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Evaluation of Selected Markers in Kidneys of
Cynomolgus Monkey (Macaca fascicularis)
with Induced Diabetes during Renal
Ischemia-reperfusion Injury

Tae M Kim,>* Kyo W Lee,® Hong D Kim,? Sung O Hong,? Hye J Cho, Je H Yang,*
Sung J Kim,’ and Jae B Park®*

We previously reported that induced type 1 diabetes mellitus (DM) increases the susceptibility of acute kidney injury in-
duced by ischemia-reperfusion injury (IRI) in cynomolgus monkeys. In this follow-up study, we compared the expression of
selected markers in the renal tissues of monkeys subjected to bilateral renal IRI with and without diabetes. All tissues were
obtained from the original study. Renal biopsies were obtained before and 24 and 48h after ischemia and were examined
for expression of KI-67 (tubular proliferation), Na*/K* ATPase (sodium-potassium pump), TNF-a (tumor necrosis factor-o,
inflammation), CD31 (microvessels), CD3 (T-cells), 2 fibrotic markers (fibroblast specific protein-1, FSP-1; a-smooth muscle
actin, a-SMA), and cleaved caspase 3 (apoptosis). Generally, the expression of these markers differed in monkeys with and
without DM. As compared with non-DM monkeys, DM monkeys had more cells that expressed KI-67 during progression
of acute kidney injury (AKI). Na*/K* ATPase expression was clearly present at baseline in the basolateral tubular areas only
in the non-DM monkeys. At 48h, its expression in the basolateral area was not visible in DM monkeys, but was still present
in intercellular junctions of non-DM monkeys. The expression of TNF-a was higher in DM before and 48h after ischemia.
Before and 24 h after ischemia, the number of CD31-positive capillaries was not different between 2 groups, although more
collapsed vessels were found at in DM at 24 h. At 48h, the number of capillaries was less in DM compared with those from
non-DM animals. DM monkeys had more interstitial CD3-positive cells than did non-DM monkeys at 24 and 48h after
ischemia. Finally, FSP-1-stained cells were more abundant in DM than non-DM at 24 and 48h. Our results show that DM
aggravates the recovery of renal ischemia/reperfusion injury by affecting tubular proliferation, capillary density, T cell infil-
tration and by altering protein and mRNA expression of various genes involved in ion channel, inflammation, and fibrotic
change. The results from this observational study demonstrate that DM aggravates the recovery of renal ischemia/reperfu-
sion injury by affecting multiple events including tubular necrosis, proliferation, function, inflammation and by inducing
capillary rarefaction in cynomolgus monkeys.

Abbreviations and Acronyms: a-SMA, alpha-smooth muscle actin; AKI, acute kidney injury; DM, diabetes mellitus; FSP-1,
fibroblast-specific protein-1; IHC, immunohistochemistry; IRI, ischemia-reperfusion injury; Na*/K* ATPase, sodium/potassium

adenosine triphosphatase; TNF-o, tumor necrosis factor-o
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kidney injury (AKI),'82052 and that AKI independently increases
the risk of chronic kidney disease in diabetic patients.*” AKI is
characterized by a sudden reduction in renal function caused
by renotoxic drugs, sepsis, obstruction, renal hypoperfusion,
and ischemia/reperfusion injury (IRI).?° AKI is one of the main
causes of chronic renal disease in DM*! and can progress to end
stage renal disease (ESRD). Rodent studies confirm that DM
augments the severity of AKI.2%%

Most pre-clinical studies on AKI have been performed us-
ing rodents; however, the physiology and local or systemic

Introduction
The prevalence of diabetes mellitus (DM) has risen over the
last decade. DM affects approximately 422 million individuals
globally according to a meta-analysis done in 2014.3* Multiple
studies have reported that DM is a major risk factor for acute
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inflammatory responses of humans and mice differ,’4¢ as do
various cellular traits and molecular profiles.’! Studies using
large animal models often improve insights relevant to clinical
translation.’”8 We previously reported that in a renal IRI model
using in diabetic cynomolgus monkeys (Macaca fascicularis),
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DM increases susceptibility to AKI in association with a marked
increase in tubular damage, including hyaline cast formation
and tubular necrosis, and in serum functional and inflam-
matory biomarkers.?® That initial study did not examine the
expression of other marker that could further elucidate the rela-
tionship between diabetes and AKI progression induced by IRI.
Comparing the expression of key markers in the kidney of mon-
keys undergoing AKI may contribute to better clinical translation
in understanding the effect of DM on aggravated recovery of AKL

Herein, we performed immunohistochemical and qRT-PCR
analysis on the expression of selected markers that can indicate
proliferation/apoptosis (KI-67 and cleaved caspase 3), electro-
lyte exchange pump (Na*/K* ATPase), inflammation (TNF-x),
vessel density (CD31), T cell presence (CD3), and fibrotic change
(FSP-1, a-SMA) in kidney tissue biopsies at different time points
in non-DM and DM monkeys after IRI.

Materials and Methods

Animal experiments. The tissue slides examined in this study
were from the previous study.?® Male cynomolgus monkeys
(Macaca fascicularis) aged 5 to 6y and weighing between 3.5
to 5kg were used. A total of 6 animals were used (3 each for
non-DM and DM). All animals originated in Cambodia. Animal
procedures were conducted in accordance with the Guide for
the Care and Use of Laboratory Animal*? and the Animal Welfare
Act! in the animal facility of the Primate Organ Transplantation
Research Center at Genia (Sung-nam City, Korea). Study proto-
cols were approved by the Institutional Animal Care and Use
Committee of Orient Bio (ORIENT-IACUC-16317). The tem-
perature and humidity of rooms were maintained at 23 to 25°C
and 40 to 60%, respectively. Monkeys were housed individually
in cages. The light was turned on and off at 0800 and 2000, re-
spectively. Kong toys (Primate Products, Immokalee, FL) were
provided as an enrichment program. Animals received standard
biscuits (Certified Primate Diet 5048, LabDiet, St. Louis, MO) and
fruits twice every day. Filtered water was provided ad libitum.
During the study period, monkeys were tested for tuberculosis
every 6-mo using a commercial kit (SD Bioline TB Ag MPT64
RAPID, Standard Diagnostics, Yongin-si, South Korea), and all
animals tested negative. Tests for herpes B virus, simian T-cell
leukemia virus, simian retrovirus, simian immunodeficiency
virus, measles, cynomolgus cytomegalovirus, and simian vari-
cella virus were conducted at a diagnostic laboratory (Zoologix,
Chatsworth, CA), and all gave negative results.

Induction of diabetes mellitus and postoperative care. After a
12-h fast, monkeys were injected intramuscularly with ketamine
(10mg/kg). They were then intubated with endotracheal tubes
(4.0 to 4.5Fr) and anesthetized with 3 to 5% isoflurane. After
induction, anesthesia was maintained with 1% to 2% isoflu-
rane in nitrous oxide and oxygen (2:1 ratio). Hypothermia was
prevented by using heating pads, injecting warm saline, and
wrapping extremities. Antibiotics (20 mg/kg cefazolin sodium,
IV) were given at the time of the skin incision.

Betadine soap and 10% betadine solution were used to dis-
infect the skin. Through an incision in the upper midline, the
omentum was exposed. To minimize postoperative adhesions,
wet gauze was used to wrap the bowel. The spleen and pan-
creas were identified as the stomach was being retracted. Short
stomach vessels and the gastrosplenic ligament were ligated and
separated. The spleen and pancreas from the tail to the body
were mobilized. The pancreas was transected at the level of the
superior mesenteric artery and portal vein after ligation and
division of the splenic artery and veins. This procedure removed
almost 70% of the pancreas. Omentum was used to cover the

bowel, after which the fascia and skin layers were closed with
absorbable sutures, with the knots were positioned beneath
the skin. Immediately after pancreatectomy, streptozotocin
(60mg/kg, Sigma, St. Louis, MO) dissolved in 10mL of normal
saline was injected through a central venous catheter (3Fr) in-
serted into the internal jugular vein. Monkeys received 2mg/kg
tramadol for 3 d after surgery, with 2 to 3 injections per day.
Food was provided on the day after surgery, initially dampened
with water and then gradually advancing to a normal diet. All
animals consumed food during the postoperative period.

Validating diabetes. Type 1 DM (T1DM) was diagnosed after
the following criteria were met: (1) sustained hyperglycemia
(> 250mg/dL), (2) fasting C-peptide level less than either
0.5ng/mL or one-third of the value at preinduction stage, and
(3) the absence of stimulated C-peptide response on intravenous
glucose tolerance test (IVGTT). Serum C-peptide was measured
using a commercial kit (C-peptide IRMA kit; IMMUNOTECH,
Beckman Coulter, Prague, Czech Republic). After a 12h fast,
monkeys received intravenous glucose (0.5g/kg). Blood sam-
ples were drawn at 1, 3, 5, 7, 10, 15, 20, 25, 30, and 60 min after
the glucose infusion. The acute C-peptide response (ACR) was
calculated as the difference between mean C-peptide concentra-
tion at each time point after glucose infusion and C-peptide at
baseline. To obtain the glucose disappearance rate (KG, %/min),
the slope of the decline in the log-transformed value of blood
glucose between 10 and 30 min was determined. Blood glucose
levels were measured 3 to 4 times daily in TIDM animals. Dur-
ing the postoperative period, body weight measurement and
physical examinations were conducted once every week. The
following hematologic parameters were also monitored every
week: white blood cell count (WBC) with differential count,
hemoglobin (Hb), hematocrit and platelet count, aspartate
aminotransferase (AST), alanine aminotransferase (ALT), al-
kaline phosphatase (ALP), total bilirubin, blood urea nitrogen
(BUN), creatinine, albumin, globulin, inorganic phosphorus,
cholesterol, triglyceride, amylase, C-reactive protein (CRP),
and electrolytes (sodium, potassium, chloride, calcium).The
blood glucose level was maintained (200 to 300mg/dL) using
insulin (glargine [Lantus, Sanofi-Aventis, Bridgewater, NJ] and
glulisine [Apidra, Sanofi-Aventis]). The fasting glucose levels
of non-DM monkeys and DM-monkeys were < 100mg/dL and
>250mg/dL in all cases for at least for 5mo prior to this study.

Renal ischemia-reperfusion. The same anesthetic and pre-
operative preparation protocol was used as described for
the partial pancreatectomy above. The abdominal cavity was
entered through a midline incision. Thereafter the right colon
was mobilized to expose the right renal pedicle; the left colon
was mobilized to expose the left renal pedicle. Before clamp-
ing, a biopsy sample was collected using free hand techniques.
An 18-gauge semiautomated needle was used for sampling
(Argon Medical Devices, Plano, TX). Upon confirming the lack
of bleeding, renal pedicle was clamped in a bundle with bulldog
clamp for an hour and released. Upon release, the outward
color changes of the kidney were observed over time. After the
procedure, the abdominal wall was closed in a layer-by-layer
manner. A total of three biopsy tissue, one from each time point
(0, 24, and 48h), was collected.

Ultrasound-guided renal biopsy. At 24 and 48h after rep-
erfusion, animals were sedated with intramuscular injection
of ketamine hydrochloride (10mg/kg).!® Ultrasound-guided
percutaneous biopsy was performed by kidney transplant
surgeon who usually performs the procedure in humans. Single
biopsy tissue was obtained from each animal at each time point.
Biopsies from right kidneys were guided with 9L linear
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transducer and the LOGIQ E9 system (GE Healthcare, Waukesha,
WI). After controlling gray-scale and Doppler-scale parameters,
we assessed the kidney size, cortical echogenicity, and collecting
system. The renal cortex was biopsied in the location deemed to
be the most safely accessible. Biopsy cores were sampled with
free hand techniques; a biopsy guider was not set on the probe.
An 18-gauge semiautomated needle was used for sampling
(Argon Medical Devices, Plano, TX). Manual compression was
routinely used after biopsy to minimize bleeding; ultrasound
was used after compression to determine if bleeding was
present. When bleeding was detected, we continued manual
compression of the biopsy site until bleeding had disappeared
on ultrasound. The collected tissue was cut into two and used
for histology /immunohistochemistry and RNA extraction.

RNA extraction, cDNA synthesis, and qRT-PCR. Total RNA
was extracted from one piece of the biopsy tissue by using
TRIzol (Thermo Fisher Scientific, Carlsbad, CA), following
the manufacturer’s instructions. cDNA was synthesized using
200ng of total RNA using a cDNA synthesis kit (Philekorea,
Daejeon, Korea), and qPCR was performed using Accupower
2x GreenStar qPCR Master Mix (Bioneer, Daejeon, Korea) in
a CFX96 Touch Real-Time PCR Detection System (Bio-Rad
Laboratories, Hercules, CA). The expression of each gene
was normalized against MRFAP1 (Morf4 Family Associated
Protein 1)® and relative expression was analyzed using the
2-40Ct method.?? Primer sequences are listed in Table 1.
Expression of the MRFAP1 gene (which encodes the MORF4
family-associated protein 1) was used for normalization in
qPCR assays. The representative amplification plots of genes
from each sample are shown in Figure 1.

Histology and immunohistochemistry. The other piece of the
renal biopsy tissue was fixed in 10% neutral buffered formalin
(Biosesang, Sungnam-si, Korea) for 24h, and embedded in paraf-
fin wax. Tissue sections (5-pm-thickness) were deparaffinized
in xylene. After slides were hydrated in steps of descending
concentration of ethanol from 100 to 70%, tissue was treated
with an antigen retrieval buffer (citrate buffer, pH 6.0; Abcam,
Cambridge, UK) according to the manufacturer’s instructions.
Immunostaining was performed using the UltraVision LP Detec-
tion System HRP DAB kit (Thermo Fisher Scientific, Waltham,
MA) according to the instructions. All primary antibodies were
incubated overnight at 4 °C. Detailed information on the prima-
ry and secondary antibodies is provided in Table 2. After DAB
reaction, the slides were counterstained in Mayer’s hematoxylin
(4science, Korea) for 20s at room temperature. Slides were then
dehydrated in steps of ascending concentration of ethanol from
70 to 100%, embedded with resin, and covered with coverslips.
Nonoverlapping images were obtained using an Olympus BX43
light microscope (magnification, x400; Olympus Corporation,
Tokyo, Japan). The biopsy conducted before ischemia was used
as baseline control.

The number of positively-stained cells (KI-67, Na*/K*
ATPase, TNF-a, CD3, FSP-1, a-SMA, cleaved caspase-3) and ves-
sels (CD31) in each slide were calculated by averaging the number
of cells per x400 field in 10 nonoverlapping fields with an upright
microscope (BX43, Olympus, Tokyo, Japan). Subsequently, the

Table 1. Primer sequences used in this study

Marker expression during renal ischemic injury in diabetic monkeys

reactivity of each antibody at time points 0, 24, and 48h was
compared between non-DM and DM. All immunohistochemi-
cally stained slides were reviewed by a renal pathologist who
was blind to the experimental groups. All data were collected at
a magnification of x400 under the upright microscope.

Statistical analysis. Statistical analysis was performed using
two-way analysis of variance, followed by Siddk’s multiple
comparison test between non-DM and DM at each time point.
All analyses were performed using GraphPad Prism 9.0 soft-
ware (GraphPad, San Diego, CA). P < 0.05 was considered
statistically significant.

Results

Hematoxylin and eosin staining. All images and description
of hematoxylin and eosin staining was reused from our previ-
ous study.?® As shown in Figure 2, the ischemic injury resulted
in various patterns of tubular damage, including cytoplasmic
vacuolization, brush border loss, and epithelium flattening. In
DM monkeys, such injury pattern was observed even prior to
IRL In postischemic samples (24 and 48), coagulation necrosis
and extensive hyaline casts were more noticeable in the DM
compared with non-DM monkeys.

KI-67. It has been reported that the expression of KI-67 is
increased in post-ischemic renal tubular cells in mice.'%? How-
ever, the change of KI-67-stained tubular cells in monkeys has
not been reported previously. DM monkeys had more KI-67-
stained cells at baseline, 24 and 48 h than did non-DM monkeys
(P < 0.05). In contrast, positive cells were rarely found in the
non-DM tissues. A significantly higher number of KI-67-positive
cells was detected in DM versus non-DM animals at all 3 time
points (Figure 3 B) (P < 0.05).

Na*/K* ATPase. The expression pattern differed between the
DM and non-DM monkeys (Figure 4 A). In baseline samples,
its expression was clear in the basolateral area of the tubule in
non-DM tissue, while this polarized localization was not present
in DM monkeys. Similar findings were observed at24h. At48h,
its expression was no longer detected in the basal membrane
in non-DM monkeys, although it was detected at intercellular
junctions of tubules. In DM monkeys, its expression in the tubule
was uncertain at 48 h, possibly due to the lower number of viable
tubules, as also shown by H and E staining (Figure 2). qRT-PCR
analysis showed that mRNA expression was similar between
the 2 groups at baseline and 24h, while expression was lower
in DM than non-DM at 48h (P < 0.05) (Figure 4 B).

TNF-a. Before ischemic injury, the expression of TNF-a was
higher in DM than in non-DM monkeys (Figure 5 A and B,
P <0.05). At 24 h, no difference was observed between 2 groups.
At48h, expression was higher in DM as compared with non-DM
monkeys (Figure 5 A and B, P < 0.05).

CD31. As shown in Figure 6, the number of clearly visible
capillaries was not different between 2 groups before or 24h
after IRI. At24 and 48h, collapsed vessels were observed in DM,
while most vessels were well-delineated in non-DM monkeys
at 24h (Figure 6 A). At 48h, significantly fewer CD31-positive
vessels were found in DM as compared with non-DM monkeys
(Figure 6 A and B, P < 0.001).

Gene Forward (5'-3") Reverse (5'-3) Reference or Genbank ID
MRFAP1 GCGGATAGAGAAGAGCGAGT AGCCAATCTCCACCAGTTGA 38

Na*/K* ATPase ATTGCCACACTTGCTTCTGG CCTCAAGCCAGGTGTACTCA NM_001266673.1

TNF-a GTCAACCTCCTCTCTGCCAT CCAAAGTAGACCTGCCCAGA NM_001047149.1

a-SMA CTTTCAATGTCCCAGCCATG CGCTCAGTCAGGATCTTCAT NM_001258072.1
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Figure 1. Representative amplification plots of RT-qPCR in logarithmic view. All amplification was conducted in duplicate. The horizontal bar
is threshold that was calculated automatically. RFU, relative fluorescence unit.
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Table 2. Information on the antibodies and staining kit used in this study

Secondary antibody and

Target Primary antibody chromogenic kit

KI-67 Ki-67 antibody (D2H10), Cell signaling technology, 9027, 1:500 Mouse and rabbit specific

Na*/K* ATPase ~ ATP1A1/ATP1A2/ATP1A3 antibody (H-3), SCBT, sc-48345, 1:500 HRP/DAB IHC detection kit -
. Micropolymer, Abcam,

TNF-a TNFa antibody (52B83), SCBT, sc-52746, 1:500 ab236466

Cleaved caspase 3 Cleaved caspase-3 (Aspl175) antibody, Cell signaling technology, 9661, 1:400

CD31 Anti-CD31 antibody (RM1006), Abcam, ab281583, 1:4000

FSP-1 S5100A4 recombinant rabbit monoclonal antibody (SD200-08), Invitrogen, 1:100

CD3 Polyclonal rabbit anti-human CD3, Dako IR503, Ready-to-use

oa-SMA Antialpha smooth muscle actin antibody, Abcam, ab5694, 1:200

CD3. As shown in Figure 7, DM monkeys had more
CD3-positive cells than non-DM monkeys at 24 and 48h
(P < 0.0001), while no difference was detected at baseline.
In most cases, the CD3-positive cells were found near the
glomeruli.

FSP-1. FSP-1 expression was detected in interstitial area of
all samples (Figure 8 A). Its expression was higher in DM as
compared with non-DM monkeys at 24 (P < 0.05) and 48h
(P < 0.0001) (Figure 8 B).

Cleaved caspase 3. Generally, cleaved caspase 3-positive cells
were predominantly observed in tubules and glomerulus, with
few positive cells in interstitium (Figure 9 A). The numbers of
positive cells were not significantly different between 2 groups
at baseline, 24h, and 48 h (Figure 9 B).

a-smooth muscle actin. No difference was found in the pat-
tern of staining in non-DM and DM monkeys at baseline, 24 h,
or 48h (Figure 10 A). Consistent with this, qRT-PCR analysis
showed similar expression in non-DM and DM monkeys at
baseline, 24h, and 48 h (Figure 10 B).

Discussion
Recent studies suggest that DM is an independent risk fac-
tor for AKL!8%* However, relevant studies using large animal
models could advance clinical translation.?” In this study, renal
biopsy tissues were obtained from non-DM and DM monkeys
before and at 24 and 48 h after IRI. Subsequently, the expression

of markers of proliferation (KI-67), apoptosis (cleaved caspase 3),
ion exchange (Na*/K* ATPase), inflammation (TNF-), capillary
density (CD31), T-cells (CD3), and fibrotic change (FSP-1 and
a-SMA) were compared between DM and non-DM monkeys.
Due to high metabolic demand, renal tubules are susceptible
to apoptosis, and loss of tubular function after renal IRT has been
reported in small animal models.*>*” In addition, prolonged
hyperglycemia can contribute to increased renal cell death.' For
example, p53 activation was responsible for the increased apop-
tosis of tubular cells in diabetic mice after bilateral ischemia.?
Only a few reports address the occurrence of apoptotic tubules
in studies on monkeys. In one study on the cynomolgus mon-
key, the unilateral IRI (90 min) of the single kidney followed by
nephrectomy of the other resulted in the appearance of cleaved
caspase-3-positive cells in the overall renal tissue including the
cortex, and the outer and inner stripe of the outer medulla, and
was most numerous in the outer stripe of the outer medulla at
24h.7 From the aforementioned study,!” the number of apop-
totic cells were decreased by being pretreated with melatonin
5min before IRI, further corroborating that the measurement of
the apoptotic death of renal cells is beneficial for determining the
progression or recovery of IRl in monkeys. We observed that the
number of apoptotic cells were increased to a similar degree at
24 and 48 h in both DM and non-DM monkeys. This observation
indicate that underlying DM may not cause increased apoptosis
during 48-hour period after IRI, at least in the present protocol

Figure 2. Histologic examination of H&E-stained renal tissues. All images were re-used from our previous study.?® Scale bar, 100 um. Original

magnification, x200.
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Figure 3. Immunohistochemical detection and quantification of KI-67-positive cells in AKI kidneys. Renal biopsy before and after ischemia/
reperfusion injury was obtained from non-DM or DM monkeys(A) Representative images of positive cells in the I/R kidneys at different
time points (n = 3). Positively stained cells are colored brown. Hematoxylin was used for nuclear counterstaining. Scale bars, 50 um. Original
magnification, x400. (B) The changes in the number of KI-67-positive cells within each group were compared (1 = 3). *P < 0.05.

(1-h bilateral clamping) in monkeys. Further studies would be
needed to delineate the relationship between diabetes and the
increased susceptibility of AKL>

Tubular cells are generated from surviving nearby cells
after injury.® Many studies have shown through staining with
PCNA, Cyclin D1, or KI-67 that cells enter the G1 phase after
injury, indicating that tubular cells can potentially reenter the
cell cycle.®! KI-67 or PCNA expressions have been commonly
used to assess the proliferation of tubules. For example, PCNA

was more abundantly observed in glomerulonephritis, and its
potential use for the assessment of mesangial proliferation was
suggested.? Similarly, the expression of PCNA in renal biopsy
tissue from lupus nephritis patients was associated with disease
activity and chronicity, and suggested value of this marker for
prognosis.?’ Experimentally, the patterns of PCNA expression
are mostly dependent on the study protocol used. A 30-min
bilateral IRI in mice showed 2 waves of renal cell proliferation;
most KI-67-positive cells were interstitial fibroblasts and tubular
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Figure 4. Immunohistochemical detection and qRT-PCR analysis of Na*/K* ATPase expression in AKI kidneys. Renal biopsy before and after
ischemia/reperfusion injury was obtained from non-DM or DM monkeys. (A) Representative images of Na*/K* ATPase protein expression in

the I/R kidneys at different time points (1 = 3). Positively stained cells are colored brown. Hematoxylin was used for nuclear counterstaining.

Scale bars, 100 um. Original magnification, x400. (B) gqRT-PCR analysis of Na*/K* ATPase. The expression of Na*/K* ATPase was normalized
to that of MRFAP1 (n = 3). *P < 0.05.
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Figure 5. Immunohistochemical detection and qRT-PCR analysis of TNF-a in AKI kidneys. Renal biopsy before and after ischemia/reperfusion
injury was obtained from non-DM or DM monkeys. (A) Representative images of TNF-a expression in the I/R kidneys at different time points
(n =3). Positively stained cells are colored brown. Hematoxylin was used for nuclear counterstaining. Scale bars, 100 um. Original magnification,
x400. (B) gqRT-PCR analysis of TNF-a in renal tissues. The expression of TNF-a was normalized to that of MRFAP1 (n = 3). *P < 0.05.

cells at 12h and 3 d, respectively, after IRL.>>*® Another study
showed that in mice with a unilateral 45-min ischemia, only day
7 showed a marked increase in KI-67-expressing cells as com-
pared with the contralateral control kidney, with no difference
at 3h and 1 d after IRL* In line with these reports, we found
that IRI increased the number of cells undergoing proliferation
in DM monkeys but not in non-DM monkeys. This finding

indicates that the sensitivity to ischemic insult differs between
non-DM and DM. Although informative, the use of cell cycle
markers such as KI-67, PCNA, or histone H3 phosphorylation
may not reveal whether the cell division has actually occurred
because these markers cannot distinguish between cells that
initiate division and those that actually produce 2 daughter
cells. Even cells that are arrested after the S phase are likely to
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Figure 6. Immunohistochemical detection and quantification of capillary density in AKI kidneys. Renal biopsy before and after ischemia/
reperfusion injury was obtained from non-DM or DM monkeys. CD31 antibody was used. (A) Representative images of CD31-expressing
microvessels in the I/R kidneys at different time points. Positively stained cells are colored brown. Hematoxylin was used for nuclear counter-
staining. Black arrows, vessels with normal integrity; red arrows, collapsed vessels. (B) The number of microvessels with normal integrity was
compared (1 = 3). Scale bars, 100 pm. Original magnification, x400. ***P < 0.001.
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Figure 7. Immunohistochemical detection and quantification of CD3
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in AKI kidneys. Renal biopsy before and after ischemia/reperfusion

injury was obtained from non-DM or DM monkeys. CD3 antibody was used. Positively stained cells are colored brown. Hematoxylin was used
for nuclear counterstaining. (A) Representative images of CD3-expressing cells in the I/R kidneys at different time points. (B) The number of
CD3-expressing cells in the renal tissue was compared (1 = 3). Scale bars, 100 um. Original magnification, x400. ***P < 0.0001.

be stained with these markers.® Investigation using technical
methods such as a fluorescent reporter combined with cell cycle
analysis is necessary to distinguish progressive and arrested
proliferation, thus clearly validating the value of this marker.8

Various physiologic insults cause damages of membrane-
bound proteins. In the kidney, it was reported that the

expression of Na*/K* ATPase was reduced by radiation- and
ischemia-induced renal injury.?®® One of the most notable
changes of this ion transport channel after ischemic injury is the
reduction of its expression and its translocation from basolateral
area to apical side of the cell.’ For example, in a rat model of
renal ischemia and reperfusion, the immune-detectable level
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Figure 8. Immunohistochemical detection and quantification of FSP1-expressing cells in AKI kidneys. Renal biopsy before and after ischemia/
reperfusion injury was obtained from non-DM or DM monkeys. (A) Representative images of FSP1-expressing cells in the I/R kidneys at different
time points. Positively stained cells are colored brown. Hematoxylin was used for nuclear counterstaining. (B) The number of FSP1-expressing
cells in the renal tissue was compared (1 = 3). Scale bars, 100 um. Original magnification x400. *P < 0.05 and ***P < 0.0001.

of Na*/K* ATPase at 6h, fell sharply after the injury, followed
by recovery to 60% to 70% level of the nonischemic control at
24h.%0 The effect of DM on Na*/K* ATPase expression has not
been reported to date. We found that its expression in basal
area of tubule was not clearly discerned in DM monkeys even
before ischemia and became weak and diffuse during 48h
period of reperfusion. These findings suggest that DM affects
the post-ischemic localization of this pump or disrupting the
polarity of renal epithelial cells.>

Renal epithelial cells can produce inflammatory cytokines (for
example, TNF-a, IL-6, MCP-1, CXCL1) in response to ischemic
injury. A central role for TNF-a in AKI was demonstrated by
resistance to AKI in TNF-a-knockout mice.*” We previously
showed that the level of serum TNF-a remained constant for 48h
in non-DM monkeys, with large variance within the group.?
The current results indicate that its expression was higher in
DM than non-DM monkeys, even before IRI. The mechanism
for increased TNF-a in baseline samples in DM is not clear.
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Figure 9. Immunohistochemical detection and quantification of caspase 3-positive cells in AKI kidneys. Renal biopsy before and after ischemia/
reperfusion injury was obtained from non-DM or DM monkeys and the positive cells were detected using antibody against cleaved caspase
3. (A) Representative images of cleaved caspase-3-positive cells in the I/R kidneys at different time points. Positively stained cells are colored
brown. Hematoxylin was used for nuclear counterstaining. (B) The change in number of positive cells was compared within each group. Scale

bars, 50 um. Original magnification, x400.

Advanced glycan end products or oxidation products could
possibly have caused an innate immune response in the DM
kidney, which caused inflammation in renal cells.!>*3 At 48h
after IRI, TNF-a expression was markedly higher in DM mon-
keys, consistent with previous findings in rodent studies.>!?
These results indicate that the severity of AKI in DM monkeys
may have been due to a constantly higher level of TNF-a; this
possibility is supported by renal injury scores, urinary albumin,
and Ngal mRNA expression in renal tissue.?

T-cells contribute to the establishment of AKI during the
early phase of IRL.? CD4-deficient mice showed attenuated
renal tubular injury after IRL* Moreover, postischemic injury
and macrophage infiltration was restored by adoptive transfer
of CD4* T cells, indicating that T-cells are a key mediator of
ischemic injury.* Another study showed that mice with unilat-
eral ischemia and immediate contralateral kidney nephrectomy
had more CD3-positive cells 3days after injury.’ Another study
showed that CD3* T cells were more abundant in type 2 diabetic
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Figure 10. Immunohistochemical detection and qRT-PCR analysis of a-SMA in AKI kidneys. Renal biopsy before and after ischemia/reperfusion
injury was obtained from non-DM or DM monkeys. (A) Representative images of a-SMA expression in the I/R kidneys at different time points
(n =3). Positively stained cells are colored brown. Hematoxylin was used for nuclear counterstaining. Scale bars, 100 um. Original magnification,
x400. (B) gqRT-PCR analysis of a-SMA in renal tissues. The expression of a-SMA was normalized to that of MRFAP1 (1 = 3).

rats than in non-DM controls.?® These results are consistent
with the present results showing more infiltrated T cells in the
renal tissue of DM monkeys. Further studies could detail on
the distribution of CD3 subsets (CD3*/CD4*, CD3*/CD8*, and
CD3*/CD4/CD8 T cells).”

Epithelial cells undergo mesenchymal changes after
prolonged exposure to high glucose.? The number of FSP-1-
expressing cells in the interstitium was increased in DM
monkeys. However, the expression of a-SMA, !¢ another marker
for mesenchymal change, was not affected by ischemic injury.

From this observation, it can be suggested that FSP-1-positive
cells appear acutely after IRT in DM kidney, although mesen-
chymal change did not occur in the tubules. It was reported that
FSP-1-expressing cells can also be derived from bone marrow or
resident fibroblasts, which contribute to renal fibrosis.?” Further
study is needed to determine how hyperglycemia affects the
function of FSP-1 early in renal ischemic injury.

AKI capillary reduction was significant in DM monkeys at
24 and 48h after AKI. The number of morphologically intact
vessels was sharply lower in DM than non-DM at 24 h of IRI,
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which may have impeded the recovery of AKI.? The decrease
in vascular density after AKI has promotes hypoxia, impairs
hemodynamic responses, and predisposes patients to chronic
kidney disease (CKD) and hypertension.® Moreover, animal
studies have demonstrated that underlying CKD aggravates
the loss of capillary after AKL.2?> Considering that high blood
glucose and its by-products (for example, advanced glycation
end products) are independent risk factors for endothelial cell
damage in renal vessels, assessment of the glycation level and
the structural integrity of endothelial cells in glomerulus, peri-
tubular capillaries, and large renal vessels would be required.!!

The progression of AKI induced by renal IRI depends on
various procedural factors (e.g., post-procedural time, whether
one or both kidneys were clamped, and whether or not the
nonclamped kidney was removed), and monkey protocols
can differ depending on the purpose of the experiment. One
group examined the effect of pretreating with erythropoietin
before renal IRI in cynomolgus monkeys, performing a right
nephrectomy followed by a left unilateral IRI for 90 min.!”
Under this protocol, the serum creatinine was highest at 24h
(>6.0mg/dL) and then gradually decreases. That protocol dif-
fers from ours, in which the peak creatinine level occurred at
48h in both DM and non-DM monkeys.? The smaller increase
in creatinine in our study is likely due to less ischemia time
(1h compared with 1.5h), and the number of kidneys affected
(bilateral simultaneous clamping compared with nephrectomy
followed by unilateral clamping of contralateral side). Another
group induced a warm ischemic injury (35 to 45min) followed
by a 2h cold ischemic injury in isolated kidney, with the ure-
ter intact, followed by orthotropic auto-transplantation and
nephrectomy of the contralateral side.” This protocol is more
clinically relevant to transplantation cases that use marginal
donors that underwent warm and cold ischemia, although the
model does not engender allogenic responses. In the study,”
some animals showed 2- to 4-fold increases in serum creatinine
levels, although with large variance.

Additional studies of infiltrating immune cells, other membrane
channel proteins, inflammatory membrane proteins (E-selectin,
ICAM-1, VCAM-1),° and endothelial cells in the glomerulus and
peritubular capillaries would help to elucidate the effect of the
underlying hyperglycemia on AKI progression. However, com-
mercially available antibodies cannot always be used in monkeys
due to lack of cross-reactivity between species, thereby complicat-
ing result interpretation from results. Furthermore, the limited
volume of biopsy tissue in turn limits the number of available
tissue sections. In addition, performing a biopsy can cause bleed-
ing or local inflammation,'> which may cause additional changes
in the tissue. In this regard, the identification of noninvasive
molecular markers with relatively high specificity and sensitivity
would be an ideal alternative to tissue biopsy.%

Immunohistochemical analysis allows the visualization of
target protein expression in the context of tissue microstructure.
Thus, immunohistochemistry (IHC) has been an important
tool for basic and clinical research (for example, evaluation
of diagnostic biomarkers).?* However, IHC is subject to many
variables (for example, specimen collection, fixation, preparing
paraffin blocks, antigen retrieval, blocking, antibody selection,
and chromogenic procedure, etc.) that can complicate analysis
and yield divergent results.* Thus, results should be interpreted
cautiously. Relevant to the present study, ischemia of biopsied
specimen before fixation reportedly can cause the breakdown
of protein by activation of protease.** Furthermore, the reactiv-
ity of KI-67 can reportedly be altered by the tissue handling
of surgical specimen (e.g., pre-fixation time and duration of

fixation) after tissue collection.? Therefore, the sharp increase
of KI-67-positive cells after AKI in DM samples may have been
partly due to the combined effect of DM and tissue handling
procedures. The results from other quantitative evaluation
methods (immunoblotting or qRT-PCR, etc.) would be needed
to identify the possible variations in the IHC results.

In conclusion, we showed that DM promotes the progression
of renal ischemia/reperfusion injury by stimulating tubular
cell proliferation, reducing capillary density, increasing T cell
infiltration, as well as altering protein and mRNA expression of
various genes involved ion channel, inflammation, and fibrotic
change. The results from this nonhuman primate study are rel-
evant to understanding how DM potentiates the development
and progression of AKIL
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