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Abstract: Background: This study tested the hypothesis that combined hyperbaric oxygen (HBO) and autologous
adipose-derived mesenchymal stem cell (ADMSC) therapy was superior to either alone at protecting renal func-
tion in rodents after acute ischemia-reperfusion (IR) injury. Methods and results: Adult-male SD rats (n = 40) were
equally categorized: group 1 (sham-operated control); group 2 (IR + 50 yg medium intra-renal artery administration);
group 3 [IR + HBO (at 1.5 h and days 1 and 2 after IR)]; group 4 [IR + ADMSC (2.0x10° cells/5.0x10%/per each
renal artery and 1.0x10° by intravenous injection at 1.5 h after IR]; and group 5 (IR + HBO-ADMSC). By 72 hr after
IR, the circulating levels of BUN/creatinine and ratio of urine protein/creatinine were significantly highest in group
2, lowest in group 1, significantly increased in group 5 than in groups 3 and 4, but not different between latter two
groups, whereas the circulating levels of EPCs and soluble-angiogenesis biomarkers (SDF-10/HIF-1a) exhibited an
opposite pattern to BUN/creatinine among the five groups (all P<0.001). The kidney injury score, ROS (fluorescent
intensity of H,DCFDA dye in kidney), inflammation (F4/80+, CD14+ cells) and glomerular-tubular injury score (WT-1/
KIM-1) displayed an identical pattern whereas the integrity of podocyte components exhibited an opposite pattern to
BUN/creatinine among the five groups (all P<0.0001). The protein expressions of inflammatory (MMP-9/TNF-o/NF-
kB/ICAM-1), oxidative-stress (NOX-1/NOx-2/oxidized protein) and apoptotic (mitochondrial-Bax/cleaved-caspase3/
PARP) markers showed an identical pattern to BUN/creatinine (all P<0.001). Conclusion: Combined ADMSC-HBO
therapy was superior to either one alone at protecting the kidney from acute IR injury.
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Introduction

Acute kidney injury (AKI) is common and is
defined as an acute loss of kidney function as
measured by circulating creatinine level or esti-
mated creatinine clearance rate [1]. AKI can be
caused by various disease states, including

postsurgical (such as following cardiopulmo-
nary surgery or organ transplantation), hypoxia,
hemodynamic instability and shock, toxic drugs
and chemical compounds, mechanical trauma,
infammation, and obstructive uropathy [2-7].
Acute kidney ischemia-reperfusion (IR) injury is
a major cause of AKI and shares causal etiolo-
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gies that are independently predictive of in-
creased mortality and care costs [2-4, 8-10].
Acute kidney IR injury is frequently associated
with progression of chronic kidney disease
(CKD) and renal replacement therapy is a last
resort for treating its advanced stages. An
effective and safe treatment for acute kidney IR
injury/AKl is lacking and urgently sought.

The mechanisms involved in acute kidney IR
injury/AKI have been extensively investigated
and appear mainly to involve the generation of
free radicals, oxidative stress, inflammation,
mitochondrial damage and direct glomerular-
tubular hypoxic/necrotic damage [11-16]. Plen-
tiful data have shown that mesenchymal stem
cells (MSCs) [12, 13, 15], especially adipose-
derived MSCs (ADMSCs) [12, 13], have strong
protective capacity for the kidney against
acute kidney IR injury/AKI [12, 13, 15] via anti-
inflammatory and immunomodulation [12, 13]
effects. In addition, hyperbaric oxygen (HBO)
has been utilized for poor wound healing in
peripheral artery disease (PAD) patients [17-19]
as it enhances oxygen delivery into ischemic
tissues (i.e., hyperoxia), protecting the cells/tis-
sues from hypoxia. Additionally, our recent
study has shown that HBO therapy inhibited
circulating level of inflammatory cytokine, aug-
mented circulating levels of EPCs and angio-
genesis factors, and improved the blood flow
in the ischemic area [20]. Another our recent
study has also demonstrated that HBO therapy
protected against ischemia-reperfusion indu-
ced thigh injury mainly through suppressing
inflammation, oxidative stress and DNA/mito-
chondrial damage, and enhancing angiogene-
sis [21]. Based on the aforementioned issues
[11-21], this study tested the hypothesis that
combined therapy with HBO and ADMSC would
be superior to either one alone for protecting
the kidney from acute IR injury.

Materials and methods
Ethics

All animal procedures were approved by the
Institute of Animal Care and Use Committee
at Kaohsiung Chang Gung Memorial Hospital
(Affidavit of Approval of Animal Use Protocol
No. 2017032802) and performed in accor-
dance with the Guide for the Care and Use of
Laboratory Animals.
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Animals were housed in an Association for
Assessment and Accreditation of Laboratory
Animal Care International (AAALAC; Frederick,
MD, USA)-approved animal facility in our hospi-
tal with controlled temperature and light cycles
(24°C and 12/12 light cycle).

Animal model of acute kidney ischemia-reper-
fusion injury, animal grouping and treatment
strategy

Pathogen-free, adult-male Sprague-Dawley
(SD) rats (n = 40) weighing 325 g (Charles
River Technology, BioLASCO Taiwan Co. Ltd.,
Taiwan) were equally divided into five groups
(i.e., n = 10 for each group): Sham-operated
control (SC) (laparotomy only); acute IR + intra-
renal artery injection of 50 uL of ADMSC culture
medium 1.5 h after IR procedure; IR + HBO
([i.e., intermittent HBO therapy at 1.5 h and at
days 1 and 2 after the acute kidney IR proce-
dure); IR + autologous ADMSC (5.0x10° cells/
each kidney by left and right intrarenal artery
injection, followed by 1.0x10° cells from tail
vein administration at 1.5 h after IR procedure);
and IR + HBO + autologous ADMSC.

The procedure and protocol of acute kidney IR
were based on our previous reports [11, 14].
Animals in groups 1 to 5 were anesthetized by
inhalational 2.0% isoflurane and placed supine
on a warming pad at 37°C for midline laparoto-
mies. SC animals underwent laparotomy only,
while acute kidney IR of both kidneys was
induced in all animals in groups 2 to 5 by clamp-
ing the renal pedicles for one hour using non-
crushing vascular clips. The animals in each
group were sacrificed and kidney specimens
harvested for molecular-cellular study by day 3
after the acute kidney IR procedure. The dos-
age and time points of ADMSC administration
to the animals were based on our recent reports
[12, 13].

Identification of circulating creatinine and BUN
levels, and collection of 24-hour urine for the
ratio of urine protein to urine creatinine at
baseline and 72 h after acute kidney IR

The procedure and protocol were based on our
previous report [22] with some modifications.
Blood samples were drawn from each animal to
determine serum creatinine and blood urine
nitrogen (BUN) levels at baseline and at 72 h
after acute kidney IR procedure.
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For the collection of 24-hr urine, each animal
was put into a metabolic cage [DXL-D, space:
19%x29%x55 cm, Suzhou Fengshi Laboratory
Animal Equipment Co. Ltd., Mainland China] for
24 h with free access to food and water and
urine collected in all animals from 48 to 72 h
after acute kidney IR procedure to determine
daily the ratio of urine protein to urine crea-
tinine.

Hyperbaric oxygen therapy

The procedure and protocol of hyperbaric oxy-
gen (HBO) therapy was based on a previous
report [17]. Briefly, to induce tissue-level hyper-
oxia, SD rats were subjected to HBO adminis-
tration in an animal tabletop chamber (Piersol-
Dive, model 4934) with the animals exposed to
100% oxygen at 2.4 atmospheres absolute
(ATA) for 90 minutes (3 h/one time).

Procedure and protocol for isolating and cul-
turing autologous ADMSCs

The procedure and protocol for autologous
ADMSC isolation and culture have previously
been described [12, 13, 23]. Briefly, adipose
tissue surrounding the epididymis was dissect-
ed, excised and prepared by day 14 prior to
acute kidney IR induction. For purification, the
harvested cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM)-low glucose
medium containing 10% FBS for 14 days. By
this time plentiful ADMSCs (i.e., approximately
2.5-3.0x106° cells) were obtained in the culture
plate and were collected to treat AIS animals.
Surface markers for ADMSCs were identified by
flow cytometric analyses as previously reported
[12, 13, 23]. The ADMSCs were stained by
CellTracker™ Orange CMRA dye (Molecular
probes) 30 minutes prior to administration to
animals in groups 4 and 5.

Assessment of kidney injury scores at 72 after
acute kidney IR procedure

The procedure and protocol were based on our
previous reports [11, 12, 14]. Briefly, the har-
vested kidney specimens from all animals were
fixed in 10% buffered formalin, embedded in
paraffin, sectioned at 5 ym and stained with
hematoxylin and eosin (H&E) for light micros-
copy. The scoring system reflected the grading
of tubular necrosis, loss of brush border, cast
formation, and tubular dilatation in 10 random-
ly chosen, non-overlapping fields (200x), as
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follows: O (none), 1 (€10%), 2 (11-25%), 3 (26-
45%), 4 (46-75%), and 5 (276%).

Immunohistochemical (IHC) and immunofiuo-
rescent (IF) staining

The procedure and protocols have been des-
cribed by previous reports [11, 13, 14, 23].
Briefly, sections were incubated with primary
antibodies specifically against zonula occlu-
dens-1 (Z0-1) (1:500, Novus), kidney injury mol-
ecule (KIM)-1 (1:500, R&D system), E-cadherin
(1:200, Novus), snail (1:500, Abcam), fibronec-
tin (1:200, Abcam), Wilms tumor (WT)-1 (1:200,
Abcam), dystrophin (1:100, Abcam), nephrin
(1:100, Bioss), CD31 (1:100, Bio-Rad), CD14
(1:200, Proteintech) and 4F/80 (1:100, Santa
Cruz), while sections incubated with irrelevant
antibodies served as controls. Three sections
of kidney specimen from each rat were ana-
lyzed. For quantification, three random HPFs
(400x for IHC and IF studies) were analyzed in
each section. The mean number of positively-
stained cells per HPF for each animal was then
determined by summation of all numbers divid-
ed by 9.

An IHC-based/IF-based scoring system was
adopted for semi-quantitative analyses of ZO-
1, nephrin, CD31, dystroglycan, E-cadherin,
KIM-1 and WT-1 in the kidneys as a percentage
of positive cells in blinded fashion (score of
positively-stained cell for these biomarkers as:
0 = negative staining; 1 = <15%; 2 = 15-25%; 3
= 25-50%; 4 = 50-75%; 5 = >75%-100%/per
HPF).

Western blot analysis

Equal amounts (50 ug) of protein extracts were
loaded and separated by SDS-PAGE using
acrylamide gradients. After electrophoresis,
the separated proteins were transferred elec-
trophoretically to a polyvinylidene difluoride
(PVDF) membrane (GE, UK). Nonspecific sites
were blocked by incubation of the membrane in
blocking buffer [5% nonfat dry milk in T-TBS
(TBS containing 0.05% Tween 20)] overnight.
The membranes were incubated with the indi-
cated primary antibodies and B-actin (1:6000,
Merck Millipore, Billerica, MA, USA) for 1 hour
at room temperature. Horseradish peroxidase-
conjugated anti-rabbit immunoglobulin I1gG
(1:2000, Cell Signaling, Danvers, MA, USA) was
used as a secondary antibody for one-hour
incubation at room temperature. The washing
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procedure was repeated eight times within one
hour. Immunoreactive bands were visualized by
enhanced chemiluminescence (ECL; Amersham
Biosciences, Amersham, UK) and exposed to
Biomax L film (Kodak, Rochester, NY, USA). For
quantification, ECL signals were digitized using
Labwork software (UVP, Waltham, MA, USA).
Uncropped, unedited blots were provided in

Supplementary Figure 1.

Procedure and protocol for measurement of
reactive oxygen species (ROS) in kidney paren-
chyma using H,DCFDA dye by day 72 prior to
sacrifice of animals

The procedure and protocol were based on our
previous report [24]. To determine the fluores-
cent intensity of ROS in IR kidney, four addition-
al animals were utilized in each study group. By
the end of the study period (i.e., 30 min prior to
sacrifice of the animal), rats were anesthetized
with 2% isoflurane and 150 pg of CM-H,DCFDA
(Life Technologies Molecular Probes; 100 ug of
H,DCFDA was dissolved in 200 pl PBS) was
slowly intravenously injected into each animal.
The kidney was harvested 30 min after CM-
H,DCFDA injection, immediately frozen in liquid
nitrogen, and cryostat sections (5 pym) were cut
and placed in a cabinet maintained at -20°C.
Serial frozen sections were fixed with 4% para-
formaldehyde/phosphate buffered saline (PBS)
at 4°C for 5 minutes. Sections were washed in
PBS and then co-stained with DAPI for fluores-
cence microscopy analysis.

All sections were examined under a fluorescent
microscope (200x magnification). Both cap-
tured fluorescence and gray photos were
assessed by DP controller 2.1.1.183 (Olympus).
Gray photos for measuring fluorescence inten-
sity were processed by Image J 1.37v (National
Institutes of Health, USA). Three gray photos
from each section were randomly obtained, giv-
ing a total of nine photos for each animal. The
fluorescent intensity was defined as score: 0 =
unstaining; 1 = weak staining; 2 = moderate
staining; and 3 = strong staining.

Statistical analysis

Quantitative data are expressed as means +
SD. Statistical analysis was adequately per-
formed by ANOVA followed by Bonferroni
multiple-comparison post hoc test. Statistical
analysis was performed using SPSS statistical
software for Windows version 22 (SPSS for
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Windows, version 22; SPSS, IL, U.S.A.). A value
of P<0.05 was considered as statistically
significant.

Results

Population of MSCs after day-14 culturing and
levels of BUN, creatinine, the ratio of urine pro-
tein to urine creatinine, and EPCs at baseline
and by day 3 after IR procedure (Figure 1)

CD29+ cell was the most popular MSC, fol-
lowed by C73+ and CD9O+ cells, respectively
(Figure 1A). Additionally, by day O, the circulat-
ing levels of BUN and creatinine did not differ
among the five groups (Figure 1C, 1D). However,
by 72 h after IR procedure, these parameters
were highest in IR, lowest in SC, significantly
lower in IR-HBO-ADMSC than in IR-BHO and
IR-ADMSC, and not different between the latter
two groups (Figure 1E, 1F). Moreover, by day O,
the ratio of urine protein to urine creatinine was
similar among the five groups (Figure 1G).
However, by 72 h after IR procedure, this
parameter was significantly higher in IR than in
other four groups, significantly higher in IR-HBO
than in SC, IR-ADMSC and IR-HBO-ADMSC, but
it showed no different among these later three
groups (Figure 1H).

Prior to acute kidney IR induction, the circulat-
ing levels of KDR+/CD34+ and C-kit+/CD31+
cells, two EPC surface markers, did not differ
among the five groups (Figure 1l, 1J). However,
the circulating level of Sca-1+/CD31+ cells,
another circulating level of EPC surface marker,
was significantly higher in SC, IR and IR-HBO
than in IR-ADMSC and IR-HBO-ADMSC, but it
showed no difference among the former three
groups or between the later two groups (Figure
1K). Furthermore, the circulating level of VE-
cadherin/CD34+ cells was significantly higher
in SC, IR, IR-ADMSC than in IR-HBO-ADMSC but
it showed no difference among the SC, IR,
IR-HBO and IR-ADMSC, or between IR-HBO and
IR-HBO-ADMSC (Figure 1L). By 72 h after IR
procedure, these four circulating levels of EPC
surface markers were significantly progressive-
ly increased from SC to IR-HBO-ADMSC group
(Figure 1M-P).

Fluorescent intensity of reactive oxygen spe-
cies and kidney injury score by 72 h after IR
procedure (Figure 2)

IF microscopy demonstrated that the fluores-
cent intensity of H,DCFDA dye staining in kid-
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Figure 1. Distribution of mesenchymal stem cells (MSC) after day-14 cell culture, levels of BUN, creatinine and the ratio of urine protein to urine creatinine, and
circulating EPCs at baseline and by 72 h after kidney IR injury. A. lllustrating the results of flow cytometric analysis of MSCs by day 14 after cell culturing. B. Analytic
result of percentage of MSC distribution. C. By day O, circulating level of blood urine nitrogen (BUN), P>0.5. D. By day O, circulating level of creatinine, P>0.5. E. By
day 3 after IR procedure, the circulating level of BUN, * vs. other groups with different symbols (T, %, §, ), P<0.0001. F. By day 3 after IR procedure, circulating level
of creatinine, * vs. other groups with different symbols (1, %, §, 1), P<0.0001. G. By day O, the ratio of urine protein to urine creatinine, P>0.5. H. By day 3 after IR
procedure, the ratio of urine protein to urine creatinine, * vs. other groups with different symbols (1, 1), P<0.001. I. At baseline, number of circulating KDR+/CD34+
cells, P>0.5. J. At baseline, number of circulating C-kit+/CD31+ cells, P>0.5. K. At baseline, number of circulating Sca-1+/CD31+ cells, * vs. 1, P<0.04. L. At base-
line, number of circulating VE-cadherin+/CD34+ cells, * vs. 1, P<0.05. M. By 72 h after IR procedure, number of circulating KDR+/CD34+ cells, * vs. other groups
with different symbols (1, , §), p<0.0001. N. By 72 h, number of circulating C-kit+/CD31+ cells, * vs. other groups with different symbols (1, %, §), p<0.0001. O.
By 72 h, number of circulating Sca-1+/CD31+ cells, * vs. other groups with different symbols (1, %, §), p<0.0001. P. By 72 h, number of circulating VE-cadherin+/
CD34+ cells, * vs. other groups with different symbols (1, #, §, 1), P<0.0001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni
multiple comparison post hoc test (n = 6 for each group). Symbols (*, 1, 1, §, 1) indicate significance (at 0.05 level). EPCs = endothelial progenitor cells (EPCs; SC
= sham-operated control; IR = ischemia reperfusion; HBO = hyperbaric oxygen therapy; ADMSC = adipose-derived mesenchymal stem cell.
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Figure 2. Fluorescent intensity of reactive oxygen species and histopathological findings of kidney injury score by 72
h after IR procedure. A-E. Immunofluorescent microscopic finding (400x) for identification of fluorescent intensity
of oxidative stress (i.e., H,DCFDA dye staining in kidney parenchyma) (red color). F. Analytical result of fluorescent
intensity of oxidative stress, * vs. other groups with different symbols (t, %, §, 1), P<0.0001. G-K. Light microscopic
findings of H. & E. stain (400x) demonstrating significantly higher degree of loss of brush border in renal tubules
(yellow arrows), tubular necrosis (green arrows), tubular dilatation (red asterisk) protein cast formation (black aster-
isk), and dilatation of Bowman’s capsule (blue arrows) in IR group than in other groups. L. * vs. other groups with
different symbols (T, 1, §, 1), P<0.0001. Scale bars in right lower corner represent 20 ym. All statistical analyses
were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group).
All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test
(n = 4 for each group). Symbols (*, 1, %, §, 1) indicate significance (at 0.05 level). SC = sham-operated control; IR =
ischemia reperfusion; HBO = hyperbaric oxygen therapy; ADMSC = adipose-derived mesenchymal stem cell.

ney parenchyma, an indicator of ROS, was high- IR-HBO (Figure 2A-F). Additionally, H.E. staining
est in IR, lowest in SC, significantly lower in showed that the kidney injury score displayed
IR-HBO-ADMS than in IR-HBO and IR-ADMSC, an identical pattern to ROS among the five
and significantly lower in IR-ADMSC than in groups (Figure 2G-L).
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Figure 3. Protein expressions of inflammation, apoptosis, oxidative stress and anti-oxidant by 72 h after IR proce-
dure. A. Protein expression of matrix metalloproteinase (MMP)-9, * vs. other groups with different symbols (t, 1, §,
1), P<0.0001. B. Protein expression of tumor necrotic factor (TNF)-«, * vs. other groups with different symbols (t,
1, §, 1), P<0.0001. C. Protein expression of nuclear factor (NF)-kB, * vs. other groups with different symbols (1, %,
§, 1), P<0.0001. D. Protein expression of intercellular adhesion molecule (ICAM)-1, * vs. other groups with different
symbols (1, 1, §, 1), P<0.0001. E. Protein expression of mitochondrial (mito)-Bax, * vs. other groups with different
symbols (1, #, §, 1), P<0.0001. F. Protein expression of cleaved caspase 3 (c-Casp 3), * vs. other groups with dif-
ferent symbols (1, 1, §, 1), P<0.0001. G. Protein expression of cleaved poly ADP ribose polymerase (c-PARP), * vs.
other groups with different symbols (f, , §, 1), P<0.0001. H. Protein expression of NOX-1, * vs. other groups with
different symbols (1, %, §, 1), P<0.0001. I. Protein expression of NOX-2, * vs. other groups with different symbols
(1, 1, 8, 1), P<0.0001. J. Protein expression of NAD(P)H quinone dehydrogenase (NQO) 1, * vs. other groups with
different symbols (T, 1, §, 1), P<0.0001. K. Protein expression of heme oxygenase (HO)-1, * vs. other groups with
different symbols (1, %, §, 1), P<0.0001. All statistical analyses were performed by one-way ANOVA, followed by
Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, 1, %, §, 1) indicate significance (at
0.05 level). SC = sham-operated control; IR = ischemia reperfusion; HBO = hyperbaric oxygen therapy; ADMSC =
adipose-derived mesenchymal stem cell.

The protein expressions of inflammation, apop-
tosis, oxidative stress and anti-oxidant by 72 h
after IR procedure (Figure 3)

Bax, cleaved caspase 3 and cleaved PARP,
three indicators of apoptosis, exhibited an
identical pattern to inflammation among the
five groups (Figure 3E, 3G).

The protein expressions of MMP-9, TNF-q,

NF-kB and ICAM-1, four indices of inflamma-
tion, were highest in IR, lowest in SC, signifi-
cantly lower in IR-HBO-ADMSC than in IR-HBO
and IR-ADMSC, and significantly lower in IR-
ADMSC than in IR-HBO (Figure 3A-D). Additio-
nally, the protein expressions of mitochondrial
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The protein expressions of NOX-1 and NOX-2,
two indicators of oxidative stress, were highest
in IR, lowest in SC, significantly lower in IR-HBO-
ADMSC than in IR-HBO and IR-ADMSC, and sig-
nificantly lower in IR-ADMSC than in IR-HBO
(Figure 3H, 3l). Conversely, the protein expres-
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Figure 4. Protein expressions of angiogenesis factors and integrity of podocyte components by 72 h after IR proce-
dure. A. Protein expression of endothelial nitric oxide synthase (eNOS), * vs. other groups with different symbols (t,
1, §, 1), P<0.0001. B. Protein expression of CD13, * vs. other groups with different symbols (T, ¥, §, 1), P<0.0001.
C. Protein expression of ZO-1, * vs. other groups with different symbols (t, %, §, 1), P<0.0001. D. Protein expres-
sion of E-cadherin, * vs. other groups with different symbols (1, £, §, 1), P<0.0001. E. Protein expression of stromal
cell-derived factor (SDF)-1a, * vs. other groups with different symbols (1, %, §, 1), P<0.0001. F. Protein expression
of vascular endothelial growth factor (VEGF), * vs. other groups with different symbols (1, %, §, 1), P<0.0001. All
statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n
= 6 for each group). Symbols (*, 1, ¥, §, 1) indicate significance (at 0.05 level). SC = sham-operated control; IR =
ischemia reperfusion; HBO = hyperbaric oxygen therapy; ADMSC = adipose-derived mesenchymal stem cell.

sions of NQO 1 and HO-1, two indicators of anti-
oxidants, displayed an opposite pattern to oxi-
dative stress among the five groups (Figure 3J,
3K).

Protein expressions of angiogenesis factors
and integrity of podocyte components by 72 h
after IR procedure (Figure 4)

Protein expression of eNOS and CD31, two indi-
cators of endothelial cell integrity were highest
in SC, lowest in IR, significantly higher in IR-
HBO-ADMSC than in IR-HBO and IR-ADMSC,
and significantly higher in IR-ADMSC than in
IR-HBO (Figure 4A, 4B). Additionally, the protein
expressions of Z0-1 and E-cadherin, two indica-
tors of podocyte integrity, exhibited an identical
pattern to CD31 among the five groups (Figure
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4C, 4D). Furthermore, the protein expressions
of SDF-1a and VEGF, two indicators of angio-
genesis, progressively increased from SC to
IR-HBO-ADMSC (Figure 4E, 4F), highlighting an
intrinsic response to IR stimulation that was
further enhanced by HBO-ADMSC therapy.

Cellular expressions of inflammation in kidney
parenchyma by 72 h after IR procedure (Fig-
ure 5)

IF microscopy showed that the positively-
stained cell makers of F4/80 (Figure 5A-F) and
CD14 (Figure 5G-L), two indicators of inflam-
mation, were highest in IR, lowest in SC, sig-
nificantly lower in IR-HBO-ADMSC than in IR-
HBO and IR-ADMSC, and significantly lower in
IR-ADMSC than IR-HBO.

Am J Transl Res 2020;12(7):3272-3287
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Figure 5. Cellular expressions of inflammation in kidney parenchyma by 72 h after IR procedure. (A-E) lllustrating im-
munofluorescent (IF) microscopic finding (400x) for identification of F4/80+ cells (green color). (F) Analytical result
of number of F4/80+ cells, * vs. other groups with different symbols (t, , §, 1), P<0.0001. The red color with DAPI
stained nucleus in (D) and (E) indicated the dye-labeling ADMSCs. (G-K) Showing the IF microscopic finding (400x)
for identification of CD14+ cells (green color). (L) Analytical result of number of CD14+ cells, * vs. other groups
with different symbols (1, %, §, 1), P<0.0001. The red color with DAPI stained nucleus in (J) and (K) indicated the
dye-labeling ADMSCs. Scale bars in lower right corner represent 20 um. All statistical analyses were performed by
one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, 1, %,
§, 1) indicate significance (at 0.05 level). SC = sham-operated control; IR = ischemia reperfusion; HBO = hyperbaric
oxygen therapy; ADMSC = adipose-derived mesenchymal stem cell.

The cellular expression of integrity of endo-
thelial cell in kidney parenchyma and renal
glomerulus component of fibronectin by 72 h
after IR procedure (Figure 6)

IF microscopy demonstrated that the cellular
expression of CD31, an indicator of endothe-
lial cell integrity, was highest in SC, lowest
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in IR, significantly higher in IR-HBO-ADMSC
than in IR-HBO and IR-ADMSC, and signifi-
cantly higher in IR-ADMSC than in IR-BHO
(Figure 6A-F). IF microscopy showed that
fibronectin, predominantly in the renal glome-
rulus, exhibited an identical pattern to endo-
thelial cells among the five groups (Figure
6G-L).
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Figure 6. The cellular expression of integrity of endothelial cell in kidney parenchyma and renal glomerulus compo-
nent of fibronectin by 72 h after IR procedure. (A-E) Showing the immunofluorescent (IF) finding (400x) for identifi-
cation of cellular expression of CD31 (green color). (F) Analytical result of positively stained CD31 expression, * vs.
other groups with different symbols (f, %, §, 1), P<0.0001. The red color with DAPI stained nucleus in (D) and (E)
indicated the dye-labeling ADMSCs. (G-K) lllustrating the IF microscopic finding (400x) for identification of fibronec-
tin predominantly in the renal glomerulus (green color). (L) Analytical results of fibronectin expression, * vs. other
groups with different symbols (1, £, §, 1), P<0.0001. The red color with DAPI stained nucleus in (J) and (K) indicated
the dye-labeling ADMSCs. Scale bars in lower right corner represent 20 um. All statistical analyses were performed
by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, 1,
1, §, 1) indicate significance (at 0.05 level). SC = sham-operated control; IR = ischemia reperfusion; HBO = hyper-
baric oxygen therapy; ADMSC = adipose-derived mesenchymal stem cell.

Expressions of podocyte and renal tubular
components by 72 h after IR procedure (Fig-
ures 7 and 8)

The expressions of ZO-1 (Figure 7A-F) and dys-
trophin (Figure 7G-L) in glomeruli, two integrity
of podocyte components, were highest in SC,
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lowest in IR, significantly higher in IR-HBO-
ADMSC than in IR-HBO and IR-ADMSC, and sig-
nificantly higher in IR-ADMSC than in IR-HBO.
Additionally, the expression of nephrin Figure
8A-F), another indicator of podocyte compo-
nent integrity in glomeruli, whereas the expres-
sion of E-cadherin (Figure 8G-L), predominantly
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Figure 7. Expressions of podocyte components of ZO-1 and dystrophin by 72 h after IR procedure. (A-E) lllustrat-
ing immunofluorescent microscopic finding (400x) for identification of ZO-1 expression (green color). (F) Analytical
result of ZO-1 expression, * vs. other groups with different symbols (T, £, §, 1), P<0.0001. The red color with DAPI
stained nucleus in (D) and (E) indicated the dye-labeling ADMSCs. (G-K) lllustrating immunohistochemical staining
finding (400x) for identification of dystrophin expression (gray color). (L) Analytical result of dystrophin expression,
* vs. other groups with different symbols (1, 1, §, 1), P<0.0001. Scale bars in lower right corner represent 20 um.
All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test
(n = 6 for each group). Symbols (*, 1, F, §, 1) indicate significance (at 0.05 level). SC = sham-operated control; IR =
ischemia reperfusion; HBO = hyperbaric oxygen therapy; ADMSC = adipose-derived mesenchymal stem cell.

in renal tubule, displayed an identical pattern
to Z0-1 among the five groups.

The cellular expressions of Wilm’s tumor sup-
pressor gene 1 (WT-1) and KIM-1 by 72 h after
IR procedure (Figure 9)

IHC microscopic finding demonstrated that the
cellular expression of WT-1, predominantly in
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podocytes, was highest in IR, lowest in SC,
significantly lower in IR-HBO-ADMSC than in
IR-ADMSC and IR-HBO, and significantly lower
in IR-ADMSC than in IR-HBO Figure 9A-F). IF
microscopic analysis consistently demonstrat-
ed that change in KIM-1, a kidney injury bio-
marker predominantly expressed in renal tu-
bules, displayed an identical pattern to that of
WT-1 among the five groups Figure 9G-L).
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Figure 8. Expressions of nephrin in glomeruli and E-cadherin in renal tubule by 72 h after IR procedure. A-E. Showing
immunohistochemical (IHC) staining (400x) for identification of the expression of nephrin in glomeruli (gray color). F.
Analytic result of the expression of nephrin, * vs. other groups with different symbols (1, %, §, 1), P<0.0001. G-K. IHC
staining (400x) for identification of E-cadherin in renal tubule (gray color). L. Analytical result of E-cadherin expres-
sion, * vs. other groups with different symbols (1, %, §, 1), P<0.0001. Scale bars in lower right corner represent 20
um. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc
test (n = 6 for each group). Symbols (*, 1, 1, §, 1) indicate significance (at 0.05 level). SC = sham-operated control;
IR = ischemia reperfusion; HBO = hyperbaric oxygen therapy; ADMSC = adipose-derived mesenchymal stem cell.

Discussion

The most important finding in the present study
was that, compared with SC, renal function
(i.e., creatinine, BUN and proteinuria parame-
ters) was significantly impaired in IR animals
and significantly reversed by HBO or AMDSC
therapy, and yet further significantly reversed
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by combined HBO-ADMSC therapy. To the best
of our knowledge, this is the first report of this
innovative treatment modality in the literature.
Our results are attractive and promising, high-
lighting that this therapeutic regimen could be
promptly translated into clinical application for
patients who have severe AKI and are refracto-
ry to conventional therapy.
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Figure 9. Cellular expressions of Wilm’s tumor suppressor gene 1 (WT-1) and kidney injury molecule (KIM)-1 by
72 h after IR procedure. (A-E) Immunohistochemical staining (400x) for identification of the expression of WT-1 in
glomeruli (gray). (F) Analytic result of the expression of WT-1, * vs. other groups with different symbols (T, %, §, 1),
P<0.0001. (G-K) Immunofluorescent microscopic finding (400x) for identification of KIM-1 in renal tubules (green
color). (L) Analytical result of KIM-1 expression, * vs. other groups with different symbols (1, %, §, 1), P<0.0001.
The red color with DAPI stained nucleus in (J) and (K) indicated the dye-labeling ADMSCs. Scale bars in lower right
corner represent 20 um. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple
comparison post hoc test (n = 6 for each group). Symbols (*, t, F, §, 1) indicate significance (at 0.05 level). SC =
sham-operated control; IR = ischemia reperfusion; HBO = hyperbaric oxygen therapy; ADMSC = adipose-derived
mesenchymal stem cell.

N

It is well known that inflammatory reaction and
oxidative stress will always be elevated in tis-
sues/organs in acute ischemic or IR situations
[11-14, 16, 23]. These situations, in turn, will
damage mitochondria and generate more oxi-
dative stress, free radicals and overwhelming
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inflammation, creating a vicious cycle of tissue/
organ damage that leads to cellular apoptosis
and death [11-14, 16, 23]. An essential finding
in the present study was that oxidative stress
and inflammation were remarkably increased
IR animals than SC animals. Our findings were
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consistent with those of previous studies [11-
14, 16, 23], and could partially explain why the
proteinuria, creatinine and BUN levels (i.e., indi-
ces of deteriorating renal function), and kidney
injury score (i.e., an indicator of kidney architec-
tural damage), were substantially increased
in IR animals. Of importance was that these
parameters were reversed in IR animals after
HBO or ADMSC therapy, and further reversed in
IR animals after combined HBO-ADMSC treat-
ment. Plentiful data have shown that angiogen-
esis plays a crucial role in restoring blood
flow and improving ischemia-related/IR-related
organ dysfunction [25-27]. A principal finding in
the present study was that, as compared with
IR animals, EPCs significantly increased both
in circulation and in kidney parenchyma in IR
animals treated by HBO-ADMSC. Additionally,
angiogenesis factors markedly increased in IR
animals treated by HBO-AMDSC compared to
IR animals without treatment. These findings
are comparable with those of previous studies
[25-27], and can, at least in part, explain why
podocyte components (i.e., the integrity of
tubuloglomerular function) were significantly
preserved in IR animals treated by HBO-ADMSC
compared to IR only animals.

In conclusion, combined HBO-ADMSC therapy
is innovative and effectively protected kidney
from acute IR injury mainly by suppressing
inflammation and oxidative stress and enhanc-
ing angiogenesis.
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