillin/streptomycin was added to the
cells to prevent any contamination. Then
supernatants were obtained from the
AMSCs-conditioned medium after 24 hours.
collection  of  H)S

Whereas, for

preconditioned exosomes, AMSCs were
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pretreated with 200 pmol/L NaHS for 30

minutes followed by exosomes collection [26],

For exosomes purification of either non-
NaHS treated or NaHS-treated AMSCs,
centrifugation was performed on the
obtained culture supernatants at 300 g in
addition to 2,000 g for ten minutes
individually at 4 °C. After that, the

supernatant underwent a centrifugation
process at 10,000 g for thirty minutes at
4 °C for elimination of large sized particles.
Then centrifugation of exosomes at 100,000
g for seventy minutes at 4°C to pellet them.
Then, the pellet was rinsed with PBS
(Product No. P5368, Sigma Aldrich, USA),
followed by centrifugation once more at

100,000 g for 70 minutes at 4°C 31,

Identification of exosomes:

A-Examination of exosomes and H:S
preconditioned EXOs by transmission
electron microscope (TEM):
Exosomes and H>S  preconditioned
exosomes were examined at the Electron
Microscope Research Unit, Faculty of
Agriculture, Cairo University (Figs. 1la
&1b). Exosomes appeared as spherical
shaped vesicles with variable diameter,
average 75 nm. According to Willis et al.,
2018 132 exosomes were identified with
spherical morphology under TEM with

diameter of 30-150 nm.
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Figure 1: TEM photomicrographs showing EXOs with an average diameter of 75 nm of both 1a:
ADMSCs-unconditioned EXOs. 1b: H,S preconditioned ADMSCs-EXOs.
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B -Total protein content using Bradford
assay:

According to Hajian et al., 2021 '33; total
content of proteins was estimated by
Bradford assay (Quick Start Kit, Bio-Rad)
respective to manufacturer’s datasheet. This
test was performed at the Biochemistry
Department, Faculty of Medicine, Cairo
University.

I11. Labeling of exosomes:

The exosomes were stained with PKH-26
using PKH-26 red fluorescent dye (Cat. No.
MIN126, Sigma, USA) for their labeling.
Animal studies:

I. Biochemical studies

Samples of blood were collected from rats
of groups (I, II, IV & V) at the end of the 2
hours reperfusion duration, just before
sacrifice. Whereas they were collected from
rats of group (III) after 48 hours reperfusion.
Butterfly needles were used to collect them
from tail vein ¥4, Blood samples were tested
for alanine aminotransferase (ALT) as well
as aspartate aminotransferase (AST) by
colorimetric method in accordance to
manufacture instructions of BioAssay
Systems Company (California, USA).

Rats of groups (I, II, III, IV & V) were
euthanized by ketamine IP injection (80 mg/
kg) and xylazine (10 mg/kg) ¥l Liver
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specimens from rat’s median lobe of control
and all experimental groups were collected
and divided into two specimens, the first
specimen for tissue biochemical analysis
and the second specimen for histological
studies.

The first specimen was for biochemical
analysis of tissue nuclear factor kappa B
(NF-«xB) level, a  regulator  of
proinflammatory  cytokines, has a
significant impact in liver I/R inflammatory
reaction, 1 and superoxide dismutase level
(SOD) an antioxidant enzyme that has a
major effect in defense mechanism against
ROS activities ¥7l, NF-kB and SOD were
analyzed via the corresponding enzyme-
linked immunosorbent assay (ELISA) kits
(MBS287521 and MBS036924 respectively,
MyBioSource; USA).

Biochemical analysis of serum ALT &
AST and tissue NF-kB & SOD levels was

evaluated at the Biochemistry Department,

Faculty of Medicine, Cairo University.

II. Histological studies:

All studies were accomplished at the
Histology Department, Faculty of Medicine,
Cairo  University. Fixation of liver
specimens in 10% formol saline was

followed by processing of paraftin block.
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Six pum thick serial sections were sliced for

the following studies:

i. Fluorescent microscopic study:
unstained sections of groups I (as a
negative group), IV and V (to detect
homing of exosomes) were examined by
fluorescent microscope Olympus BX50F4.
il. Light microscopic study:

1- Hematoxylin and Eosin (H&E) stain 1381,

To demonstrate histological structure and

alterations of liver.

2- Immunohistochemical staining for 38! for:
High-mobility group box 1 (HMGBI1): is a
rabbit  polyclonal (A2553,
ABclonal Boston, MA, USA) that appears in

antibody

the nucleus. HMGB1 is an essential
inflammatory cytokine during I/R injury,
that promotes inflammatory responses as
well as stimulates cell apoptosis 1,
Nuclear factor-erythroid 2-related factor
2 (Nrf2): is a rabbit polyclonal antibody
(A11159, ABclonal Boston, MA, USA)
that appears in the cytoplasm. Nrf2, a main
transcription factor for controlling the
cellular oxidative stress, can regulate
primary defense processes against ROS-
induced tissue injury 140,

Heme oxygenase-1 (HO-1): is a rabbit
polyclonal antibody (A1346, ABclonal
Boston, MA, USA) that appears as
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cytoplasmic reaction. HO-1 is a Nrf2-
regulated gene, upregulation of its
expression is a cytoprotective mechanism
against cellular stresses 41,

- Immunostaining was carried out using

avidin-biotin technique 138! by:

1- Antigen retrieval, liver sections were
boiled in 10 mM citrate buffer (Cat No.
005000) pH 6 for 10 minutes.

2- Followed by cooling the liver sections

for twenty minutes at room temperature.

3-Then incubation of sections with the
primary antibodies for 60 minutes was
performed. Corresponding to manufacturer’s
datasheet, the optimal dilution was 1:50 -
1:200 for HMGBI1, Nrf2 and HO-I1

antibodies.

4-Staining was done using Ultravision One
Detection System (Cat No. TL - 060- HLJ)
and Lab Vision Mayer's hematoxylin
counterstaining (Cat No. TA- 060- MH).
The following were brought from
Labvision, ThermoFisher scientific, USA:
Citrate buffer, Ultravision One Detection
System in addition to Ultravision Mayer's
hematoxylin.

HMGBI1 positive control showed brown
nuclear expression in brain tissue. The

positive control for Nrf2 and HO-1
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appeared as brown cytoplasmic reaction in
brain tissue and liver respectively. Whereas
the negative control liver sections were
obtained by the former method without
addition of the primary antibodies.
HI-Morphometric study:

This was accomplished using Leica Qwin
500 LTD image analyzer (Cambridge,
England) attached to a light microscope
with a colored video camera, for detection
of area percent of positive immunoreaction
for HMGB1, Nrf2 and HO-1. It was done
for six sections from six animals of each
group immune-stained with HMGB1, Nrf2
and HO-1 separately. From every section,
ten non overlapping microscopic fields
were randomly inspected at magnification x
400 using the binary mode.

The count of homed PKH26 labelled
AMSCs derived exosomes (x400) was
analyzed in ten non overlapping liver fields
using Image J Program.

IV-Statistical analysis:

The obtained data were analyzed through
statistical package for social sciences (SPSS)
program version 16 (IBM, Armonk. NY,
USA). Measurements were summarized as
mean and standard deviation (mean £+ SD)
and compared via one way analysis of
variance test followed by “Tukey” post hoc

test for all measurements except for cell
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proliferation assay, total protein
quantification assay and number of homed
exosomes in liver tissues, an independent
samples T-test was used. Probability P

values <0.05 appeared significant 42,

3. Results:

ADMSCs & Exosomes Study Results:

I. ADMSC:s proliferation assay results:
Cell proliferation of ADMSCs
preconditioned with NaHS was 115.28+0.94
and revealed a significant increase in cell

proliferation percentile as compared to

unconditioned ADMSCs value (98.71+£1.25).

I1. Exosomes total protein quantification

test results:

The mean level of total protein
quantification test was 132.67+1.54 and
58.3£1.17 pg/ml in NaHS preconditioned
exosomes and unconditioned exosomes
respectively. Statistically, this indicated a
significant rise in NaHS preconditioned
exosomes as compared to unconditioned
exosomes.

General observations

- Gross appearance of liver: Before
ischemia the liver surface showed no
abnormalities (Fig. 2a). While after thirty
minutes of ischemia, the liver appeared

pale (Fig. 2b). Two hours after reperfusion,
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the liver surface became brown and
congested (Fig. 2¢).

- Deaths were observed in two rats of group
I (/R group) following 1 hour of
reperfusion. Regarding rats of group III
(recovery group), 4 rats died between 32-36
hours after reperfusion.

- Rats of subgroups Ia, Ib, Ic and Id
displayed similar biochemical results,
likewise histological findings. So, all of
them were considered as a control group
(group I).

Serological and tissue homogenates
results:

The mean values of serum ALT and AST
(Fig. 3a) in addition to tissue NF-xB
(Fig.3b) recorded significant rise in group
II (VR group), group LI (Recovery) and
group IV (H:S + EXOs), and non-
significant increase in group V (HaS
preconditioned EXOs) versus group I
(Control group). Additionally, a non-
significant reduction was reported in the
recovery group versus I/R group. However,
groups IV as well as V detected a
significant reduction versus I/R group.
Moreover, a significant diminution in group

V versus group IV was recorded.

The mean value of tissue SOD level

(Fig.3b) showed significant low values in
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all studied groups versus control group
except in group V that demonstrated non-
significant low values versus group I
Compared to I/R group a non-significant
elevation in group III also a significant
elevation in groups IV and V were reported.
Additionally, a significant elevation was

noticed in group V in relation to group IV.

Histological results

I.PKH26 labelled immunofluorescent
sections:
Unstained liver sections of groups I (as a
negative group) (Fig.4a) showed absence
of red fluorescence of PKH-26 dye. While
PKH-26 labelled EXOs was illustrated
inside blood sinusoids in group IV (Fig.4b)
and inside hepatic blood vessels and blood
sinusoids in group V (Fig.4c).
Hematoxylin and Eosin-stained
sections:
Control group (Figs.5a,5b&5c):
H&E-stained sections illustrated normal
hepatic parenchyma with preserved hepatic
lobular architecture. Hepatocytes were
arranged in plates radiating from the central
vein to the periphery of lobule where portal
tracts were noticed. The portal tract has a
branch of portal vein, hepatic artery, bile
duct in addition to a lymphatic vessel.

Blood sinusoids were noticed separating
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cords of hepatocytes and were lined by
endothelial cells along with Kupffer cells.
In addition, polyhedral hepatocytes
exhibited acidophilic vacuolated cytoplasm
as well as central rounded pale nuclei with
prominent nucleoli. Some hepatocytes
showed binucleation.

Group II (I/R group) (Figs. 5d,5¢,5f&5g):
Examination of liver section showed patchy
and variable lesion with markedly
congested central vein, dilated congested
blood sinusoids and distorted hepatic cords.
In the pericentral area, hepatocytes were
swollen with dark eccentric nuclei and
large cytoplasmic vacuolations, others had
deeply acidophilic cytoplasm with pyknotic
nuclei. Some hepatocytes appeared
disfigured with many  cytoplasmic
vacuolation and eccentric nuclei. As
regards the periportal area, there was
recruitment of heavy inflammatory
infiltration around the portal tract. Foci of
markedly disorganized hepatocytes were
noticed and surrounded by shrunken
hepatocytes  with  deeply acidophilic
cytoplasm and either pyknotic nuclei or
fragmented nuclei. Kupffer cells were
frequently noted among the sinusoids in

pericentral and periportal areas.
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Group III (Recovery group) (Figs.
6a,6b,6¢,6d &6e):

This group showed histological changes
nearly like that of I/R group. Some fields
revealed dilated central vein along with
dilated  sinusoids. @ Some  pericentral
hepatocytes showed deeply acidophilic
cytoplasm with shrunken darkly stained
irregular nuclei. Whereas hepatocytes with
multiple cytoplasmic vacuolations were
frequently seen in other fields. At the portal
tract, areas of deranged hepatocytes close
to foci of inflammatory cellular infiltration
were noted. Some periportal hepatocytes
appeared shrunken containing pyknotic
nuclei in addition to deeply acidophilic
cytoplasm.  Additionally, there were
acidophilic cytoplasmic remnants admixed
with very small nuclear debris in periportal
area. Kupffer cells were frequently noted.
Group IV (H:S + EXOs) (Figs.
7a,7Tb&7¢):

Examination of liver sections of H,S +
EXOs treated rats illustrated congested
central vein, some dilated congested
sinusoids, and few inflammatory cells
around congested portal tract vessels.
Hepatocytes exhibited acidophilic
cytoplasm with vesicular nuclei. Some
pericentral hepatocytes showed large
vacuolations.

cytoplasmic Moreover,
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periportal liver cells with pyknotic nuclei
and deeply acidophilic cytoplasm were
seen. Kupffer cells were noted inside the

blood sinusoids.

Group V (H:S preconditioned EXOs)
(Figs. 7d,7e&7f):

The liver sections revealed an apparent
normal histological architecture of liver
lobules. Plates of hepatocytes were seen
extending from central vein toward portal
tract where few inflammatory cells were
noticed. Liver plates were separated by
sinusoids  containing  Kupffer  cells.
Hepatocytes exhibited central single
rounded pale nuclei along with acidophilic
cytoplasm. Also, there were some
binucleated hepatocytes.

HMGBI1 immunostained sections:

The negative control liver sections (Fig. 8a)
without adding the HMGBI1 primary

antibody showed negative immunostaining.

Control group (Fig.8b):

Positive HMGBI1 nuclear immunostaining
was illustrated in hepatocytes, endothelial
cells as well as Kupffer cells lining the

blood sinusoids.
Group II (I/R group) (Fig.8¢):

There was positive nuclear immunoreaction

in some hepatocytes, endothelial, in
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addition to Kupffer cells. Also, there was
positive cytoplasmic immunoreaction in
many hepatocytes and in liver sinusoidal

endothelial cells (LSECs).
Group III (Recovery group) (Fig.8d)

Positive cytoplasmic immunoreaction in
many hepatocytes along with the presence of
cytoplasmic immunoreaction in LSECs were
illustrated. Additionally, there was positive
nuclear immunoreaction in  multiple
hepatocytes and in endothelial and Kupffer

cells lining the hepatic sinusoids.

Group IV (H2S + EXOs) (Fig.8e):

Most  hepatocytes illustrated positive
nuclear immunoreaction. Others showed
positive  cytoplasmic  immunoreaction.
Positive immunoreaction in the nuclei and
cytoplasm of endothelial cells lining blood
sinusoids was demonstrated. In addition, a
positive nuclear immunoreaction appeared

in Kupfter cells.

Group V (H:S preconditioned EXOs)
(Fig.8f):

Positive HMGB1 nuclear immunoreactivity
was seen in multiple hepatocytes. Minimal
cytoplasmic immunoreaction appeared in a
few hepatocytes. Endothelial cells of blood
sinusoids showed positive nuclear and

cytoplasmic immunoreactions. In addition,
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to the noticed positive  nuclear

immunoreaction in Kupffer cell.

Nrf2 immunostained sections:

The negative control hepatic sections (Fig.
9a) illustrated negative immunostaining
when skipping the step of Nrf2 primary
antibody.

Control group (Fig.9b):
Examination of Nrf2 immuno-stained
sections demonstrated positive
immunoreactivity in the cytoplasm of
hepatocytes.

Group II (I/R group) (Fig.9¢):

Liver sections exhibited some hepatocytes
increased

with  apparently positive

cytoplasmic immunoreaction when
compared to group L. In addition, positive
nuclear immunoreaction appeared in a few
hepatocytes.

Group III (Recovery group) (Fig.9d)

This group demonstrated some hepatocytes
with positive cytoplasmic
immunoreactivity as compared to group L.
Also, there were few hepatocytes with
positive nuclear immunoreactivity.

Group IV (H2S + EXOs) (Fig.9e):

Many  hepatocytes showed  positive

cytoplasmic immunoreactivity to Nrf2.
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Additionally, there was positive nuclear
immunoreaction in some hepatocytes.

Group V (H:S preconditioned EXOs)
(Fig.91):

Widely distributed positive cytoplasmic
and nuclear immunoreactivity to Nrf2 in
most hepatocytes was observed.

HO-1 immunostained sections:

The negative control liver sections (Fig. 10a)
after skipping HO-1 primary antibody

demonstrated negative immunoreaction.

Control group (Fig.10b):

Liver sections illustrated few hepatocytes
with positive cytoplasmic
immunoreactivity to HO-1.

Group II (I/R group) (Fig.10c):

Positive HO-1 cytoplasmic
immunoreaction was demonstrated in some
hepatocytes as compared to group 1.

Group III (Recovery group) (Fig.10d)
There was positive HO-1 immunoreaction
in the cytoplasm of some hepatocytes as
compared to control group.

Group IV (H2S + EXOs) (Fig.10e):

The positive cytoplasmic HO-1
immunoreactivity was noticed in most of
hepatocytes.

Group V (H:S preconditioned EXOs)

(Fig.10f):
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Widespread HO-1 positive cytoplasmic
immunoreactivity was visualized in nearly

all hepatocytes.

Morphometric results:

Mean number of homed PKH26 labelled
NaHS preconditioned exosomes was
significantly increased versus PKH26

labelled unconditioned exosomes (Fig.4d).

The mean area percent of HMGBI positive
immunoreactivity (Fig.8¢g) of groups II (I/R
group), III (Recovery group), and IV (HaS +
EXOs) recorded a significant rise while that
of group V (H2S preconditioned EXOs)
showed non-significant increase versus
group I (Control group). In comparison to
group II, group III recorded a non-

significant reduction, however groups IV as

well as V revealed a significantly low value.

Additionally, a significant diminution in

group V versus group IV was demonstrated.

Nrf2 positive immunoreaction mean area
percent (Fig.9g) of all studied groups
illustrated a significant increase relative to
control. Whereas a non-significant rise was
illustrated in recovery group versus group II.
Regarding groups IV & V, they recorded a
significant rise in comparison to group II.
Additionally, group V exhibited a significant

elevation versus group IV.

Mean area percent of HO-1 positive
immunoreactivity (Fig.10g) showed non-
significant rise in group II as well as group
II in comparison to control. Whereas, both
groups IV and V illustrated a significant rise
relative to the control and group IL
Furthermore, a significant elevation in group

V versus group IV was recorded.

Figure 2: Macroscopic examination illustrating: 2a: Before ischemia the liver surface shows no

abnormalities 2b: Following 30 minutes of ischemia, the liver appears pale. 2¢: Two hours after

reperfusion, the liver surface becomes brown and congested.
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Figure 3: Demonstrating mean values of:
3a: Serum ALT and AST levels.
3b: Liver NF-«B and SOD levels.

[* as compared to control group, ? as compared to group II & ¢ as compared to group IV

(significant difference at P < (.05)]

Undetectable

§

261024

ad Mean number of PKH26 labelled exosomes
Group | Group IV = Group v

Figure 4: Fluorescent microscope photomicrographs of hepatic sections showing: 4a:
Group I (Negative control section) shows absence of red fluorescent of PKH26 dye in liver
tissue 4b: Group IV (H2S + EXOs group) exhibits some labelled EXOs (arrows) in blood
sinusoids (S) 4¢: Group V (H:S preconditioned EXOs group), multiple labelled EXOs
(arrows) are seen in hepatic blood vessels (BV) and blood sinusoids (S).

(PKH-26 fluorescent dye, x 400)
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4d: Histogram: Illustrating mean number of PKH26 labelled EXOs: * as compared to
unconditioned AMSCs-EXOs (significant difference at P < 0.05)

Figure 5: Light microscopic photomicrographs of liver section stained by H&E of:
Group I (Control group) (5a, Sb & 5¢): 5a; Revealing hepatic cords radiating from the central

vein (CV) toward the portal tract (dotted oval shape). The portal tract includes branch of portal
vein (V), bile duct (B) & a lymphatic vessel (L). Blood sinusoids (S) are seen separating hepatic
plates. 5b & 5c¢; Higher magnification of the blue and black boxed parts in 5a showing areas of
hepatocytes near the central vein & portal tract respectively. Hepatocytes (H) appear as
polyhedral cells that exhibit central rounded vesicular nuclei with prominent nucleoli &
acidophilic vacuolated cytoplasm. Some hepatocytes show binucleation (H*). Blood sinusoids (S)

are lined by endothelial cells (short straight arrow) & Kupfter cells (wavy arrow).

Group II (I/R group) (5d.5e,5f &5g): 5d; Illustrating markedly congested central vein (CV) &

dilated congested sinusoids (S) with distorted hepatic cords. Many Kupffer cells can be noted
(wavy arrows) among sinusoids (S). Se; Higher magnification of the blue boxed area in 5d
illustrates pericentral hepatocytes. Some hepatocytes appear swollen with dark eccentric nuclei
and large cytoplasmic vacuolations (V), others have deeply acidophilic cytoplasm with pyknotic
nuclei (P). The circled areas exhibit disfigured hepatocytes with many cytoplasmic vacuolation.
5f; Demonstrating recruitment of heavy inflammatory cell infiltration (I) around the portal tract
(dotted oval shape). Note the focus of disorganized hepatocytes in the boxed area near the portal
tract. Shrunken hepatocytes with deeply acidophilic cytoplasm and pyknotic nuclei are
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encountered in upper part of field (P). 5g; Higher magnification of boxed area in 5f reveals

markedly disorganized hepatocytes surrounded by shrunken hepatocytes with deeply acidophilic
cytoplasm & with either pyknotic (P) or fragmented nuclei (F). Kupffer cells are frequently

noted among hepatocytes (wavy arrows).

(H&E, 5a,5d &5f x200, Sb, Sc, Se & S5g x400)

Figure 6: Light microscopic photomicrographs of H&E-stained hepatic sections of: Group
IIT (Recovery group) (6a.6b, 6¢.6d &6e): 6a; Revealing dilated central vein (CV) and

dilated sinusoids (S). Note Kupffer cells inside blood sinusoids (wavy arrows). 6b; Higher
magnification of blue boxed area in 6a demonstrates dilated blood sinusoids (S) separating
thin plates of hepatocytes. Some of the pericentral hepatocytes show deeply acidophilic
cytoplasm with shrunken deeply stained irregular nuclei (P). 6¢; Another field showing
hepatocytes with multiple cytoplasmic vacuolations (V) around central vein (CV). 6d;
Showing an area of deranged hepatocytes (boxed area) close to a focus of inflammatory
cellular infiltration (I) around the portal tract (dotted oval shape). 6e; Higher magnification
of the boxed area in 6d shows acidophilic cytoplasmic remnants admixed with very small

nuclear debris (long straight arrow). Kupffer cells are frequently noted (wavy arrows). Some
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periportal hepatocytes appear shrunken with pyknotic nuclei and deeply acidophilic
cytoplasm (P).

(H&E, 6a,6d x200, 6b,6c&6¢ x400)

Figure 7: Light microscopic photomicrographs of a hepatic section stained with H&E of:

Group IV (H;S + EXOs group) (7a,7b&7¢): 7a; Demonstrating congested central vein (CV),

some dilated congested sinusoids (S) and few inflammatory cells (I) around the congested portal
tract vasculature (dotted oval shape). 7b & 7c¢; Higher magnification of blue and black boxed parts
in 7a showing area of hepatocytes near central vein and portal tract respectively. Hepatocytes (H)
exhibit acidophilic cytoplasm with vesicular nuclei. Some pericentral hepatocytes show large
cytoplasmic vacuolations (V). Moreover, periportal hepatocytes with pyknotic nuclei and deeply
acidophilic cytoplasm (P) are seen. Kupffer cells are noted (wavy arrows) in sinusoids (S) in both 7b

& Te.

Group V (H,S preconditioned EXOs group) (7d.7e&7f): 7d; Illustrating apparently normal
histological architecture of liver lobule. Hepatocytes plates are extending from the central vein (CV)
toward the portal tract (dotted oval shape). Minimal inflammatory cells (I) are noted around the
portal tract. 7e & 7f; Higher magnifications of blue and black boxed parts in 7d showing areas of

hepatocytes near central vein & portal tract respectively. Most liver cells (H) exhibit single central
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rounded pale nuclei & acidophilic cytoplasm. While others are binucleated (H*). Note Kupffer cells

(wavy arrows) inside blood sinusoids (S).

(H&E, 7a&7d x200, 7b, 7c,7e&7f x400)
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Figure 8: Light microscopic photomicrographs of HMGB1-stained liver sections of:
8a:_Negative control liver section after skipping the HMGBI1 primary antibody step illustrating

negative immunostaining. (x400)

8b: Group I (Control group) showing positive nuclear immunoreaction in hepatocytes (curved
arrows). Hepatic sinusoids (S) demonstrate positive nuclear immunoreaction in LSECs (straight
arrow) and in Kupffer cells (right angled arrows).

8c: Group II (I/R group) demonstrating positive nuclear immunoreaction in some hepatocytes
(curved arrow) as well as LSECs (straight arrow) and Kupffer cells (right angled arrow) lining
the blood sinusoids (S). Note positive cytoplasmic immunoreaction in many hepatocytes (wavy
arrow). In addition to the presence of cytoplasmic immunoreaction in LSECs (arrowhead).

8d: Group III (Recovery group) demonstrating positive cytoplasmic immunoreaction in many
hepatocytes (wavy arrow). Positive cytoplasmic immunoreaction in LSECs (arrowhead) is also
seen. In addition to the observed positive nuclear immunoreaction in multiple hepatocytes
(curved arrow). Hepatic sinusoids (S) show positive nuclear immunoreaction in LSECs (straight
arrow) and Kupffer cells (right angled arrow).
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8e: Group IV (H:S + EXOs group) demonstrating most of hepatocytes with positive nuclear

immunoreactivity (curved arrow). Others have positive cytoplasmic immunoreactivity (wavy
arrow). Positive immunostaining in the nuclei (straight arrow) and cytoplasm (arrowhead) of
LSECs is demonstrated. Note the positive nuclear immunoreaction in Kupffer cell (right angled
arrow).

8f: Group V (H:S preconditioned EXOs group) demonstrating positive nuclear
immunoreaction in multiple hepatocytes (curved arrow) & minimal cytoplasmic immunostaining
in others (wavy arrow). Endothelial cells lining the blood sinusoids (S) show positive nuclear
(straight arrow) and cytoplasmic (arrowhead) immunoreaction. In addition, positive nuclear
immunoreaction in Kupffer cell (right angled arrow) was observed.

(anti HMGB1 immunohistochemical stain 8b, 8c, 8d, 8¢ &8f x400)

8g: Histogram illustrating the mean area percent of HMGBI1 positive reaction. [* as
compared to control group, ® as compared to group II & ¢ as compared to group IV

(significant difference at P < (.05)]
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Figure 9: Light microscopic photomicrographs of Nrf2-stained liver sections of:

9a: Negative control liver section without adding the Nrf2 primary antibody illustrating

negative immunoreactivity. (x400)
9b: Group I (Control group) demonstrating hepatocytes with positive cytoplasmic
immunoreactivity (wavy arrow).
9¢: Group II (I/R group) illustrating some hepatocytes with apparently increased positive
cytoplasmic immunoreactivity to Nrf2 (wavy arrow) when compared to Fig. (9b) of group L.
Note the Nrf2 positive nuclear immunoreactivity in a few hepatocytes (curved arrow).
9d: Group III (Recovery group) demonstrating some hepatocytes with positive
cytoplasmic immunoreaction (wavy arrow). Note a few hepatocytes with positive nuclear
immunoreaction (curved arrow).
9¢: Group IV (H:S + EXOs group) illustrating many hepatocytes with positive
cytoplasmic immunostaining (wavy arrow). Also, there is positive nuclear immunostaining
in some hepatocytes (curved arrow).
9f: Group V (H:S preconditioned EXOs group) demonstrating widely distributed positive
cytoplasmic (wavy arrow) and nuclear immunoreactivity (curved arrow) to Nrf2 in most
hepatocytes.

(anti Nrf2 immunohistochemical stain 9b, 9¢, 9d, 9e¢ &9f x400)
9g: Histogram showing the mean area percent of Nrf2 positive reaction. [* as compared to
control group,  as compared to group II & ©as compared to group IV (significant difference

at P < 0.05)]
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Figure 10: Light microscopic photomicrographs of HO-1-stained liver sections of:

10a:_Negative control section of liver tissue without adding the HO-1 primary antibody

showing negative immunoreaction. (x400)
10b: Group I (Control group) revealing few hepatocytes positive cytoplasmic immunoreaction
(wavy arrow).
10c: Group II (I/R group) illustrating some hepatocytes with positive immunoreactivity in their
cytoplasm (wavy arrow).
10d: Group III (Recovery group) showing positive cytoplasmic immunoreactivity in some
liver cells (wavy arrow).
10e: Group IV (H:S + EXOs group) showing most of hepatocytes with positive cytoplasmic
immunoreaction (wavy arrow).
10f: Group V (H2S preconditioned EXOs group) showing nearly all hepatocytes with a
widespread positive cytoplasmic immunoreactivity to HO-1 (wavy arrow).

(anti HO-1 immunohistochemical stain 10b, 10¢, 10d,10e&10f x400)
10g: Histogram demonstrating the mean area percent of HO-1 positive reaction. [* as
compared to control group, ® as compared to group II & ¢ as compared to group IV

(significant difference at P < (.05)]
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4. Discussion:

Hepatic ischemia reperfusion injury

(HIRI) is an inevitable outcome especially in
partial liver resection and transplantation. It
may lead to impaired recovery and poor
prognosis  of  operative  procedures.
Therefore, management of HIRI is one of
the most challenging problems associated
with post-operative morbidity and mortality
43],
Total hepatic ischemia was induced in the
present work because it perfectly imitates
the clinical state of warm ischemia
following Pringle maneuver. Pringle
maneuver is used to minimize blood loss
during liver resection and transplantation
and is applied by blocking perfusion from
hepatic artery along with portal vein to liver
[44]

Hepatic ischemia more than 30 minutes
leads to over 75% necrosis and severely
affects liver function 3. Such a massive
injury is not similar to the clinical
condition of liver surgery 4. Therefore, 30
minutes only was chosen as a duration of
ischemia in the present study.

The liver ischemia conducted was followed
by 2 hours reperfusion according to study by
291 Czigany et al., 2019 who found that the
maximum of cellular injury was after 2

hours of hepatic reperfusion in rats, and was

30

associated with significantly elevated AST,

ALT, in addition to lactate dehydrogenase.

Male rats were chosen in the current
research as HIRI was more serious in males
than female patients 471, This is linked to the
variations in mitochondrial permeability
transitions (MPT) between genders caused
by estrogen hormone that can lead to
variations in the intensity of calcium
overload & I/R injury 131,

In the present work, the liver surface
appeared pale after 30 minutes of ischemia
due to obstructed liver blood supply, while
after 2 hours of reperfusion, the liver surface
appeared brown and congested. This
coincided with the observation of
Nakanuma et al., 2020 *°\,

Deaths recorded in the present study
included two rats from group II (I/R group)
and four rats from group II (Recovery
group). This could be attributed to severe
portal  hypertension and  progressive
thrombosis in portal vein, hepatic artery, and
caval veins induced by portal triad
obstruction Y. Vascular stasis and blood
flow obstruction may also contribute to
intracardiac and pulmonary
thromboembolism 511,

In the same concern, in a former study HIRI

rat didn’t survive the planned 6 hours 52 and
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24 hours of reperfusion 33, Congestion of
great splanchnic vein during clamping

1521 results in

procedure of portal triad
destruction of intestinal barrier followed by
endotoxin/bacterial translocation to portal
blood aggravating liver injury, and
eventually liver failure and death occurs %31,
Being indicators of liver cell damage 34,
serum level of liver enzymes (ALT & AST)
was analyzed in the current study and
recorded significant elevation in group II
(/R group) indicating a decline in liver
function following HIRI. These results were
similarly recorded in a former study 3%, The
elevated level of liver enzymes could be
explained by disruption of the hepatocytes'
membrane, necrosis and cellular damage
that resulted in leakage of liver enzymes into
the blood 43,

Liver ischemia reperfusion injury comprises
multiple series of events such as
mitochondrial dysfunction, acidosis, calcium
overload, oxidative stress after ischemia.
Following reoxygenation, more ROS
production and upregulation of
proinflammatory cytokine was encountered
156, 371 Such diversity of events is linked to
the pathophysiology of the I/R, thus
achieving effective protection might not be

targeted by a single mechanism to reduce

I/R injury 158,

31

NF-kB has a central role as a transcriptional
regulator in response to cellular stress. The
pathologic process of HIRI is tightly linked
to the NF-kB pathway, blocking this
pathway may delay inflammatory reaction,
oxidative stress, as well as cellular death 5%
8 In the current study, I/R group
demonstrated significant rise in tissue NF-
kB versus control group.

Superoxide dismutase (SOD) possesses a
selective effect in protection against
oxidative stress in the body. Therefore, the
enzyme is a useful therapeutic measure for
diseases caused by reactive oxygen species
611 In this study, tissue SOD was
significantly reduced in I/R group relative to
control.

H&E-stained hepatic sections of I/R group
revealed hepatocytes with deeply acidophilic
cytoplasm in addition to shrunken deeply
stained nuclei, indicating apoptosis. While
other hepatocytes showed features of
necrosis such as cell swelling, disfigurement,
and cytoplasmic vacuolation. Apoptosis as
well as necrosis are both modes of cellular
death that caused distortion of hepatic cords
and hepatic lobular architecture. In harmony
with our findings, similar histological

alterations were illustrated in HIRI models

[55,62]
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The pericentral area in I/R  group
demonstrated markedly congested central
vein along with dilated congested sinusoids
that were surrounded by either apoptotic or
necrotic hepatocytes. These results are
consistent with ! Nakanuma et al., 2020
who mentioned that sinusoidal affection
occurred mostly in zone III causing hepatic
parenchyma injury and congestion in the
pericentral area. The researchers related the
vascular congestion to endothelial cell injury
and lost fenestrations. Moreover, they
attributed  the increased apoptotic
hepatocytes in zone III to the relatively poor
oxygen nature of zone III that becomes more
hypoxic after hepatic ischemia.

Aiming to explain the cellular damage in
hepatic parenchyma, it could be suggested
that hypoxic then hyperoxic injuries
following I/R injury results in cell swelling,
necrotic cell degeneration and apoptosis,
endothelial dysfunction, activation of both
Kupffer cells and neutrophils, and local
inflammatory reactions inducing cytokine
storm that damages cellular structures and
results in cell death 163641,

The affection of hepatocytes in group II was
not only observed in the pericentral zone
(Zone III) but also was noticed in periportal
zone (Zone 1), together with heavy

inflammatory infiltration around portal tract.

32

This is in line with other researchers who
reported bridging necrosis in HIRI models
165, 66l The bridging necrosis is linked to

increased  pro-inflammatory =~ mediator
HMGBI release from affected hepatocytes
which attach to Toll like receptor 4 (TLR4,
HMGB1  receptor) on  neighboring
hepatocytes resulting in necrosis of
neighboring hepatocytes 67,

Additionally, Kupffer cells were frequently
seen in both pericentral and periportal areas.
This might be related to phagocytic role of
Kupffer cells as a trial to preserve liver
homeostasis. Also, they coordinate the
inflammatory process by monocytes and
neutrophils recruitment to area of injury 2%
%81, Neutrophils release free radicals and
subsequently consumption of antioxidants as
SOD and glutathione (GSH). This cascade
exaggerates the inflammatory response that
eventually results in hepatocytes death by
necrosis and apoptosis leading to organ
dysfunction 6%,

Dead cells release damage-
associated molecular patterns (DAMPs), like
ROS, nuclear proteins, DNA fragments in
addition to cytosolic proteins "%, HMGBI1
is a crucial endogenous DAMP that rises

noticeably in the early stages of ischemia I,

HMGBI acts as a proinflammatory mediator
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and may be secreted by phagocytes,
endothelial along with necrotic cells 1773741,
Regarding HMGBI1 immuno-stained
sections of group II, some hepatocytes
demonstrated HMGBI1 positive cytoplasmic
immunoreactivity, while others showed
nuclear immunoreactivity, indicating
HMGBI1 translocation from nucleus to
cytoplasm. A similar record following 3
hours of liver intoxication model ¥ was
noticed. HMGBI1 is mostly found in the
nucleus, under different stressful conditions
it can translocate from nucleus to cytoplasm.
Translocation of HMGBI1 indicates that it
has been activated I8, Statistically HMGBI1
positive immunostaining mean area percent,
likewise tissue NF-kB mean value showed a
significant rise in group II versus control.
Going along with the former findings, a
significant elevation in levels of TLR4,
HMGBI in addition to NF-kB assessed by
immunoblotting were similarly noted after
HIRI "7 Since necrotic or injured
hepatocytes released HMGBI1 "8, HMGBI1
can activate Kupffer cells via binding to
TLR-4 168 The stimulated Kupffer cells
release ROS ™1 along with pro-
inflammatory cytokines via TLR-4/ NF-
kB pathway B TLR-4 phosphorylates as
well as activate NF-kB transcription factor,

which upregulates secretion of

33

proinflammatory cytokine ®!. This could
explain the recorded increase in NF-kB level.
Nuclear factor erythroid 2-related factor 2
(Nrf2), a transcriptional factor, stimulates
several antioxidant genes to defense against
ROS Bl

Examination of Nrf2 immunostained
hepatic sections of group II revealed some
hepatocytes with positive cytoplasmic
immunoreactivity and few hepatocytes with
nuclear immunoreactivity. This indicates
transfer of Nrf2 from cytoplasm to nucleus,
which was backed by significant elevation in
Nrf2 mean area percent versus group I. Such
result was hand in hand with renal I/R injury
model B2, Furthermore, this was similarly
recorded using Western blot in mouse
models of HIRI "% 8l The increased Nrf2
immunoreactivity might be attributed to I/R
injury that stimulates Nrf2 dissociation from
its negative regulator Keapl, causing
nuclear translocation of Nrf2, attaching to
antioxidant response element (ARE) 8485
and activating target genes of antioxidant
enzymes [HO-1, peroxidase-1, SOD, GSH]
along with detoxification enzymes [mainly
glutathione-S-transferase, and NAD(P)H
quinone dehydrogenase 1 (NQOI1)] to

eliminate ROS and reduce the redox reaction

186,
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To assess the Nrf2/HO-1/SOD pathway,
HO-1 expression using
immunohistochemical staining and the tissue
level of SOD using colorimetric method
were examined. A non-significant rise in
HO-1 positive immunoreactivity and a
significant low level of SOD was detected in
group II versus group 1. The preceding
findings are similarly reported where a
minimal rise in HO-1 immunostaining and a
significant decrease in tissue SOD level
were shown in HIRI group 83, These might
be explained by failure of hepatocytes to
achieve completed stimulation of Nrf2/HO-
1/SOD pathway thereby affecting promotion
of ARE response leading to SOD depletion.
This was similarly mentioned where
elevated free radicles exceeded the power of
hepatocytes to remove them, resulting in
reduced antioxidant enzymes such as
catalase (CAT) as well as GSH 371,

Similar to group II, group III (Recovery
group) illustrated significant deterioration in
serum ALT, AST, tissue NF-xB and SOD
levels along with HMGBI1, Nrf2, and HO-1
immunoreactivity versus control group.
These results agree with another research
that reported significant increase in ALT,
AST, tissue malondialdehyde (MDA), also a
significant drop in SOD, glutathione

peroxidase levels one day of reperfusion in

34

HIRI rats as compared to sham rats.
Likewise, there were necrotic hepatocytes
and vascular congestion 38 I/R injury is a
multifactorial where hepatic inflammation
may continue up to a week after reperfusion
B9 This could support the persistent
hepatocyte affection, inflammatory response
and oxidative state reported in group III of

the present work.

On the other hand, group III recorded a
slight improvement that was statistically
non-significant in all previously mentioned
findings as compared to group II. As well as
histologically, there was reduced congestion.
These results can be explained by
improvement in the microcirculation and
tissue oxygen saturation of liver tissue after
24 hours reperfusion versus 2 hours
reperfusion 21, Better microcirculation led
to a decrease in ischemia reperfusion
damage 12990911

By comparing group IV (H2S + EXOs) and
group V (H2S preconditioned EXOs)
AMSCs  proliferation, total  protein
concentration in exosomes and number of
homed PKH26 Ilabelled exosomes were
significantly increased in group V versus
group IV. This indicates that H.S
precondition enhances in vitro AMSCs

proliferation, exosome protein production
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and incorporation of exosomes into the
injured tissue.

This was formerly reported where NaHS
treated bone marrow mononuclear cells
showed elevated cell proliferation, homing,
and migration ®21. In addition, another study
exhibited a minor increase in the protein
concentration of NaHS preconditioned
EXOs relative to that of unconditioned
EXOs 1. This could be attributed to the
effect of H2S that changes the protein profile
of exosomes and activates their uptake by
target cells 4,

Both groups IV and V ameliorated all
biochemical alterations (they decreased ALT,
AST, NF-xB and increased SOD) and H&E
findings (hepatocytes necrosis, apoptosis,
inflammation and congestion) that were
recorded in group II. However, group V
illustrated superior results when compared
to group IV.

Concerning group IV (H2S + EXOs), the
effect of H>S administration was similarly
recorded where an improvement of liver
enzymes, hepatocytes vacuolar degeneration,
necrosis, apoptosis and inflammatory cell
infiltration were demonstrated Sl This
could be explained by H,S ability to
preserve mitochondrial integrity and drop in
mitochondrial ROS production, hence

improve I/R injury in myocardium ¢l. The
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reported H>S anti-inflammatory along with
anti-oxidative stress effects could support
the significant reduction in NF-xB and rise
in SOD detected in the current work.

As regards the impact of MSCs-EXOs
administration, similar results were noted
such as decreased liver enzymes,
inflammatory cytokines and apoptosis 171, It
was also found that MSCs-EXOs

administration alleviated sinusoidal
congestion, inflammatory cell infiltration,
cell death and improved levels of SOD,
glutathione peroxidase (GSH-Px), and MDA

[98].

Exosomes  promote  cell-to-cell

communication, by transferring proteins
(like adhesion molecules, signal
transduction proteins, heat-shock proteins,
and cytoplasmic enzymes) in addition to
microRNAs between cells *°l. Also, MSCs-
EXOs can limit tissue injury, alter immune
responses, and enhance tissue repair 10,

Despite the enormous impact of exosomes,
multiple limitations are documented 1%,
Initially, a lower number of exosomes
obtained under conventional culture of
MSCs 1921, Additionally, the trial to increase
their generations by multiple culturing of
MSCs causes MSCs senescence and
subsequently reduces therapeutic influence
of their exosomes 1'%, Thus, the therapeutic

effect of MSC-EXOs is closely linked to
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their cellular condition 1%, Recent studies
have shown that modulation of MSCs
culture conditions or pretreatment are
adaptive targets to enhance yield and
therapeutic efficiency of MSCs-EXQs 1011,
Hydrogen sulfide regulates different cellular
pathways. It participates and controls
biological processes of cell survival/death,
proliferation/hypertrophy,  differentiation,
metabolism, oxidative stress, and
inflammation 1%, Therefore, EXOs of H»S-
pretreated MSCs were examined in current
research.

Regarding group V (H2S preconditioned
EXOs), ALT, AST, NF-xB, SOD, and H&E
findings were almost comparable to control.
Similarly, reduction of ALT, AST, and

attenuation of sinusoidal  congestion,

hepatocytes death were detected following

treatment with H>S preconditioned EXOs 3,

Hand in hand with results of renal I/R study,
preconditioned MSCs with H>S showed
increased efficacy of EXOs in restoring
renal function, reduced polymerase chain
reaction (PCR) expression of NF-kB &
increased SOD enzymatic activity 26,
Moreover, other researchers proved that
extracellular vesicles of H,S-pretreated
MSCs exerted a stronger protective effect on
ischemic brain model compared to that of

untreated MSCs 191 The authors concluded
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that was through a specific release of factors
which target cells and lower inflammatory
response.

Immunohistochemically, groups IV and V in
the present work exhibited improvement in
HMGBI1, Nrf2 and HO-1 results compared
to group II.

According to group IV (H2S + EXOs),
HMGBI1 immuno-stained liver sections
recorded positive immunostaining in nuclei
of most hepatocytes as well as cytoplasm of
others. Statistically a significant reduction in
HMGBI1 positive immunoreactivity mean
area percent and consequently decrease in
tissue NF-kB level was recorded versus
group I, inhibition  of
HMGBI1/NF-kB pathway (inflammatory

indicating

pathway). This agrees with previous
research that illustrated a decrease in
HMGB1  immunoreactivity in  lung
following NaHS treatment of hemorrhagic
shock model "7, Going with the previously
mentioned results, similar observations were
noticed in colitis model using western blot
analysis 9 Tt was suggested that H,S
antioxidant effect decreases ROS and cell
death, which in turn lowers the release of
HMGBI. This results in decline of Kupffer

cell activation, release of inflammatory

mediators and cellular damage *6l,
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It was also found that the treatment with
MSC-EXOs suppressed HMGB1 and NF-
kB expressions using western blot and
ELISA respectively in a lung injury model
9 An  assumption of the anti-
inflammatory mechanism of MSCs-EXOs
was mediated by prevention of cytoplasmic
translocation of nuclear HMGBI1 through
deacetylation "', Besides the repression of
NF- kB phosphorylation thus preventing
activation as well as translocation of NF-kB

as shown in renal I/R model M1,

As regard the upregulation of Nrf2/HO-
1/SOD pathway (antioxidant pathway) in the
current study, a rise in Nrf2 positive
cytoplasmic & nuclear immunoreaction as
well as an increase in HO-1 positive
cytoplasmic immunoreactivity were
demonstrated in group IV in comparison to
I/R group. This was statistically emphasized
by a significant elevation in their mean area
percent along with the significant rise in
value of tissue SOD level versus group II.

Other studies linked such upregulation to
H>S which enhances disassociation of
Keapl/Nrf2 through S-sulthydration of
Keapl (negative regulator of Nrf2), thus
increases Nrf2 nuclear localization and
subsequent activation of antioxidant defense

M2,1131 - Moreover, NaHS treated renal I/R
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rats exhibited reduced MDA, increased SOD,
and decreased apoptotic cells suggesting that
NaHS provides a cytoprotective effect
against oxidative stress through maintaining
the intracellular antioxidant enzymes M4,
Additionally, ADMSCs-EXOs was assumed
to inhibit Keapl and enhance Nrf2
expression and nucleus translocation, thus
increase HO-1 expression 1151,

Comparing rats treated with  H)S
preconditioned EXOs in group V with rats
treated by H2S + EXOs in group IV, a more
pronounced  effect  concerning  the
immunohistochemical expression of all
markers was detected in group V. This was
confirmed by the significant decrease of
HMGBI1 immunoreaction that was localized
in nuclei of multiple hepatocytes, indicating
that HMGBI1 was not activated. Additionally,
the mean value of tissue NF-«xB
demonstrated a significant diminution versus
group IV. Whereas, immuno-histochemical
staining for Nrf2 revealed a widely
distributed positive cytoplasmic and nuclear
immunoreactivity and for HO-1, a
widespread positive cytoplasmic
immunoreactivity was detected nearly in all
hepatocytes. These findings indicate
potentiated upregulation of Nrf2/HO-1
confirmed

pathway which were

morphometrically by significantly increased
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mean area percent of Nrf2 and HO-1
positive immunoreactivity and
biochemically by significant elevation of
mean value of tissue SOD level in group V
compared to group IV. Similar findings
were obtained by previous researchers who
recorded that HoS preconditioned exosomes
reduced PCR expression of NF-kB along
with its downstream of interleukins, IL-1a,
IL-6, IL-12, & tumor necrotic factor-a
(TNF-0) thus inhibition of inflammatory
response [261. The authors also reported
decreased MDA level as well as increased
western  blot expression of Nrf2 and
enzymatic activity of SOD, glutathione S-
transferase (GST) & glutathione peroxidase
(GPx) relative to the untreated EXOs in
renal I/R. This is in line with former study
where NaHS preconditioning MSCs-EXOs
reduced total oxidant status, phosphorylation
of NF-«xB in addition to inflammatory
mediators like TNF-o & IL-6 in HIRI 31,
The better amelioration of the previously
mentioned biochemical and histological
alterations in group V than IV of the current
work could be attributed to the increased
exosome protein concentration as well as the
increased number of exosomes homing in

the liver tissue thus alleviating HIRI.

5. Conclusion:
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It is possible to conclude that HoS + EXOs
group and H»S preconditioned EXOs group
protected the liver against pathological
alterations induced by HIRIL.  Their
protective effects appeared via their anti-
inflammatory impact through repression of
HMGBI1/NF-kB signaling pathway as well
as anti-oxidative effect through stimulation
of Nrf2/HO-1/SOD pathway that was
accompanied by decreased oxidative stress
and thus decreased cell damage. However,
the use of H»S preconditioned EXOs showed
better regenerative effect in rats indicating
that H»S preconditioning may be considered
after further research as a promising goal for
enhancement of exosome properties for
management of acute liver injury especially
during liver surgery.

Recommendation

Further studies are recommended to
examine and compare the treatment
application before and after surgical
procedures. More investigations are needed
to clarify the mechanism of HS
preconditioning regulating exosome proteins
content, identify the protein types affected
by H>S. In addition to how HS enhances the
incorporation of preconditioned exosomes
into injured liver than unconditioned

exosomes. Also, the pivotal role of Von-
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Kupffer cells in the pathogenesis of HIRI

could be thoroughly studied.
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