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1. Preface

Lifestyle changes have led to a rapid increase in the number of patients with
lifestyle-related diseases, which has become a problem both in Japan and abroad. The
leading causes of death in Japan are cancer, heart disease, and cerebrovascular disease,
which are associated with lifestyle. The pathologies of obesity and diabetes are closely
related to lifestyle and can lead to various complications. Therefore, it is expected that
lifestyle-related diseases can be prevented or ameliorated through nutrition and food
ingredients. In this study, | researched the food function in order to maintain the health
and suppress the progression of lifestyle-related diseases.

Vascular endothelial cells (VEC) regulate blood coagulation, thrombolysis,
vasoconstriction, vasodilation, vascular permeability, and angiogenesis. Dysfunction of
VEC can cause hypertension, atherosclerosis, diabetes, renal failure, myocardial
infarction, and cerebral infarction (1). Lifestyle changes are associated with vascular
endothelial cell function. Chronic inflammation and oxidative stress cause endothelial
cell dysfunction. It is reported that healthy diet reduces the risk of cardiovascular disease
via improving the VEC’s function (2). Further nutritional studies on VEC’s function will
promote prevention and treatment of lifestyle-related diseases.

VEC are involved in the regulation of blood flow via their antithrombogenicity.
VEC play a role in anticoagulation and fibrinolysis in the antithrombogenicity. Heparan
sulfate proteoglycan (HSPG) and thrombomodulin (TM) existing on endothelial cell
surface are important for anticoagulation. HSPG inhibits coagulation cascade by binding
with tissue factor pathway inhibitor or antithrombin 111 (3, 4). TM and thrombin complex
activates protein C and inhibits coagulation cascade (3). VEC produce fibrinolytic

properties such as tissue-type plasminogen activator (t-PA), urokinase-type plasminogen



activator (u-PA) and plasminogen activator inhibitor-1 (PAI-1). Plasminogen activator
activates plasminogen to plasmin that has degradation activity of fibrin, which is a main
component of thrombus (Fig. 1). Normally, fibrinolysis and coagulation have been
balanced well. However, the dysfunctions of VEC caused by oxidative stress,
hyperlipidemia, hyperglycemia, hypertension, or inflammation can result in thrombosis
(5-8). Thrombosis develops thrombotic diseases, such as myocardial infarction and
cerebral infarction. To prevent or ameliorate thrombosis and its related diseases, it is
considered that investigations of food or nutrients for maintaining or activating VEC’s

function are important and beneficial.
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Fig. 1 Antithrombogenicity of endothelial cell.

Vascular complications due to obesity and diabetes are also important in
discussing VEC’s function. Vascular complications include macrovascular complications
such as cerebrovascular disease and myocardial infarction, and microvascular
complications such as nephropathy, retinopathy, and neuropathy.

Obesity is one of the common causes of chronic kidney disease (CKD),

independent of glycemic control (9). It is suggested that body mass index is associated



with the incidence of CKD (10). Metabolic abnormalities caused by obesity may play an
important role in the increasing vascular endothelial growth factor (VEGF) and
eventually in the development of CKD (11). Furthermore, insulin resistance observed in
obesity has been associated with cardiovascular disease (12). These results suggest that
abnormal metabolites induced by obesity can accelerate the development of CKD.

It is reported that 537 million adults were diagnosed with diabetes in 2021 and
approximately 783 million adults are expected to be diabetic by 2045 (13). Diabetic
kidney disease (DKD) is one of the major CKD that requires renal replacement therapy
(14). Moreover, the number of patients with end-stage renal disease (ESRD) requiring
dialysis due to DKD is increasing (15). It is reported that endothelial to mesenchymal
transition (EndMT) is associated with the development of renal fibrosis in DKD (16).
EndMT is the process by which endothelial cells acquire a fibroblastic phenotype and
endothelial cell phenotype declines. As EndMT progresses, the expression of endothelial
cell markers, such as CD31 and VE-cadherin are decreased, while the expression of
mesenchymal markers, such as SM22a and aSMA are increased. Cell adhesion molecules
are decreased, and cell motility and migration activity are increased in EndMT (Fig.2).
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Fig. 2 Endothelial to mesenchymal transition (EndMT) in endothelial cells.



VEC play an important role of maintenance of systemic homeostasis.
Dysfunction of VEC can lead to lifestyle-related diseases. Therefore, nutritional studies
on VEC’s function will promote prevention and treatment of lifestyle-related diseases. In
the present study, VEC’s function and food function in lifestyle-related diseases were
investigated. The effect of food ingredients (mozuku) on antithrombogenicity of VEC
was assessed. | also investigated the effect of nutritional status and eicosapentaenoic acid

(EPA) on kidney disease using obesity model and diabetic model.



2. Antithrombotic effect of mozuku (Cladosiphon okamuranus Tokida, brown algae)
in carotid arterial thrombosis rat.

This chapter is based on a paper previously published in J. Nutr. Sci. Vitaminol.
(17).

2.1. INTRODUCTION

Anticoagulant and fibrinolytic activities are the major function of VEC.
Thrombotic diseases, such as myocardial infarction and cerebral infarction could be
prevented by activating the antithrombogenicity of VEC. Brown algaee had various
nutraceutical and pharmacological functions including anti-inflammatory, anti-oxidative,
anti-angiogenic, antihyperlipidemic and anticoagulant activity (18-22). Fucoidans from
brown algae inhibited thrombotic activity and prolonged activated partial thromboplastin
time in vitro (23, 24). Intravenous administration of sulfated galactofucan from brown
algae showed the antithrombotic activity in the rat vena cava ligation thrombosis model
(25). Thus, polysaccharides from brown algae might be useful for prevention of
thrombosis via anticoagulation. However, the effect of polysaccharides from brown algae
on fibrinolysis is not well clarified.

Okinawa mozuku (brown algae, Cladosiphon Okamuranus Tokida) is very
popular in Japanese food. Okinawa mozuku abundantly contains fucoidan. It is reported
that the fucoidan from Okinawa mozuku is absorbed through the small intestine in vitro
and in vivo (26). However, the anticoagulant effects of Okinawa mozuku were not shown
(23, 24). Moreover, the effects of oral administration of Okinawa mozuku on the
fibrinolysis were not clear. In this study, the effects of Okinawa mozuku on fibrinolytic

activity of cultured endothelial cells and the antithrombotic effects of oral administration



of Okinawa mozuku on carotid arterial thrombosis rat induced by ferric chloride were

investigated.

2.2. METHODS
2.2.1 Okinawa mozuku extract

Okinawa mozuku (Cladosiphon Okamuranus Tokida) was purchased from
commercially available products (Iki mozuku; Itosan Co. Ltd., Okinawa, Japan). Mozuku
and distilled water of its equal weight were mixed and autoclaved for 15 min. It was
centrifuged at 1,200 xg for 10 min and supernatant was collected as Okinawa mozuku

extract.

2.2.2 Vascular endothelial cells

The vascular endothelial cell line (TKM-33) that were established from human
umbilical VEC (HUVEC) (27) were used. TKM-33 were placed onto 24 well plate (3 x
10* cells/well) and cultured in RPMI-1640 (Nissui, pharmaceutical, Tokyo, Japan)
containing 10% fetal bovine serum (FBS, Thermo Fisher Scientific, MA, USA). Next,
the cells were incubated with FBS-free RPMI-1640 with or without 1% of Okinawa
mozuku extract. After incubation for twenty-four hours, conditioned medium and cell

lysate were collected for assay of u-PA activity.

2.2.3 Fibrin zymography
u-PA activity was measured by fibrin zymography as described elsewhere (28).
Briefly, protein samples from conditioned medium and cell lysate were separated by 10%

polyacrylamide gel contained 0.55 mg/mL bovine plasminogen-rich fibrinogen (Organon



Teknika, Dublin, Ireland) and 0.056 U/mL thrombin (Midori juji, Osaka, Japan),
subsequently soaked in 2.5% Triton X-100 for 60 min, and then incubated in glycine
buffer (0.1 mol/L Glycine-HCI, pH 8.4) at 37°C for 18 hr. After that, the gel was stained
with Coomassie Blue G-250 (FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan) for 30 min and destained with multiple changes of destain solution (44% methanol,

11% acetic acid) until lysis bands appeared.

2.2.4 Animal experiments

All animal experimental procedures were approved by the Kindai University
Experimental Animal Committee (approval number: KAAG-26-009) and conducted by
the animal experiment guideline of Kindai University. Male Sprague-Dawley rats of 5
weeks of age were used (CLEA Japan, Tokyo, Japan). The rats had been freely fed and
given water while they were kept in an environment with a 12 hr light/dark cycle at 22 +
2°C. The rats were divided into two groups. Rats were given tap water or 5% Okinawa
mozuku extract in tap water. After 8 weeks of treatments, the rats were provided for the
carotid arterial thrombosis model. The blood samples were collected for measurements
of platelet aggregation activity, activated partial thromboplastin time (APTT), u-PA

activity in euglobulin fraction, plasma active PAI-1 levels.

2.2.5 Preparation of the euglobulin fraction
Plasma (0.5 mL) was mixed with 9.5 mL of 0.016% acetic acid, and incubated
on ice for 20 min. After centrifugation at 2,000 xg at 4°C for 15 min, the supernatant was

discarded and the precipitated euglobulin fraction was resuspended in 0.4 mL of 309



mmol/L NaCl containing 5.3 mmol/L barbital buffer (pH 7.4). The euglobulin fraction

was used for fibrin zymography.

2.2.6 The Carotid arterial thrombosis model

Rats were anesthetized and the right carotid artery was exposed. The filter paper
(10 x 5 mm) was placed under the right carotid artery. FLO-C1 (OMEGAWAVE, INC.
Tokyo, Japan) probe was attached to the carotid artery to monitor blood flow. Then,
vascular injuries were induced by applying 40% FeCls on a filter paper. Carotid artery

blood flow (mL/min/100 g) was monitored continuously for 30 min.

2.2.7 Measurement of platelet aggregation

The blood samples were centrifuged for 10 min (300 xg at 4°C) and supernatant
was collected as platelet rich plasma (PRP). After collecting PRP, the blood samples were
subjected to further centrifugation for 15 min (1,200 xg at 4°C) and supernatant was
collected as platelet poor plasma (PPP). Platelet aggregation in PRP was initiated by 1
mg/mL of collagen reagent Horm® (Moriya Sangyo K.K. Tokyo, Japan) and monitored
using platelet aggregation analyzer, TPA-4C (Tokyo photoelectric Co., Ltd. Tokyo,

Japan).

2.2.8 Activated partial thromboplastin time (APTT), PAI-1
APTT was measured using commercial APTT kit (Thrombocheck APTT;
Sysmex, Hyogo, Japan). 0.1 mL of APTT reagent and 0.1 mL of PPP were mixed in test

tube and warmed at 37°C for 2 min. Then, prewarmed (37°C) 0.1 mL of 0.02 mol/L CaCl>



was added, and coagulation time was measured. Active PAI-1 level was measured using

commercial ELISA kit (INR, MI, USA).

2.2.9 Statistics

All statistical analyses were performed using Microsoft Excel (Microsoft
Corporation, Redmond, WA, USA) and the add-in software Statcel 3 (OMS Publishing
Inc., Saitama, Japan). The data were shown as means + SD for each group. Statistical
analysis was performed by Student’s t-test. All results were considered statistically

significant at p < 0.05.

2.3. RESULTS
2.3.1 Effect of Okinawa mozuku extract on cultured vascular endothelial cells

To evaluate the effect of Okinawa mozuku extract on fibrinolytic activity of VEC
in vitro, TKM-33 cells were incubated with or without Okinawa mozuku extract. And
then, u-PA activities in the conditioned medium and the cell lysate were measured. The
u-PA activity in conditioned medium of vascular endothelial cells (TKM-33) was
significantly increased by the addition of Okinawa mozuku extract (Fig. 3a). However,
Okinawa mozuku extract reduced u-PA activity in the cell lysate, compared with control
(Fig. 3b). These results showed that the addition of Okinawa mozuku extract enhanced

secretion of u-PA from inside of endothelial cells to outside.
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Fig. 3 Effects of Okinawa mozuku extract on u-PA activity in the conditioned medium
and the cell lysate of TKM-33. Relative u-PA activity in the conditioned medium
(@) and the cell lysate (b) were measured by using fibrin zymography. Control,
n = 4; Okinawa mozuku, n = 4 were analyzed. Values are shown as mean + SD.
*p<0.05. This figure is reproduced from the figure previously published in J.
Nutr. Sci. Vitaminol. (17).

2.3.2 Body weight, food intake, and water intake

The effect of oral administration of Okinawa mozuku extract on antithrombotic
activity in rats was investigated. No statistically significant differences in body weight,
food intake and water intake were observed between control and Okinawa mozuku groups

(Table 1).

Table 1. Body weight, food intakes and water intakes in the experimental period.

Control Okinawa mozuku
Initial body weight (g) 331.3+134 3320+ 17.6
Final body weight (g) 563.1+36.2 576.1+39.7
Food intake (g/day) 28.4+0.3 30.2+£0.3
Water intake (g/day) 59.6 £ 0.6 60.5+0.4

Values are shown as mean + SD, n=6. This table is reproduced from the table

previously published in J. Nutr. Sci. Vitaminol. (17).
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2.3.3 Effect of Okinawa mozuku extract on blood coagulation parameters.

To evaluate the effect of Okinawa mozuku extract on blood coagulation
parameters, platelet aggregation activity and APTT were measured. There were no
significant differences in platelet maximum aggregation rate, appearance time of
maximum aggregation rate, and the area under the curve (AUC) for platelet aggregation
between control and Okinawa mozuku groups (Table 2). The oral administration of

Okinawa mozuku extract did not affect the APTT (Fig. 4).

Table 2.  Effect of Okinawa mozuku extract on platelet aggregation

Control Okinawa mozuku
Maximum aggregation rate (%) 80.1+3.0 83.1+£9.1
Appearance time of maximum 583+ 11 570 + 33
aggregation rate (sec.)
Area under the curve for platelet 13.7+24 143 +4.7

aggregation (AU)

Values are shown as mean = SD, n=6. This table is reproduced from the table previously
published in J. Nutr. Sci. Vitaminol. (17).

11
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Fig. 4 Effect of Okinawa mozuku extract on APTT. The rats were fed with or without
Okinawa mozuku extract for 8 weeks. Subsequently, the blood samples were
collected for measurement of APTT. APTT was measured using commercial
APTT reagents. Control, n = 5; Okinawa mozuku, n = 5 were analyzed. Values
are shown as mean + SD. This figure is reproduced from the figure previously
published in J. Nutr. Sci. Vitaminol. (17).

2.3.4 Effect of Okinawa mozuku extract on FeCls-induced carotid artery thrombosis
model

To evaluate the preventive effect of Okinawa mozuku on thrombosis, the effect
of oral administration of Okinawa mozuku extract on carotid artery thrombosis rat
induced by 40% FeClz injury was measured. Rats were fed with or without Okinawa
mozuku extract for 8 weeks before induction of thrombosis. After application of 40%
FeCls to carotid artery, blood flow was gradually decreased. However, the decrease of
blood flow in Okinawa mozuku group was less than that in control group (Fig. 5a). The
area under the curve for blood flow was significantly higher in Okinawa mozuku group,
compared with control group (Fig. 5b). These results suggested that oral administration

of Okinawa mozuku extract inhibited carotid arterial occlusion induced by FeCls injury.

12
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Fig. 5 Effects of Okinawa mozuku extract on blood flow in FeClsz induced carotid artery
thrombosis model. Rats were fed with or without Okinawa mozuku extract for 8
weeks. Subsequently, 40% of FeCls was applied to initiate thrombosis in carotid
artery and blood flow of it after application was monitored (a). The decrease of
blood flow in Okinawa mozuku extract group was less than that in control group.
Moreover, the area under the blood flow curve for Okinawa mozuku extract group
was compared with that for control (b). The area under the blood flow curve for
Okinawa mozuku extract group was significantly higher than that for control group.
Control, n=4; Okinawa mozuku, n=5 were analyzed. VValues are shown as mean +
SD. *p<0.05, **p<0.01. This figure is reproduced from the figure previously
published in J. Nutr. Sci. Vitaminol. (17).
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2.3.5 Effect of Okinawa mozuku extract on fibrinolytic factors

To assess the effect of oral administration of Okinawa mozuku on fibrinolytic
system, the activity of u-PA in euglobulin fraction and active PAI-1 levels in plasma were
measured. In rats fed with Okinawa mozuku extract, the activity of u-PA in euglobulin
fraction was significantly increased compared to control rats (Fig. 6a). On the other hand,

Okinawa mozuku extract did not affect active PAI-1 levels in plasma (Fig. 6b).
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Fig. 6 Effects of Okinawa mozuku extract on u-PA activity and active PAI-1 levels in
plasma. Relative u-PA activities in euglobulin fractions of rats fed with or without
Okinawa mozuku were measured by using fibrin zymography (a). Control, n = 6;
Okinawa mozuku, n = 6 were analyzed. Plasma active PAI-1 levels in rats fed with
or without Okinawa mozuku were measured by ELISA (b). Control, n = 3;
Okinawa mozuku, n = 6 were analyzed. Values are shown as mean + SD. *p<0.05.
This figure is reproduced from the figure previously published in J. Nutr. Sci.
Vitaminol. (17).
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2.4. DISCUSSION

The major function of VEC are blood coagulation and fibrinolysis. Plasminogen
activator released from VEC promotes fibrinolysis. In vitro study showed that Okinawa
mozuku increased u-PA activity in the conditioned medium of VEC (Fig. 3). It is
speculated that Okinawa mozuku enhances the release of u-PA from endothelial cell. The
u-PA is used as fibrinolytic agent for thrombotic diseases such as stroke and acute
myocardial infarction (29, 30). The time to occlusion after FeClz-induced carotid artery
injury in u-PA knockout mouse was shorter than that in wild-type mouse or t-PA
knockout mouse (31). Moreover, the patency rate of occluded artery in u-PA knockout
mouse was lower than that in wild-type mouse or t-PA knockout mouse (31). Therefore,
it is thought that u-PA is more important for early blood clot resolution and vascular
recanalization than t-PA. The augmented release of u-PA from VEC by Okinawa mozuku
extract may contribute to prevent thrombus formation and promote fibrinolysis.

To evaluate the effect of oral administration of Okinawa mozuku extract on
thrombosis, FeClz-induced carotid arterial thrombosis rat was used. FeCls-induced
thrombosis model has been well used as the experimental arterial thrombosis model (32-
34). In this model FeCls, an oxidizing agent, induces denudation of endothelial cells and
exposes the subendothelium such as collagen. Then, coagulation cascade proceeds, and
thrombus is formed. The FLO-C1 has been used to evaluate thrombosed vessel blood
flow (35, 36). This study showed that Okinawa mozuku prevented the thrombotic
occlusion due to FeCls-induced carotid artery injury (Fig. 5a and 5b). Furthermore, the
oral administration of Okinawa mozuku extract increased u-PA activity in plasma

euglobulin fraction (Fig. 6a). This phenomenon was supported by the in vitro study (Fig.

15



3a). These data suggested the antithrombotic effect of Okinawa mozuku via augment of
u-PA activity.

There are no statistically significant differences in platelet aggregation and
APTT between control group and Okinawa mozuku group (Table 2 and Fig. 5). These
data indicated that Okinawa mozuku did not affect the platelet function and coagulation
factors. Moreover, previously report supports these results (23).

PAI-1is amain inhibitor of u-PA and regulates fibrinolytic system. PAI-1 blocks
the activation of plasminogen to plasmin via inhibition of u-PA activity. PAI-1 is a risk
factor for arterial thrombosis (37). In this study, Okinawa mozuku extract did not affect
plasma PAI-1 levels (Fig. 6b). Therefore, it is considered that PAI-1 is not involved in
the antithrombotic effect of Okinawa mozuku extract.

Many attempts have been made to develop chemical compounds that promote t-
PA release from endothelial cells for the treatment of thrombosis (38, 39). However, these
compounds have undesirable side effect, such as bleeding. Therefore, Okinawa mozuku
has attracted attention because of their safety. Furthermore, because of the previous study
in which the time to occlusion after FeCls-induced carotid artery injury in u-PA deficient
mouse was shorter than t-PA deficient mouse as described above (13), it is speculated
that u-PA releaser may be more efficient to prevent thrombus formation or promote clot
lysis than t-PA releaser.

Since fucoidan is water-soluble, it is thought that Okinawa mozuku extract
conteins fucoidan. The absorption of fucoidan, which is viscos polysaccharide in blown
algae, is reported (26, 40). Oral administration of fucoidan from Laminaria Japonica
prolonged the time to occlusion of blood vessel in electrical induced arterial thrombosis

model. This phenomenon was accompanied with anticoagulation activity,

16



downregulation of thromboxane B, upregulation of 6-keto prostaglandin Fla,
antiplatelet activity and effective fibrinolysis (40). The mechanism of the antithrombotic
activity of fucoidan depends on its molecular weight (40). Although the main components
of fucoidan are fucose and sulfate, fucoidan contains uronic acids and monosaccharides
such as mannose, galactose, glucose, and xylose (41). The chemical property of fucoidan
and bioactivity of fucoidan differ depending on the origin of seaweed species, and have
some relation with sulfate content and position, molecular weight, and sugar composition.
(23, 41). In this study, Okinawa mozuku extract did not possess anticoagulation activity
but enhanced fibrinolytic activity. These findings suggest that molecular weight and/or
chemical property of fucoidan from Cladosiphon Okamuranus are not similar to those
from Laminaria Japonica.

The limitation of this study is that components of Okinawa mozuku extract are
unclear and effective ingredients are unknown. Because the Okinawa mozuku extract has
high viscosity, it is considered that it is rich in fucoidan and alginic acid, which are the
main viscous polysaccharides of Okinawa mozuku. Although it is reported that alginic
acid prevents thrombin generation (42), the involvement of alginic acid in fibrinolysis is
unclear. In order to clarify this involvement, further study will be need.

In conclusion, it was demonstrated that Okinawa mozuku extract possessed the
ability to enhance u-PA activity through an increase in u-PA release from endothelial
cells both in vitro and in vivo. Furthermore, | also showed the antithrombotic effect of
oral administration of Okinawa mozuku extract on rat carotid arterial FeCls-induced
thrombosis model. It may be a beneficial food or supplement for the prevention of

thrombosis and its related diseases.
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3. The effect of inflammation and oxidative stress on albuminuria in obesity.

This chapter is based on a paper previously published in FEBS Open Bio (43).
3.1 INTRODUCTION

Obesity associated with microvascular complications, such as CKD. Obesity is
one of the risk factors for CKD. Albuminuria is an early abnormal feature of CKD and
has been recognized as a marker of systemic endothelial dysfunction (44). Albuminuria
could reflect worsening renal function, cardiovascular disease, and increased risk of
mortality (45). Data from the Prevention of Renal and Vascular End Stage Disease
(PREVEND) study clearly show that increased albuminuria not only follows overt
diabetic kidney disease but is also a marker of the progression of diabetes (46). It is
reported that increases in inflammation and oxidative stress are recognized in the
glomerular endothelial cells in insulin resistant conditions induced by diabetes and
obesity (11). Recent studies indicate that inflammatory markers are closely related to
endothelial dysfunction, which has been shown to indicate the development of
diabetes (47-49).

This study characterized the mechanism of albuminuria caused by inflammation

and oxidative stress in the glomeruli of obese rats.

3.2 METHODS
3.2.1 Animal experiments

All animal protocols were approved by the Kindai University and Joslin Diabetes
Center's Animal Care Committee in accordance with the National Institutes of Health
guidelines. Age matched male ZF, lean ZL rats, and C57BL/6J mice (Shimizu, Kyoto,

Japan) were used. To determine nuclear factor kB (NF-kB) activation in the glomeruli,

18



NF-kB-dependent enhanced green fluorescent protein (GFP) transgenic mice (cis-NF-
«kBECP) were used (50). These mice were produced as described previously and kindly
provided by Steve Shoelson and Jongsoon Lee at the Joslin Diabetes Center. Obesity and
insulin-resistant states were induced in 8-week-C57BL/6J and 8-week-cis-NF-kBECF
mice by feeding them a high-fat diet (45% and 42% from fat; Shimizu, Kyoto, Japan and
Harlan Tekland, Indianapolis, IN, USA, respectively) or a normal diet for 2 months.
Eight-week- cis-NF-kBECF mice were the same group as published in previous study

(50).

3.2.2 Isolation of glomeruli
Rat glomeruli were isolated from the renal cortex by the sieving method as

described elsewhere (11).

3.2.3 Measurement of urinary albumin

Urinary albumin excretion in rat was measured by Nephrat (Exocell Inc.,
Philadelphia, PA, USA) using 24 hours urine collection samples from rat housed in
individual metabolic cages. Urinary albumin excretion in mouse was measured by
Albuwell (Exocell Inc., Philadelphia, PA, USA) using 24 hours urine collection samples

from mouse housed in individual metabolic cages.

3.2.4 Serum triglyceride, serum total cholesterol, and plasma insulin
Serum triglyceride was measured by LabAssay Triglyceride (FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan). Serum total cholesterol was measured by

LabAssay Cholesterol (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan).
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Plasma insulin was measured by Ultra-Sensitive Rat Insulin ELISA Kit (Morinaga

Institute of Biological Science, Yokohama, Japan).

3.2.5 Real-time PCR analysis

Total RNA was isolated from the glomeruli using an RNAeasy microcolumn
with DNase treatment (Qiagen, Valencia, CA, USA). Quantification of RNA was
performed with the NanoDrop ND-1000 spectrophotometer (Thermo Scientific,
Wilmington, DE, USA). cDNA was synthesized using Superscript Il reverse
transcriptase (Invitrogen, Carlsbad, CA, USA). mMRNA expression in the glomeruli was
evaluated by a SYBR green procedure (Applied Biosystems, Foster City, CA, USA).
Amplification and detection were performed using the Step One Plus system (Applied
Biosystems). Expression levels were normalized to levels of GAPDH. PCR primers were
shown in table 3.

Table 3. PCR primers

Forward Primer Reverse Primer

TNF-a AAATGGGCTCCCTCTCATCAGTTC TCTGCTTGGTTTGCTACGAC

IL-6 TCCTACCCCAACTTCCAATGCTC TTGGATGGTCTTGGTCCTTAGCC
CCR2 CTTGTGGCCCTTATTTTCCA GAATTCCTGGAAGGTGGTCA
GAPDH GTATTGGGCGCCTGGTCACC CGCTCCTGGAAGATGGTGATGG

3.2.6 Histological study

Kidney samples for light microscopy analysis were fixed in 4%
paraformaldehyde phosphate buffer. Kidney sections (2 um) were stained with periodic
acid-Schiff. Glomeruli were digitally photographed, and the images were imported into

imagej software (National Institutes of Health, Bethesda, MD, USA;

20



https://imagej.nih.gov/ij/) and analyzed morphometrically. Dissected glomeruli from
obese and control cis-NF-kBECP mice were fixed in acetone and observed by digital

fluorescence microscopy.

3.2.7 Statistics

Data are expressed as mean = SD. Comparisons among more than two groups
were performed by one-way ANOVA, followed by post hoc analysis with paired or
unpaired t-test to evaluate statistical significance. All analyses were performed using
StatView (SAS Institute, Cary, CA, USA). Statistical significance was defined as P <

0.05.

3.3 RESULTS
3.3.1 Physiological characteristics of experimental groups

Body weight was significantly increased in ZF rats when compared to ZL rats.
Like ZF rats, mice fed with high-fat diet showed increases in body weight when compared
to mice fed with normal diet (Tables 4 and 5). Serum triglyceride and cholesterol levels
in ZF rats were significantly higher than those in ZL rats. However, there were no
significant statistical differences in the levels of plasma insulin (Table 6). Initially, there
were no significant differences in urinary albumin excretion between ZF and ZL rats (Fig.
7a). After 2 months of feeding, urinary albumin excretion was significantly increased in
ZF rats when compared to ZL rats (Fig. 7b). Like rat experiments, there were no
significant differences in urinary albumin excretion in mice, but when mice fed with high-
fat diet after 2 months significantly increased in urinary albumin excretion when

compared to normal diet (Fig. 7c, d).

21



Table 4. General characteristics of the rat experimental groups

ZL ZF
Number 6 4
Initial body weight (g) 169 + 13 217+ 7"
Body weight at 2 months (g) 303 +17 482 + 10"

Values are shown as mean £ SD. *p<0.05 versus ZL rats. This table is reproduced from
a table previously published in FEBS Open Bio (43). with modifications.

Table 5. General characteristics of the mice experimental groups

Normal diet High fat diet
Number 6 4
Initial body weight (g) 25+ 2 25+2
Body weight at 5 months (g) 34+4 46 + 2°

Values are shown as mean + SD. *p<0.05 versus normal diet. This table is
reproduced from a table previously published in FEBS Open Bio (43) with

modifications.

Table 6. Serum triglyceride, serum total cholesterol, and plasma insulin

ZL ZF
Triglyceride (mg/dL) 28.1+14.3 195.7 + 23.6"
Total cholesterol (mg/dL) 51.2+5.9 775+7.0
Insulin (ng/mL) 21.9+0.5 19.9+05

Values are shown as mean * SD. *p<0.05 versus ZL rats. This table is reproduced from

a table previously published in FEBS Open Bio (43) with modifications.
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Fig. 7 Albuminuria in experimental groups. (a) Albuminuria in ZL and ZF rats at the start
of experiment. (b) Albuminuria in ZL and ZF rats at 2 months. (c) Albuminuria in
mice at the start of experiment. (d) Albuminuria in mice fed with high-fat diet after
2 months. *p<0.05. ns, not significant. ZL, n = 6; ZF, n = 4; Normal, n = 6; High, n
= 4 were analyzed. Values are shown as mean + SD. This figure is reproduced from

a figure previously published in FEBS Open Bio (43).
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3.3.2 Glomerular inflammation in experimental groups

Inflammatory markers were characterized in the glomeruli with the induction of
obesity. Expression of TNF-a mRNA and CCR2 mRNA in the glomeruli of ZF rats were
higher than those in the glomeruli of ZL rats (Fig. 8a, b). However, there were no
statistically significant differences in expression of IL-6 mRNA between the glomeruli

of ZL rats and ZF rats (Fig. 8c), which was consistent with previous report (50).

a — Oz —— Oz

3 I zF 1.2 M zF

14
I
S 24 5 081 |
o
& & 061
z | 2 04t
L1 € 04
z =
0.2
0 T 0 T
c * [z
1

6 I zF
)
T 41
<
9
(o]
o

2
O
& |

0 T

Fig. 8 Evaluation of inflammatory markers in the glomeruli of ZL and ZF rats. (a) TNF-
a mRNA expression in the glomeruli of ZL and ZF rats. (b) IL-6 MRNA expression
in the glomeruli of ZL and ZF rats. (c) CCR2 mRNA expression in the glomeruli
of ZL and ZF rats. *p<0.05. ns, not significant. ZL, n = 6; ZF, n = 4 were analyzed.
Values are shown as mean = SD. This figure is reproduced from a figure previously
published in FEBS Open Bio (43).
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3.3.3 Renal histology in experimental groups
Morphometric analysis of glomerular area was performed. There were no
statistically significant differences in the glomerular area between ZL and ZF rats (Fig.

9).

10 000 - I

5000 +

Glomerular area (um?2)

0

Fig. 9 Renal morphology in the experimental groups. (a) Representative light microscopic
appearance of glomeruli (periodic acid-Schiff) for ZL and ZF rats. Bar = 50 um. (b)
Morphometric analysis of glomerular area. ns, not significant. ZL, n=6; ZF,n=4

were analyzed. Values are shown as mean + SD. This figure is reproduced from a

figure previously published in FEBS Open Bio (43).
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3.3.4 Immunohistochemistry of NF-kB activation in the glomeruli of mice fed a high-
fat diet

As inflammation and oxidative stress can activate NF-kB in obesity and the
insulin-resistant state (51), NF-kB activity in the glomeruli of cis-NF-xkBE®™" mice were
analyzed. GFP-positive areas were detected in the glomeruli of mice fed a high-fat diet

for 2 months, indicating NF-kB activation (Fig. 10).

Control High fat (2 m)

Fig. 10 Activation of NF-«B in the glomeruli of cis-NF-kBEC transgenic mice. cis-NF-
«kBECFP transgenic mice were fed a high-fat diet for 2 months, after which EGFP
fluorescence was assessed using digital fluorescence microscopy. Bar = 50 pum.
This figure is reproduced from a figure previously published in FEBS Open Bio
(43).

3.4 DISCUSSION

This study reports for the first time that obesity and the insulin-resistant state
increase albuminuria, which is correlated with inflammation or oxidative stress. However,
2 months of metabolic abnormality was not enough to cause glomerular pathological
changes. Previous reports have primarily focused on the activation of inflammation and
oxidative stress by diabetes alone. Several studies have associated changes in

inflammation and oxidative stress with albuminuria in CKD (52, 53). However, it has not
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been reported that inflammation and oxidative stress can increase albuminuria, in the
absence of renal pathological changes.

Quantitative PCR data showed increase of TNF-a and CCR2, but not IL-6 in the
glomeruli of obese rats. It is reported that levels of TNF-a and IL-6 mRNA are increased
by diabetes, but not by insulin resistance in retina (50). Also, it is reported that obesity-
induced increases in IL-6 did not correlate with the incidence rate of acute kidney injury,
while oxidative stress marker plasma F2-isoprostanes was increased in those patients (54).
Expression of IL-6 mRNA was mainly recognized in moderate mesangial expansion area
and the interstitial expression correlated with the degree of interstitial damages in DKD
(55). Thus, increases in IL-6 level could be recognized in the kidney that was damaged
to some extent by insulin-resistant state or diabetes. These findings could support the
expression discrepancy between TNF-o and IL-6 mRNA in this study.

This study showed that obesity could increase TNF-o and CCR2 in the kidney
when hyperinsulinemia is not present. Recent studies clearly show that TNF-a and its
receptors, TNF receptors 1 and 2, are correlated with estimated glomerular filtration rate
(56). Interestingly, these markers of inflammation are significantly increased in CKD
patients without diabetes (57).

The mechanism for obesity-induced proteinuria appears to be via TNF-a
activation. Among the inflammatory cytokines that were activated in the glomeruli, TNF-
a appears to be the primary contributor to increased proteinuria. Previous studies
indicated that TNF-a could change membrane permeability (58) resulting in proteinuria
(59). Clinically, inhibition of TNF-a using the TNF-a neutralizing antibody, tocilizumab,

results in decreased proteinuria.
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Some reports have suggested that high-fat feeding over a prolonged time could
develop mesangial expansion (60). However, glomerular histological changes were not
recognized in this study. Observation period was only 2 months, while previous studies
that showed high-fat diet-induced renal injuries were more than 3 months. Furthermore,
they used the diet 60% from fat, while 42% in this study.

The monocyte chemoattractant protein (MCP)-1/CCR2 pathway may also play
an important role in developing DKD (61, 62). It is reported that the inhibition of MCP-
1/CCR2 pathway by CCR2 antagonist, propagermanium ameliorated the progression of
DKD (63). Furthermore, CCR2 inhibitor CCX140-B showed renoprotective effects,
reducing albuminuria in DKD patients (64). Present study supports the idea that
inflammatory cytokines may be elevated before developing renal pathological changes
and inhibiting cytokine action as a possible therapeutic target could improve and prevent
DKD.

Previous report indicated that PKC activation selectively inhibits insulin/insulin
receptor substrate (IRS)1 signaling, increasing inflammation and oxidative stress in the
glomerulus of ZF rats (11). Here, this study demonstrates that obesity, without diabetes,
induced by a high-fat diet was able to activate NF-xB in the glomerulus. In addition,
increased TNF-a in the glomerulus can induce albuminuria after 2 months of obesity in
ZF rats. Activation of the tyrosine phosphatase, Src homology-domain-containing
phosphatase-1 (SHP-1), which is increased by diabetes and PKC-3, causes VEGF
resistance-induced podocyte apoptosis (65). Mechanistically, this pathway is independent
of inflammation, oxidative stress, and NF-xB.

This study suggested that feeding of high fat diet for only 2 months duration can

cause albuminuria in obese animals, due to increased inflammation or oxidative stress,
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but may not be long enough to develop renal pathological changes. Further studies of the
NF-«B, TNF-a, and CCR2 pathways could lead to effective interventions for obesity-

induced CKD.
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4. The effect of eicosapentaenoic acid on endothelial to mesenchymal transition in
diabetes

This chapter is based on the paper previously published in J. Diabetes Res. (66).
4.1 INTRODUCTION

In chapter 3, two months of obesity did not cause histological changes in kidney.
Therefore, to examine the endothelial function and the effect of nutrient in CKD, STZ-
induced diabetic mice fed with high fat diet were used.

Several large clinical studies such as the action in diabetes and vascular disease:
Preterax and Diamicron modified release controlled evaluation (ADVANCE) study, the
UK prospective diabetes study (UKPDS), and the action to control cardiovascular risk in
diabetes (ACCORD) trial indicated that intensive glycemic control could reduce the risk
of DKD (67-70). On the other hand, large randomized controlled studies including the
ADVANCE study, ACCORD trial, and outcome reduction with initial glargine
intervention (ORIGIN trial) showed severe hypoglycemia, serious adverse events, renal
impairment, and increased mortality (68, 70, 71). Thus, there is an urgent need to establish
the new approach to treat DKD without hypoglycemia risk.

Extracellular matrix (ECM) accumulation, inducing mesangial expansion is a
critical process in the glomerular pathology induced by diabetic condition (72). Type IV
collagen (Col4) and smooth muscle actin are known as a common molecular marker of
phenotypic changes of mesangial cells in DKD (73). It is reported that the transforming
growth factor-p (TGF-B)/Smadl pathway transcriptionally regulates the expression of
Col4 and a-smooth muscle actin (aSMA) (74-77). Previous reports indicated that EndMT
in the endothelial cells induced by the TGF-p signaling caused to glomerulosclerosis in

the diabetic kidney (16). Recent reports suggest that supplementation with fish oil, which
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is a major source of the n-3 polyunsaturated fatty acids (PUFA) eicosapentaenoic acid
has been suggested to prevent glomerulonephritis and type-2 diabetes (78, 79). However,
the mechanistic of action of ethyl eicosapentaenoic acid (EPA-E) on the glomerular cells
IS unclear.

In this study, the effects of EPA-E on albuminuria and EndMT in diabetic mice
was analyzed. Further, the effect of adipocyte hypertrophy on EndMT in cultured VEC

and the effect of EPA on its EndMT were evaluated.

4.2 METHODS
4.2.1 Animal experiments

All animal experiments were approved by the Animal Experiment Committee of
Kindai University (approval number: KAAG-26-010) and performed by the animal
experimental guideline of Kindai University. Male C57/BL6 mice (Shimizu, Kyoto,
Japan) were used. Diabetes was induced in 11-week-old C57/BL6 mice by intraperitoneal
injection of streptozotocin (STZ; 50 mg/kg body weight: Sigma, St Louis, MO) in 0.05
mol/l citrate buffer (pH 4.5) or citrate buffer for controls for 5 consecutive days. Control
mice (Non-diabetic, NDM) were fed a control diet (MF diet, Oriental Yeast, Tokyo,
Japan), and diabetic mice (DM) were fed a high-fat diet (60% from fat; HFD-60, Oriental
Yeast, Tokyo, Japan). Two weeks after of injection of STZ, some diabetic mice were fed
with a high-fat diet were orally administrated EPA-E (Mochida Pharmaceutical, Tokyo,
Japan) at a dose of 1000 mg/ kg body weight/day in the diet for 19 weeks (DM + EPA-
E) (80, 81). The systolic, mean, and diastolic blood pressure was measured by the tail-

cuff method (BP-98A; Softron, Tokyo, Japan). After 19 weeks of treatment with EPA-E,
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kidney samples were collected for histological analysis, malondialdehyde assay, western

blotting, and real-time PCR assay.

4.2.2 Intraperitoneal glucose tolerance test

The intraperitoneal glucose tolerance test (IPGTT) was performed after 12
weeks of the EPA administration (25 weeks of age). After 16 hours of fasting, the mice
were intraperitoneally treated with glucose (2 g/kg body weight), which was followed by
blood sampling from the tail vein at intervals of 0, 30, 60, 90, and 120 minutes. The blood

glucose level was measured by the glucose analyzer (Sanwa Kagaku, Aichi, Japan).

4.2.3 Measurement of the urinary albumin and creatinine

The urinary albumin and creatinine were measured using the Albuwell (Exocell
Inc., PA, USA) and by creatinine colorimetric detection kit (Enzo Life Science, NY,
USA), respectively. The urine samples were collected from the mice housed in individual
metabolic cages for 24 hours. Urinary albumin and creatinine were measured at 11 weeks

old (before treatment of EPA-E) and 28 weeks old (after 15 weeks of EPA-E treatment).

4.2.4 Plasma triglyceride and non-esterified fatty acid

After 19 weeks of EPA-E treatment, blood samples were collected for
measurements of plasma triglyceride and non-esterified fatty acid. The plasma
triglyceride and non-esterified fatty acid were measured using the LabAssay Triglyceride
(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) and LabAssay NEFA

(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan), respectively.
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4.2.5 Malondialdehyde assay
Malondialdehyde in the renal cortex was measured using the TBARS assay kit

(Cell Biolabs, San Diego, CA, USA), according to the manufacturer’s instructions.

4.2.6 Histological analysis

Kidney sections for light microscopy analysis were fixed in 4%
paraformaldehyde phosphate buffer. Sections were stained with periodic acid-Schiff.
Glomeruli were digitally photographed, and the images were imported to the ImageJ
software (National Institutes of Health, Bethesda, MD, USA; https://imagej.nih.gov/ij/)
and analyzed morphometrically (82). For immunohistochemistry, the tissue sections were
de-paraffined using xylene and rehydrated through an ethanol series and PBS. The
antigen retrieval was performed by microwave treatment, with Citrate buffer, pH 6.
Endogenous peroxidase was blocked with 0.3% H202 in methanol for 30 min, followed
by incubation with the G-Block (Genostaff, Tokyo, Japan) and avidin/biotin blocking kit
(Vector, CA, USA). The sections were incubated with an anti-CD31 rabbit monoclonal
antibody (Cell Signaling, MA, USA) at 4°C overnight. They were incubated with biotin-
conjugated anti-rabbit Ig (Dako, CA, USA), for 30 min at room temperature, followed by
the addition of peroxidase-conjugated streptavidin (Nichirei, Tokyo, Japan) for 5 min.
The peroxidase activity was visualized using diaminobenzidine. The sections were
counterstained with Mayer’s Hematoxylin (MUTO, Tokyo, Japan), dehydrated, and then

mounted with Malinol (MUTO).
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4.2.7 3T3-L1 differentiation for adipocyte

The mouse 3T3-L1 preadipocytes were cultured in DMEM (FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan) containing 10% fetal bovine serum (FBS) at
37°C, 5% CO2. The differentiation for adipocytes was induced by a commercial kit
(Adipolnducer Reagent, Takara Bio, Shiga, Japan). Two days post confluency, 3T3-L1
preadipocytes were cultured using differentiation medium (DMEM containing 10 pg/mL
insulin, 2.5 uM dexamethasone, and 0.5 mM 3-isobutyl-1methylxanthine) for 48 hours.
Then, the differentiation medium was replaced with a maintenance medium (DMEM
containing 10 pg/mL insulin). Thereafter, the maintenance medium was replaced every
two days. After differentiation, the medium was collected on the 4th and 8th days, as the

adipocyte-conditioned medium for stimulating the endothelial cells.

4.2.8 Oil red O stain

To evaluate the lipid accumulation of 3T3-L1 adipocyte, the Oil red O staining
was performed. The cells were washed by PBS and fixed in 2.5% glutaraldehyde for 10
min. After washing with PBS, the cells were stained by Oil red O solution (FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan) for 15 min. The stained cells were
visualized under an optical microscope. Then, the QOil red O stained lipid was extracted
by isopropanol and quantified by measuring the absorbance at 492 nm using a microplate

reader (Thermo Fisher Scientific, MA, USA).

4.2.9 Endothelial cell culture
The cell line (bEnd.3) that was established from the mouse microvascular

endothelial cells were used. EPA-E was dissolved in 100% ethanol to make stock solution.
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The cells were plated onto a 6-well plate and cultured in DMEM containing 10% FBS
and 5.6 mM glucose. After reaching sub-confluence, the medium was replaced by a 3T3-
L1 adipocyte conditioned medium containing 5.6 mM glucose and 2% fatty acid-free
BSA (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) with or without a 200
UM EPA-E (Mochida Pharmaceutical, Tokyo, Japan). The same amount of ethanol as
EPA-E solution was used for the vehicle. After incubation for 48 hours, the protein lysate

was harvested for western blot analysis.

4.2.10 Adipocyte conditioned medium-induced cell migration assay

The cell culture inserts (Greiner Bio-One Co. Ltd, Tokyo, Japan) with an 8 pum
pore membrane were used for the cell migration assay as previously described with
modifications (16, 83). The endothelial cells were passaged in the upper chamber.
Twenty-four hours after passage, the medium was changed to the 3T3-L1 adipocyte
conditioned medium containing 5.6 mM glucose and 2% fatty acid-free BSA with or
without of 200 uM EPA-E. After incubation for 48 hours, the nonmigratory cells were
removed with a cotton swab. The migrated cells were stained with DAPI and counted.

Five different areas were evaluated in each group.

4.2.11 High glucose-induced endothelial cell migration

The cell culture inserts (Greiner Bio-One Co. Ltd, Tokyo, Japan) with 8 um pore
membrane were used for cell migration assay. The endothelial cells were passaged in
upper chamber. Twenty-four hours after passage, the medium was changed to low glucose
(5.6 mM glucose and 19.4 mM mannitol) or high glucose medium (25mM glucose) with

or without of 50 uM EPA-E. After 24 h, the nonmigratory cells were removed with a
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cotton swab. The migration cells were stained with DAPI and counted. Five different

areas were evaluated in each group.

4.2.12 Western blotting

In vivo experiments, protein samples were isolated from renal cortex. The protein
lysates were separated by 10% SDS-polyacrylamide gels and blotted onto polyvinylidene
fluoride (PVDF) membranes. After blocking, the membranes were incubated with anti-
CD31 (Cell Signaling, MA, USA), anti-SM22a, (Abcam, Cambridge, UK), anti-Erk1/2
(Cell Signaling, MA, USA), anti-pErk1/2 (Cell Signaling, MA, USA ), anti-PAI-1
(Abcam, Cambridge, UK), TGF-p (Cell Signaling, MA, USA), anti-Snail (Cell Signaling,
MA, USA), anti-TGF- (Cell Signaling, MA, USA) and anti-B-actin (Cell Signaling, MA,
USA) at 4°C overnight. The membranes were washed and incubated with horseradish
peroxidase-conjugated secondary antibodies for 1 h at room temperature. The protein-
antibody complex was detected using the ECL reagent (SuperSignalTM West Dura
Extended Duration Substrate, Thermo Fisher Scientific, MA, USA) and the signals were
detected using LAS 4000mini biomolecular imager (FUJIFILM, Tokyo, Japan).
Membranes are cut prior to hybridization with antibodies, so these are not images of full-

length blots.

4.2.13 RNA and microRNA isolation and real-time PCR assay

The total RNA was isolated from renal cortex using the RNeasy Mini Kit
(Qiagen, German). The complementary DNA was synthesized using the SuperScript 111
reverse transcriptase (Invitrogen, Carlsbad, CA, USA). The real-time PCR was performed

on a StepOne Plus real-time PCR system (Thermo Fisher Scientific, MA, USA) using the
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SYBR Green Master Mix (Applied Biosystems, Foster City, CA, USA). The expression

levels were normalized to levels of GAPDH. PCR primers were shown in table 7.

Table 7. PCR primers

Forward Primer Reverse Primer
Collagen IV GCCAAGTGTGCATGAGAAGA AGCGGGGTGTGTTAGTTACG
TGF-p TGCTTCAGCTCCACAGAGAA TGGTTGTAGAGGGCAAGGAC
PKCp GGGATTCCAGTGTCAAGTCTGCT AGGACTGGAGTACGTGTGGATCTT

p47phox ACCTTCATTCGCCATATCGCCCT TTCTGTAGACCACCTTCTCCGACA
Nox2 TGCAGCCTGCCTGAATTTCAACTG  AGATGTGCAATTGTGTGGATGGCG
Nox4 GAACCTCAACTGCAGCCTGATC CTTTTGTCCAACAATCTTCTTGTTCTC
GAPDH ATGTTCCAGTATGACTCCACTCACG GAAGACACCAGTAGACTCCACGACA

The primers for Mm_miR-29b and Mm_let-7a were from the miScript Primer
Assay designed by Qiagen. The mature microRNA sequences were as follows:
Mm_miR-29b: UAGCACCAUUUGAAAUCAGUGUU;
Mm_let-7a: UGAGGUAGUAGGUUGUAUAGUU. All of the experiments were
performed in triplicates, and Hs_ RNUG6-2_1 (Qiagen) was used as an endogenous control

for normalization.

4.2.14 Statistics

All statistical analyses were performed using Microsoft Excel (Microsoft
Corporation, Redmond, WA, USA) and the add-in software Statcel 3 (OMS Publishing
Inc., Saitama, Japan). The data are shown as the mean £+ SD for each group. Statistical

analysis was performed by one-way analysis of variance (ANOVA) post hoc Tukey—
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Kramer multiple comparisons, or Student’s t-test. All results were considered statistically

significant at p < 0.05.

4.3 RESULTS
4.3.1 Characteristic of the experimental group

Blood glucose significantly increased in in the diabetic mice fed a high-fat diet
compared to the control mice after 5 months of diabetes. The final body weights of
experimental groups did not change. Kidney weight per body weight increased in diabetic
mice compared to the control mice. However, there were no statistically significant
differences between these two groups (Table 8). Systolic blood pressure was significantly
increased in diabetic mice compared to the control mice. Serum triglyceride and non-
esterified fatty acid were increased in diabetic mice compared to the control mice.
However, there were no statistically significant differences between these two groups
(Table 9). The effects of diabetes and high-fat diet on the systemic insulin resistance
evaluated by IPGTT showed a significant increase in glucose in a step-wise manner with
maximum levels on diabetic mice fed a high-fat diet reached at 1 h with levels > 500

mg/dL (Fig. 10).
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Table 8. General characteristics of the experimental groups

NDM DM+HF DM+HF+EPA-E
Number 8 4 6
Bodyweight (g)
10 weeks old 251+20 245+39 243 +2.7
32 weeks old 347+4.0* 33.0x99 33.8+58

rKW/BW (g/100 g BW) 1.06+0.18 1.19+0.38 1.13+0.16

Blood glucose (mg/dL)  98.5+14.9 314 +100" 274 + 92"

NDM, non-diabetic mice; DM, mice with STZ-induced diabetes fed a high fat diet;
DM+EPA-E, STZ-induced diabetic mice fed a high fat diet treated with EPA-E; EPA-E,
ethyl eicosapentaenoate; rKW/BW, right kidney weight/body weight. Values are shown
as mean = SD. “p < 0.05 vs. NDM, #p < 0.01 vs. NDM 10 weeks old. This table is

reproduced from a table previously published in J. Diabetes Res. (66).

Table 9. Metabolic characteristics of experimental groups

NDM DM+HF DM+HF+EPA-E

Number 8 3 4

TG (mg/dL) 85.3+23.4 123+ 140 68.9 + 26.2
NEFA (mEg/L) 0.52+0.13 0.75+0.83 0.33+0.16
SBP (mmHg) 113+ 8 126+ 1" 113+ 6

NDM, non-diabetic mice; DM, mice with STZ-induced diabetes fed a high fat diet;
DM+EPA-E, STZ-induced diabetic mice treated with EPA-E; EPA-E, ethyl
eicosapentaenoate; TG, triglyceride; NEFA, non-esterified fatty acid, SBP; systolic
blood pressure. Values are shown as mean + SD. “p < 0.05 vs. NDM. Blood sampling
and blood pressure measurement could not be performed on all mice due to their
conditions. This table is reproduced from a table previously published in J. Diabetes
Res. (66).
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Fig. 10 Effects of EPA-E on blood glucose in the experimental groups. Intraperitoneal
glucose tolerance tests were performed in the experimental groups. Time-course
measurements of blood glucose is shown. The area under the curve is derived from
the intraperitoneal glucose tolerance tests. **p<0.01. NDM, n = 8; DM+HF, n = 4;
DM+HF+EPA-E, n = 6 were analyzed. Values are shown as mean £ SD. NDM,
non-diabetic mice; DM+HF, mice with STZ-induced diabetes were fed a high-fat
diet; DM+HF+EPA-E, STZ-induced diabetic mice were fed a high-fat diet treated
with EPA-E. This figure is reproduced from a figure previously published in J.
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4.3.2 Effect of EPA-E on the kidney of high fat-fed diabetic mice

Urinary albumin excretion was significantly increased in diabetic mice
compared to the control mice. Administration of EPA-E significantly decreased
albuminuria compared to diabetic mice (Fig. 11). The glomerular area was significantly
increased in the diabetic mice fed a high-fat diet compared to the control mice.
Administration of EPA-E significantly decreased glomerular area compared to the
diabetic mice (Fig. 12a). The immunohistochemical analysis showed that the positive cell
number of CD31 in glomeruli was significantly decreased in diabetic mice compared to
the control mice. EPA-E treatment significantly increased the positive cell number of

CD31 compared to the diabetic mice (Fig. 12b).
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Fig. 11 Effects of EPA-E on albuminuria in the experimental groups. Albuminuria was
measured by the Albuwell. *p<0.05. NDM, n = 8; DM+HF, n = 4; DM+HF+EPA-
E, n = 6 were analyzed. Values are shown as mean + SD. NDM, non-diabetic mice;
DM+HF, mice with STZ-induced diabetes were fed a high-fat diet; DM+HF+EPA-
E, STZ-induced diabetic mice were fed a high-fat diet treated with EPA-E. This
figure is reproduced from a figure previously published in J. Diabetes Res. (66)

with modifications.
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Fig. 12 Effects of EPA-E on renal morphology and immunohistochemical staining of
CD31. (a) Representative light microscopic appearance of glomeruli (periodic acid-
Schiff) for experimental groups. Morphometric analysis of the glomerular area. Bar
= 50 um. (b) Representative immunohistochemistry of CD31 in the glomeruli.
Sections were counterstained with hematoxylin solution. Bar = 50 um. (c) Enlarged
glomerular image of the box in d. Positive nuclear staining for CD31 was localized
in endocapillary area (white triangle). *p<0.05. **p< 0.01. NDM, n = 8; DM+HF, n
=4; DM+HF+EPA-E, n = 6 were analyzed. Values are shown as mean = SD. NDM,
non-diabetic mice; DM+HF, mice with STZ-induced diabetes were fed a high-fat
diet; DM+HF+EPA-E, STZ-induced diabetic mice were fed a high-fat diet treated
with EPA-E. This figure is reproduced from a figure previously published in J.

Diabetes Res. (66) with modifications.
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The protein expression of aSMA in the renal cortex was significantly increased
in the diabetic mice. EPA-E treatment significantly decreased the protein expression of
aSMA (Fig. 13a). The mRNA expression of Col4 was significantly increased in the
diabetic mice compared to the control mice. EPA-E treatment significantly decreased the
MRNA expression of Col4 (Fig. 13b). Phosphorylation of Erk1/2 (pErkl1l/2) was
significantly increased in diabetic mice compared with control mice (Fig. 14a). The
expression of pErk1/2 was decreased by the administration of EPA-E. However, there
were no statistically significant differences (Fig. 14a). TGF-p and PKCp mRNA were
significantly increased in diabetic mice (Fig. 14b and 14c). There was a similar trend for
a beneficial effect of EPA-E in these mRNA levels. However, no statistically significant

differences were observed between these mice (Fig. 14b and 14c).
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Fig. 13 Effect of EPA-E on extracellular matrix in the experimental groups. (a)
Immunoblot analysis of aSMA in the renal cortex. (b) Type 4 collagen mRNA
expression in the renal cortex of the experimental groups. *p< 0.05. **p< 0.01.
NDM, n = 8; DM+HF, n = 4; DM+HF+EPA-E, n = 6 were analyzed. Values are
shown as mean + SD. NDM, non-diabetic mice; DM+HF, mice with STZ-induced
diabetes were fed a high-fat diet; DM+HF+EPA-E, STZ-induced diabetic mice
were fed a high-fat diet treated with EPA-E. This figure is reproduced from a figure

previously published in J. Diabetes Res. (66) with modifications.
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Fig. 14 Effect of EPA-E on phosphorylation of Erk1/2, TGF-B, and PKCp in the
experimental groups. (a) Immunoblot analysis of phosphor-Erk1/2 in the renal
cortex of the experimental groups. (b) TGF-B (¢) and PKCPmRNA expression in
the renal cortex of the experimental groups. *p< 0.05. **p<0.01. ns; not significant.
NDM, n = 8; DM+HF, n = 4; DM+HF+EPA-E, n = 6 were analyzed. Values are
shown as mean + SD. NDM, non-diabetic mice; DM+HF, mice with STZ-induced
diabetes were fed a high-fat diet; DM+HF+EPA-E, STZ-induced diabetic mice
were fed a high-fat diet treated with EPA-E. This figure is reproduced from a figure
previously published in J. Diabetes Res. (66). with modifications.
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4.3.3 Oxidative stress in renal cortex

The markers of oxidative stress, which could contribute to developing DKD (43,
84-86) were evaluated. Malondialdehyde (MDA) levels was significantly increased in
renal cortex of diabetic mice compared to control mice. Although the results are not
statistically significant, EPA-E treatment decreased MDA levels in renal cortex of
diabetic mice (Fig. 15). The expression of mMRNA of p47phox, Nox2, and Nox4 in the
renal cortex were significantly increased in diabetic mice. Similarly, EPA-E decreased
these expressions. However, there were no statistically significant differences between

these mice (Fig.16a, 16b, and 16c¢).
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Fig. 15 Effect of EPA-E malondialdehyde in the experimental groups. Malondialdehyde
is measured by the thiobarbituric acid reactive substance assay. **p<0.01. ns; not
significant. NDM, n = 8; DM+HF, n = 4; DM+HF+EPA-E, n = 6 were analyzed.
Values are shown as mean + SD. NDM, non-diabetic mice; DM+HF, mice with
STZ-induced diabetes were fed a high-fat diet; DM+HF+EPA-E, STZ-induced
diabetic mice were fed a high-fat diet treated with EPA-E. This figure is reproduced

from a figure previously published in J. Diabetes Res. (66) with modifications.
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Fig. 16 Evaluation of the oxidative stress in the renal cortex. (a—c) Characterization of
the changes in the mRNA levels of p47phox, (a), Nox2, (b), and Nox4 (c)
expression in the renal cortex of the non-diabetic mice, STZ-induced diabetic mice,
and STZ-induced diabetic mice treated with EPA-E. *p< 0.05. ns; not significant.
NDM, n = 8; DM+HF, n = 4; DM+HF+EPA-E, n = 6 were analyzed. Values are
shown as mean + SD. NDM, non-diabetic mice; DM+HF, mice with STZ-induced
diabetes were fed a high-fat diet; DM+HF+EPA-E, STZ-induced diabetic mice
were fed a high-fat diet treated with EPA-E. This figure is reproduced from a figure
previously published in J. Diabetes Res. (66) with modifications.

4. 3.4 The effect of adipocyte hypertrophy on EndMT in cultured endothelial cells.
To determine whether a high-fat condition can cause EndMT due to the process
of adipogenic differentiation, the 3T3-L1 preadipocyte cells were used. As shown in this
results, oil red O staining increased gradually from 0 to 8 days (Fig. 17). The protein
levels of TGF-B were significantly increased in 3T3-L1 cells (Fig. 18a). Expression of
TGF-B mRNA was also significantly increased in the same manner (Fig. 18b). The cell
migration assay was performed by using double chamber methods. The addition of the

conditioned medium from adipocyte significantly increased the number of migrated cells
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in 8 days compared to 0 days. The addition of EPA-E significantly decreased the number
of migrated cells in 8 days (Fig. 19). In addition, high glucose condition significantly
increased the number of migrated cells compared to low glucose condition. Addition of
EPA-E significantly decreased the number of migrated cells in high glucose condition
(Fig. 20). It is reported that TGF-P induced EndMT by causing downregulation of CD31
and upregulation of SM22a in endothelial cells (87). To evaluate the effect of adipocyte
hypertrophy on EndMT, endothelial cells were stimulated with adipocyte conditioned
medium. Adipocyte conditioned medium significantly decreased the expression of CD31
(Fig. 21a). On the other hand, the expression of SM22a was significantly increased by
adipocyte conditioned medium (Fig. 21b). EPA-E partially normalized CD31 expression
SM22a expression (Fig. 21a and 21b). As activation of the Erk1/2-PAI-1 pathway plays
a significant role in developing DKD following EndMT (82, 88), phosphorylation of
Erk1/2 and PAI-1 expression were measured. Adipocyte conditioned medium
significantly increased phosphorylation of ErK1/2 and PAI-1 expression (Fig. 22a and
22b). These increases of pErk1/2 and PAI-1 expression were significantly suppressed by
EPA-E (Fig. 22a and 22b). The expression of Snail, a transcription factor that regulates
EndMT, was measured. Adipocyte conditioned medium significantly increased Snail
expression. However, the expression of Snail was significantly decreased by EPA-E (Fig.

22¢).
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Fig. 17 Accumulation of lipids by differentiation of 3T3-L1 cells. The 3T3-L1 cells were
cultured in differentiation medium for 8 days. Cells that were differentiated into
adipocytes were stained with Qil red O staining. Oil red O staining was evaluated
by measuring the absorbance of the eluate. Bar = 100 pm. *p< 0.05. *p< 0.01. n =
3 were analyzed. Values are shown as mean + SD. This figure is reproduced from

a figure previously published in J. Diabetes Res. (66) with modifications.
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Fig. 18 TGF-B expression of 3T3-L1 cells. (a) Protein expression of TGF-f and (b)
MRNA expression of TGF-p in 3T3-L1 cells were evaluated. *p< 0.05. **p< 0.01.
n = 3 were analyzed. Values are shown as mean + SD. This figure is reproduced

from a figure previously published in J. Diabetes Res. (66) with modifications.
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Fig. 19 The effect of adipocyte conditioned medium on migration of endothelial cells.
Endothelial cells migration was measured using the Boyden chamber assay for
evaluation of EndMT. *p< 0.05. **p< 0.01. n = 3 were analyzed. Values are shown
as mean + SD. This figure is reproduced from a figure previously published in J.
Diabetes Res. (66) with modifications.
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Fig. 20 High glucose promotes EndMT, and EPA-E inhibits its effect. EndMT was
evaluated using the Boyden chamber assay. The endothelial cells were passaged in
upper chamber. Twenty-four hours after passage, the medium was changed to low
glucose (5.6 mM glucose and 19.4 mM mannitol) or high glucose medium (25mM
glucose) with or without of 50 uM EPA-E. The migration cells were stained with
DAPI and counted. *p< 0.05. **p< 0.01. n = 3 were analyzed. Values are shown as
mean £ SD. This figure is reproduced from a figure previously published in J.
Diabetes Res. (66) with modifications.
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Fig. 21 The effect of EPA-E on expression of CD31 and SM22a in endothelial cells. (a)
CD31 expression and (b) SM22a expression in endothelial cells incubated in the
adipocyte conditioned medium with or without EPA-E (200 uM). *p< 0.05. **p<
0.01. n = 3 were analyzed. Values are shown as mean = SD. This figure is

reproduced from a figure previously published in J. Diabetes Res. (66) with

modifications.

50



a 0 4 8 day b 0 4 8 __ day

--.—n““-

PETKL/2> &= 8% 33 85 & &= PAI-1>
Ekl?> S e B-actin > [ w—————
EPAE - + - + - + EPAE - + - + - 4+
10 *k |i| 37
g | 1 ] c | ||_| 1 control
— 8 b=1
o6 o [ EPA-E S 2+ = EPA-E
Lol <
g 4 9o
=) <
e Control o |—I
0 0
0 4 8 day
c
Snail > |
EPA-E - + - + - +
4 - ** *
£ 3 - [ control
S [ EPA-E
& 2
E
i ri
0

Fig. 22 The effect of EPA-E on expression of phosphorylation of Erk1/2, PAI-1, and Snail

in endothelial cells. (a) pErk1/2 expression, (b) PAI-1 expression, and (c) Snail
expression in endothelial cells incubated in the adipocyte conditioned medium with
or without EPA-E (200 puM). *p< 0.05. **p< 0.01. n = 3 were analyzed. Values are
shown as mean * SD. This figure is reproduced from a figure previously published

in J. Diabetes Res. (66) with modifications.
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To assess the effect of TGF-B in adipocyte conditioned medium on EndMT,
LY364947, selective inhibitor of TGF-BRI, was used. The expression of CD31 in
endothelial cells was significantly decreased by adipocyte conditioned medium. However,
addition of LY364947 did not restore CD31 expression (LY364947; 1 uM and 10 pM,

respectively, Fig. 23).
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Fig. 23 Effect of selective inhibitor of TGF-BR1, LY36497 on CD31 expression in

endothelial cells. Immunoblot analysis of CD3l. Endothelial cells were incubated

CD31/B-actin

in the adipocyte conditioned medium 1uM or 10uM LY36497. *p< 0.05. ns; not
significant. n = 3 were analyzed. Values are shown as mean + SD. Regarding
immunoblot, membranes are cut prior to hybridization with antibodies, so these are
not images of full-length blots. This figure is reproduced from a figure previously

published in J. Diabetes Res. (66) with modifications.
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4.3.5 Expression of Mm_miR-29b and Mm_let-7a in the renal cortex of diabetic mice

Mm_miR-29b and Mm_let-7a exhibit renal protective effects, acts as a negative
regulator of the EndMT via inhibition of TGF-B signaling, while these expressions
decrease in renal injury (89-91). No statistically significant differences in the expression
of Mm_miR-29b in the renal cortex were observed between control mice and diabetic
mice (Fig. 24a). The expression of Mm_let-7a in diabetic mice was significantly
decreased compared to control mice (Fig. 24b). Next, the effect of the administration of
EPA-E on Mm_miR-29b and Mm_let-7a expression was evaluated. However, EPA-E did

not affect any of these expressions (Fig. 24a and 24b).
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Fig. 24 Mm_miR-29b and Mm_let-7a reveal trends of suppression in the renal cortex. (a,
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b) MiRNAs alterations in the renal cortex of the non-diabetic mice, STZ-induced
diabetic mice, and STZ-induced diabetic mice treated with EPA-E were evaluated.
(@ Mm_miR-29b. (b) Mm_let-7a. *p< 0.05. ns; not significant. NDM, n = 8;
DM+HF, n = 4; DM+HF+EPA-E, n = 6 were analyzed. Values are shown as mean
+ SD. NDM, non-diabetic mice; DM+HF, mice with STZ-induced diabetes were
fed a high-fat diet; DM+HF+EPA-E, STZ-induced diabetic mice were fed a high-
fat diet treated with EPA-E. This figure is reproduced from a figure previously

published in J. Diabetes Res. (66) with modifications.
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4.4 DISCUSSION

This study demonstrated that progression of EndMT may be occurred in the
glomeruli of diabetic mice, leading to DKD. Furthermore, EPA-E ameliorated the
mesangial expansion and albuminuria through the inhibition of EndMT.

Extracellular matrix, such as type I and IV collagen, or aSMA, which is
regulated by TGF-B and bone morphogenetic protein 4 (BMP4), is increased in the
glomeruli of patients with type-2 diabetes and one of the important features of DKD (92).
Notably, the expression of TGF-B-induced EndMT in the endothelial cells is recognized
in diabetic conditions, which could be suppressed by the linagliptin-mediated microRNA
29 induction (16). However, bEnd.3 which is derived from the mouse microvascular
endothelial cells was used. Thus, the results of this study may not reflect the effects on
renal glomeruli.

In the Reduction of Cardiovascular Events with Icosapent Ethyl-Intervention
(REDUCE-IT) and the Japan EPA Lipid Intervention Study (JELIS), noted a tendency
toward the use of high-dose n-3 PUFA, EPA significantly reduced the risk of
cardiovascular diseases (93, 94). Although not directly assessing patients with DKD,
many patients in REDUCE-IT had diabetes and thus the effects of EPA treatment in
diabetic models may be relevant to these other studies.

DHA-E reduces blood pressure (95, 96), heart rate (97, 98), and platelet
aggregation (99, 100) more efficiently than EPA-E. DHA-E has a longer carbon chain
and additional double bonds than EPA-E, it undergoes rapid isomerization, which
increases membrane fluidity rather than stability, resulting in a rapid decrease in
antioxidant capacity (101-103). Hence, the effects of EPA-E and DHA-E may be different.

Further study will be needed to clarify.
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It is reported that plasma level of EPA-E is 62 ug/mL when the rat was treated
with EPA-E at 1000mg/kg/day for 4 weeks, which is less than in humans given a clinical
dose of EPA-E (1800mg/day) for 3 months (143 ug/mL) (80, 81). Thus, 1000 mg/kg/day
is considered to be an appropriate dose for in vivo experiments of the pharmacological
effects of EPA-E in mice.

The activation of PKCp has been identified to lead to the inhibition of glomeruli
endothelial cell function (11, 82). The diminution of the endothelial nitric oxide synthase
activation and endothelial dysfunction in the glomeruli could contribute to the loss of
antioxidative and inflammatory effects of nitric oxide (11, 84). The phosphorylation of
Erk and increase in PKCP are recognized in diabetic mice which is consistent with the
previous report (82, 104). The increase in phosphorylation of Erk in the diabetic condition
is presumably because of the activation of PKCp, which can increase MAPK (82).

Reflecting on the emergence of glomeruli endothelial dysfunction and EndMT,
the number of CD31-positive cells were decreased, and aSMA expression were increased
in the glomeruli of the diabetic mice. EndMT is characterized by the reduced expression
of the endothelial markers, such as CD31 and VE-cadherin, and increases the expression
of mesenchymal markers, such as SM22a and aSMA (105). Thus, cell adhesion
molecules are decreased, while cell migration ability is increased in EndMT. It has been
reported that EndMT is controlled by a variety of stimuli, including TGF-p, high glucose,
oxidative stress, TNF-a, and IL-1p (106). However, the relationship between adipocyte
differentiation and EndMT has not been clear. These results indicate that there was a
decrease in CD31 expression and an increase in SM22a expression in the cultured
endothelial cells during adipocyte hypertrophic differentiation. Further, cell migration

assay in this study revealed that both adipocytes conditioned medium and high glucose
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could induce endothelial cell migration, leading to EndMT. However, there are few
reports regarding cell migration assay in diabetic condition (107). Although convincing,
there is a limitation in this point.

TGF-B induces EndMT through the Smad, MEK/ERK, PI3K, and p38MAPK
signaling pathways and increases the expression of Snail, which is the cell adhesion
suppressing transcription factor. Mima et al. have previously reported that TGF-3/BMP4-
Smad1 pathway upregulates the expression of Col4 and aSMA (74, 76, 91). Further, the
inhibition of phosphorylation of Erk1/2 prevents the TGF-B-induced EndMT via the
suppression of Snail expression (108). TGF-f regulated-Snail decreases the endothelial
cell characteristics and, counterintuitively increases the expression of mesenchymal
markers such as aSMA and SM22a (109, 110). However, these data may not be enough
to affirm that EPA-E acts through EndMT and TGF-B-mediated renal fibrosis because no
statistically significant difference was found. This problem may have occurred owing to
the small samples. Therefore, further study will be needed to clarify this.

This study indicated that suppression of TGF-f alone is not sufficient to suppress
EndMT. As shown in this results, TGF-f suppression by EPA-E was partial, while EPA-
E completely reduced snail expression, which is more involved in EndMT. Not only TGF-
P signaling but other signals such as notch signaling are involved in the increase of snail
(111, 112). Thus, EPA-E-induced reduction of snail expression may be the result of strong
suppression of signals other than TGF-f signaling. Previous reports indicated that 3T3-
L1 adipocyte secretes a variety of adipokines and lipids, resulting in increases in TGF-j
(113, 114). Therefore, the secretion of adipokines and other factors induced by the

differentiation process of 3T3-L1cells into adipocytes could give rise to EndMT.
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The vascular endothelial (VE)-cadherin is an accurately endothelial-specific
adhesion molecule located at the junctions between the endothelial cells (82, 115, 116).
The cancer cell-conditioned medium decreased the expression of VE-cadherin in the
endothelial cells by the binding of Snail to the VE-cadherin promoter (117). This study
showed that EPA-E suppressed the expression of Snail and the phosphorylation of Erk1/2
by the adipocyte conditioned medium. Thus, EPA-E regulated the expression of CD31
and SM22a by suppressing the phosphorylation of Erk1/2 and TGF-B-Snail signaling.

There is substantial evidence indicating that the reactive oxygen species (ROS)
is increased in the retina, kidney, and endothelial cells either when exposed to diabetic
conditions or in the diabetic rodent model (50). Further, ROS regulates the TGF-f-
induced expression of aSMA and Nox4 in human cardiac fibroblasts. In contrast, the
knockdown of Nox4 with siRNA reduced the oxidative stress and expression of aSMA
by TGF-B (118). This study showed an increase in the MDA levels, expression of
p47phox, Nox2, and Nox4 mRNAs in the diabetic kidney, although the increase was
modest in the EPA-E-treated mice compared to the control mice. The administration of
EPA-E has been found to decrease albuminuria without affecting glycemic control, serum
lipid level, and blood pressure in patients with type-2 diabetes (119). Previous reports
indicate that the intraperitoneal injection of EPA-E ameliorated the mesangial matrix
expansion and decreased the phosphorylation of Erk1/2 in KKAy/Ta mice (120). EPA-E
also suppressed the diabetes-induced upregulation of MCP-1 and TGF-f expression,
along with the reduction of MDA (121).

The results obtained from the conditioned medium from the cultured adipocyte
demonstrated that the PKC activation increased the phosphorylation of Erk1/2, which

leads to the activation of PAI-1. In contrast, EPA-E inhibited the increase in the
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phosphorylation of Erk1/2, PAI-1 expression in the endothelial cells, and the ability of
the endothelial cell to migrate. PAI-1 increased the ECM accumulation through inhibition
of proteolysis and promotion of ECM synthesis by TGF- in the diabetic kidney, while
inhibition of PAI-1 decreased ECM accumulation with the suppression of Col4
expression (122, 123). PAI-1 also promoted endothelial cell migration through inhibition
of integrin-mediated cell adhesion (124). These results indicate that EPA-E not only
suppresses EndMT but may also directly the signal to increase extracellular matrix.
MicroRNAs (miRNAs) are well known for their regulatory effects on several
diseases such as diabetes, cancer cells, and renal fibrosis (16, 125, 126). The differential
miRNA expression indicated a role of altered miRNA in the pathogenesis of the renal
disease (127, 128). Mm_miR-29b is downstream of Smad3 and can inhibit the upstream
TGF-B-Smad3 signaling by the Mm_miR-29b-regulated negative feedback, decreasing
the type I and Il collagen (89). Similarly, the Mm_let-7 family including Mm_let-7a
inhibits the TGF-p signaling in renal fibrosis (90, 129, 130). In this study, both Mm_miR-
29b and Mm_ let-7a were reduced in diabetic mice, but the differences were not
statistically significant; Mm__let-7a was in fact significantly reduced in diabetic mice, but
Mm_miR-29b was not significantly reduced as indicated in fig. 24. Furthermore, the
increase in these miRNAs upon EPA-E treatment was not evident. Thus, EndMT
inhibition by EPA-E treatment may result from the direct inhibition of the PKCB/TGF-

B/PAI-1 signaling, but not via miRNAs.
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5. The effects of linagliptin on high glucose-induced podocyte apoptosis and
glomerular insulin signaling in diabetic mouse.

This chapter is based on the paper previously published in Sci. Rep. (131).

5.1 INTRODUCTION

DKD is the most common cause of CKD and ESRD (132). Glomerular
endothelial dysfunction and podocyte apoptosis are involved in the progression of DKD,
including increased albuminuria (11). Insulin/(IRS1) signaling can increase nitric oxide
(NO) production, which is mediated by the PI3K/Akt pathway, thereby increasing anti-
inflammatory effects (11). NO induces vasodilatation and inhibits podocyte apoptosis
(133). Diabetes can inhibit insulin/IRS1 signaling in mesangial and glomerular
endothelial cells, probably through the PKC B2 pathway (11). Furthermore, diabetes
could increase podocyte apoptosis in DKD via activation of PKC8/p38 mitogen-activated
protein (MAPK) to enhance SHP-1 expression, which in turn resulted in VEGF resistance
(65). Thus, it is likely that the loss of effect of insulin on glomeruli may contribute to the
development of DKD.

Incretins are the family of gut hormones including glucagon like peptide-1
(GLP-1) and glucose-dependent insulinotropic polypeptide. Recent study indicated that a
GLP-1 analogue improved diabetes-induced inflammation, preventing mesangial
expansion and glomerulosclerosis beyond glycemic control (82). As GLP-1 is rapidly
degraded by dipeptidyl peptidase-4 (DPP-4), DPP-4 inhibitors that are widely used to
treat type 2 diabetes could be a potential treatment for DKD in part because of their
pleiotropic actions. A recently published large clinical trial, CArdiovascular safety and
Renal Microvascular outcomE study with LINAgliptin in patients with type 2 diabetes at

high vascular risk (CARMELINA®), established hard renal endpoints using DPP-4
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inhibitors for the first time and clearly showed that linagliptin administration prevented
the progression of microalbuminuria to overt proteinuria in patients with type 2 diabetes
(134).

Based on the above findings indicating the effect of incretins on insulin signaling,
the hypothesis that linagliptin may decrease high glucose-induced podocyte apoptosis
through enhancement of insulin/IRS1 signaling in podocytes was investigated.
Furthermore, it has been reported that interaction between Kelch-like ECH-associated
protein 1 (Keapl) and nuclear factor erythroid 2-related factor 2 (Nrf2) can increase anti-
inflammatory effects (135). Previous reports have also reported that diabetes-induced
inflammation and oxidative stress could induce intrinsic antioxidant response through the
Keapl/Nrf2 pathway (136, 137). Incretin-related drugs decreased inflammatory status
and enhanced Nrf2 system in DKD (138). Therefore, the effects of linagliptin on high
glucose-induced podocyte apoptosis and insulin/IRS1 signaling in diabetic mice and

cultured podocyte were investigated.

5.2 METHODS
5.2.1 Animal experiments

All animal protocols were approved by the Kindai University in accordance with
the National Institutes of Health guidelines (approval number: KAAG-26-010). Age-
matched male Sprague-Dawley (SD) rats (Shimizu, Kyoto, Japan) were used. Diabetes
was induced in 7-week-old SD rats by a single intravenous injection of STZ (50mg/kg
body weight; Sigma, St Louis, MO) in 0.05mol/l citrate buffer (pH 4.5) or citrate buffer
for controls. Blood glucose levels, determined 1 week after the injections by glucose

analyser (Sanwa Kagaku, Aichi, Japan) and levels >16.7mmmol/I, were defined as having
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diabetes. One week after diabetes, linagliptin (3mg/kg body weight; Boehringer
Ingelheim, Ingelheim, Germany) or vehicle were administered for 4 weeks. Doses of
linagliptin was decided based on the previous reports (16, 139). Regular human insulin
(10mUy/g; Lilly, Indianapolis, IN) or diluents were injected into the inferior vena cava for

10 min to study insulin signaling.

5.2.2 Cell culture and reagents

Podocytes from a conditionally immortalised cell line were provided by P.
Mundel and cultured as described previously (65). Briefly, podocytes were cultured in
RPMI-1640 (Sigma, St. Lois, MO, USA) medium containing 10% foetal calf serum
(FCS), 100 U/mL penicillin, 0.1 mg/mL streptomycin, and 2 mM L-glutamine. For
propagation, podocytes were cultivated with a culture medium supplemented with 50
U/mL recombinant mousey-interferon (PeproTech, London, UK) at 33°C with 5% CO2.
To induce differentiation, the cells were cultured on 10-cm culture dishes coated with
type I collagen at 37°C without y-interferon. Podocytes were cultured in RPMI-1640
containing 10% FCS. After reaching subconfluence, the cells were exposed to low
glucose (5.5 mM + 19.5 mM mannitol) or high glucose (25 mM) with linagliptin (50 nM)
in RPMI containing 0.1% FCS for 96h. Stimulation with insulin (10 nM) was carried out
in RPMI containing 0.1% FCS for 5 min. Endothelial cell lines TKD2 were purchased
from National Institutes of Biomedical Innovation, Health and Nutrition (Osaka, Japan).
Endothelial cells were cultured in RITC80-7 containing 2% FCS. D-(+)-glucose was
purchased from Sigma. Linagliptin was provided by Boehringer Ingelheim (Ingelheim,
Germany) and doses of linagliptin for in vitro study was decided based on the previous

reports (16).
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5.2.3 Isolation of Glomeruli
Rat glomeruli were isolated from the renal cortex by the sieving method as

described elsewhere (11).

5.2.4 Adenoviral vector infection
Adenoviral vectors containing green fluorescent protein (GFP, Ad-IRS1) were
constructed. These adenoviral vectors were used to infect podocytes as reported

elsewhere (11).

5.2.5 Small interfering RNA studies

Small interfering RNA (siRNA) against IRS1 (silRS1) and scrambled control
siRNA (siControl) were purchased from Santa Cruz. Differentiated podocytes were
seeded in to 6-cm culture dishes and were grown until they were 60% to 80% confluent.
The cells were transfected with siRNA using siRNA transfection system (Santa Cruz)
according to the recommended protocol. After 48h of transfection, cells were exposed to

low glucose (5.5 mM) or high glucose (25 mM).

5.2.6 Immunoblot analysis

Samples were dissolved in 0.5% NP-40, which was used after optimisation
studies. Proteins were separated by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE). Blots were subsequently incubated with anti-IRS1 (Cell
Signaling, Danvers, MA, USA), anti-phospho-IRS (Merck Millipore, MA, USA), anti-

Akt (Cell Signaling), anti-phospho-Akt (Cell Signaling), anti-DPP-4 (Abcam, Cambridge,
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UK), anti-Keapl (Cell Signaling), anti-Nrf2 (Cell Signaling), and anti-B-actin (Cell

Signaling).

5.2.7 Real-time PCR analysis

IRS1 mRNA was assayed by Real-time PCR and normalized to GAPDH. PCR

primers were shown in table 10.

Table 10. PCR primers

Forward Primer Reverse Primer

IRS1 CACACGGATGATGGCTACATG GTTTGTCCACAGCTT TCCATAG
GAPDH ATGTTCCAGTATGACTCCACTCACG GAAGACACCAGTAGACTCCACGACA

5.2.8 DNA fragmentation analysis
DNA fragmentation was measured by quantitation of cytosolic oligonucleosome-
bound DNA using ELISA kit, according to the manufacturer’s instructions (Roche

Diagnostics, Indianapolis, IN, USA).

5.2.9 Immunocytochemistry

For immunocytochemical analysis, the cells were fixed with 2% paraformaldehyde
and permeabilised with 0.1% Triton X. Apoptotic cells were detected using TdT-
mediated dUTP nick end (TUNEL) labelling kit, according to the manufacturer’s
instructions (Merck Millipore). 4°,6-Diamino-2-phenylindole (DAPI) staining was

performed as described previously (11).
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5.2.10 Histological studies

Kidney sections for light microscopy analysis were fixed in 4%
paraformaldehyde phosphate buffer. Sections were stained with periodic acid-Schiff.
Glomeruli were digitally photographed, and the images were imported to ImageJ software
(National Institutes of Health, Bethesda, MD, USA; https://imagej.nih.gov/ij/) and

analysed morphometrically.

5.2.11 Statistics

Data are expressed as mean + standard deviation (SD). Comparisons among
more than two groups were performed by one-way ANOVA, followed by post hoc
analysis with paired or unpaired t test to evaluate statistical significance. All analyses
were performed using StatView (SAS Institute, Cary, CA, USA). Values of P < 0.05 were

considered statistically significant.

5.3 RESULTS
5.3.1 Linagliptin inhibited podocyte apoptosis induced by high glucose.

Expression of nephrin protein was confirmed in the cultured podocytes by
immunoblotting. On the other hand, its expression was not confirmed in the cultured
endothelial cells (Fig.25). DNA fragmentation in podocytes exposed to high glucose (25
mM) levels increased when compared to DNA fragmentation in podocytes exposed to
low glucose (5.5 mM) conditions. Linagliptin (50 nM) reduced high glucose-induced
podocyte apoptosis (Fig. 26a). However, D-mannitol-induced hyperosmolality did not
affect DNA fragmentation (Fig. 26b). Immunocytochemical staining of podocytes

showed that the number of TUNEL/DAPI double-positive cells increased in high-glucose
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conditions compared to that in low-glucose conditions. However, the addition of

linagliptin reduced this increase (Fig. 26c¢).

M Podo Endo
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B-actin — — — —

Nephrin/B-actin
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-
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Podo Endo
Fig. 25 The expression of nephrin in cultured podocytes. Immunoblot analyses of nephrin
in cultured podocytes and endothelial cells. Podo; podocytes. Endo; endothelial
cells. bd; below detection limit. n = 3 were analyzed. Values are shown as mean +
SD. Results are representative of one of three independent experiments. This figure
is reproduced from a figure previously published in Sci. Rep. (131) with

modifications.

65



Q
(o
>
o

© Il High @ 1
517 S 08
52 1 E2 06
£ e 04
g 05 < 02
a) . g 0
Lina (50 nM) - + - - Mannitol (19.5mM) - +
C Low High
w
i
5
’,—
& ----
<
[a)
[0}
O
)
Lina (50nM) = + - +

3 2 2 [ Low
' L Il High

2

1

0

TUNEL/DAPI positive
cell number

= + - S

Fig. 26 Effect of high glucose and linagliptin on apoptosis in cultured podocytes. (a) DNA
fragmentation in podocytes incubated with low glucose (5.5 mM) or high glucose
(25 mM) for 96 h in the absence or presence of linagliptin (50 nM). Lina; linagliptin.
(b) Effect of D-mannitol-induced hyperosmolality on DNA fragmentation. Low;
low glucose. High; high glucose. Lina; linagliptin. ns; not significant. (c)
Immunocytochemical staining with TdT-mediated dUTP nick end (TUNEL) and
4’ 6-diamino-2-phenylindole (DAPI) (merged image). Magnification: X40. Data
from upper panel were revealed as lower panel. Low; low glucose. High; high
glucose. Lina; linagliptin. *p < 0.05. **p< 0.01. n = 3 were analyzed. Values are
shown as mean £ SD. Results are representative of one of three independent
experiments. This figure is reproduced from a figure previously published in Sci.

Rep. (131) with modifications.
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5.3.2 Effect of high glucose on DPP-4 expression and insulin signaling in podocyte.
First, the effect of high glucose on DPP-4 expression in cultured podocytes was
evaluated. The expression of DPP-4 protein was significantly increased by high glucose
in podocytes (Fig. 27). As Akt activation is known to exert anti-apoptotic effects and it is
inhibited in glomerular endothelial cells by diabetes, the effects of high glucose on IRS1
activation and Akt activation were evaluated in podocytes. The phosphorylation of Akt
(pAkt) was significantly increased by insulin. However, the increase of pAkt was
inhibited by high glucose. Linagliptin partially normalized insulin-induced pAkt
compared with that in high-glucose conditions without linagliptin (Fig. 28). The
expression of tyrosine phosphorylation of IRS1 (pIRS1) was significantly increased by
insulin. In contrast, high glucose condition significantly reduced IRS1 activation in
podocytes when compared with low glucose condition. The addition of linagliptin

significantly reversed the inhibitory effect of high glucose on IRS1 activation (Fig. 29).
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Fig. 27. Effect of high glucose on DPP-4 in cultured podocytes. Immunoblot analysis of
DPP-4. Podocytes were incubated with low glucose (5.5 mM) or high glucose (25
mM). Low; low glucose. High; high glucose. *p < 0.05. n = 3 were analyzed. Values
are shown as mean = SD. Results are representative of one of three independent
experiments. This figure is reproduced from a figure previously published in Sci.

Rep. (131) with modifications.
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Fig. 28 Effect of linagliptin on phosphorylation of Akt in cultured podocytes. Podocytes
were incubated with low glucose (5.5 mM) or high glucose (25 mM). Immunoblot
analysis of Akt phosphorylation. After 96 h of exposure to low glucose (5.5 mM)
or high glucose (25 mM), podocytes were incubated with insulin (10 nM, 5 min) in
the absence or presence of linagliptin (50 nM). Low; low glucose. High; high
glucose. Lina; linagliptin. **p< 0.01. n = 3 were analyzed. Values are shown as
mean + SD. Results are representative of one of three independent experiments.
This figure is reproduced from a figure previously published in Sci. Rep. (131) with

modifications.
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Fig. 29 Effect of linagliptin on phosphorylation of IRS1 in cultured podocytes. Podocytes
were incubated with low glucose (5.5 mM) or high glucose (25 mM). Immunoblot
analysis of IRS1 phosphorylation. After 96 h of exposure to low glucose (5.5 mM)
or high glucose (25 mM), podocytes were incubated with insulin (10 nM, 5 min) in
the absence or presence of linagliptin (50 nM). Low; low glucose. High; high
glucose. Lina; linagliptin. **p< 0.01. n = 3 were analyzed. Values are shown as
mean + SD. Results are representative of one of three independent experiments.
This figure is reproduced from a figure previously published in Sci. Rep. (131) with

modifications.
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5.3.3 Effect of linagliptin on insulin signaling in the glomeruli of diabetic rat.

After 5 weeks of injection of STZ, blood glucose levels were significantly
increased and kidney weight per body weight was significantly increased in diabetic rats
compared to control rats (Table 11). Histological analysis of the glomeruli (PAS staining)
revealed that glomerular areas were significantly increased in diabetic rats than those in
control rats (Fig. 30). Linagliptin treatment significantly reduced glomerular area
compared to untreated diabetic rats (Fig. 30). In diabetic rats, Akt activation induced by
insulin was significantly reduced compared to control rats (Fig. 31a). Moreover, insulin
stimulated pIRS1 expression was significantly increased in control rats. Like pAkt,
insulin stimulated pIRS1 levels were reduced in diabetic rats compared to control rats.
However, no statistically significant differences were found between control rats and
diabetic rats (Fig. 31b). Linagliptin treatment significantly increased pAkt in the
glomeruli of diabetic rats when compared to untreated diabetic rat (Fig. 31a). The
phosphorylation of IRS1 was increased by linagliptin treatment. However, no statistically
significant differences were found between diabetic rats and linagliptin treated diabetic

rats (Fig. 31b).
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Table 11. General characteristics of the experimental groups

NDM DM DM + Lina
Number 5 3 4
Bodyweight (g) 4185+31.4 333.3+31.8" 289.6 £ 22.6™

Blood glucose (mg/dL)  102.2+6.9 398.0 + 95.3" 433.0 £82.1"
rKW/BW (g/100 g BW) 0.80+0.10 1.20+0.27" 1.26 +0.20"
Serum insulin (ng/mL) 3.32+0.62 0.90%0.16" 0.75+£0.13"

NDM, nondiabetic rats; DM, STZ-induced diabetic rats; Lina, linagliptin; rKwW/BW, right
kidney weight/body weight. Values are shown as mean + SD. *p < 0.05. **p< 0.01. vs.
NDM SD. This table is reproduced from a table previously published in Sci. Rep. (131)

with modifications.
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Fig. 30 Effect of linagliptin on the glomeruli of diabetic rats. Representative light
microscopic appearance of glomeruli (PAS staining) and morphometric analysis of
glomerular area. NDM; nondiabetic rats, DM; STZ-induced diabetic rats; Lina,
linagliptin. Bar=100 um. **p< 0.01. NDM, n =5; DM, n = 3; DM+Lina, n = 4 were
analyzed. Values are shown as mean + SD. This figure is reproduced from a figure

previously published in Sci. Rep. (131) with modifications.
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Fig. 31 Effect of linagliptin on Akt and IRS1 in the glomeruli of diabetic rats. (a)
Representative immunoblots of tyrosine phosphorylation of Akt and (b) IRS1 from
glomeruli. Solubilized glomeruli were subjected to immunoprecipitation followed
by immunoblotting. NDM; nondiabetic rats, DM; STZ-induced diabetic rats; Lina,
linagliptin. *p < 0.05. ns; not significant. NDM, n =5; DM, n = 3; DM+Lina,n=4
were analyzed. Values are shown as mean + SD. This figure is reproduced from a

figure previously published in Sci. Rep. (131) with modifications.
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Fig. 32 Effect of linagliptin on albuminuria in diabetic rats. Albuminuria was measured
by Nephrat. NDM; nondiabetic rats, DM; STZ-induced diabetic rats; Lina,
linagliptin. **p< 0.01. NDM, n = 5; DM, n = 3; DM+Lina, n = 4 were analyzed.
Values are shown as mean + SD. This figure is reproduced from a figure previously
published in Sci. Rep. (131) with modifications.

5.3.4 IRS1 overexpression reduced DPP-4 expression and apoptosis in podocyte.

To evaluate the effect of IRS1 on podocyte apoptosis, IRS1 was overexpressed
by Ad-IRS1. IRS1 expression in podocyte was significantly increased by infection with
Ad-IRS1 (Fig. 33a). When IRS1 overexpressed in podocyte, DPP-4 expression was
significantly decreased (Fig. 33b). Infection with Ad-IRS1 significantly decreased DNA
fragmentation induced by high glucose (Fig. 33c). The mRNA expression and protein
expression of IRS1 was downregulated by silRS1 in podocyte (Fig. 33d and 33e). The
downregulation of IRS1 by silRS1 increased podocyte apoptosis even in low glucose

conditions (Fig. 33f).
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Fig. 33 Effect of IRS1 on glucose-induced podocyte apoptosis. (a) Immunoblot analysis
of IRS1. Podocytes were transfected with adenoviral vectors containing green
fluorescent (Ad-GFP or Ad-IRS1) protein. (b) Immunoblot analysis of DPP-4.
Podocytes were transfected with Ad-GFP or Ad-IRS1. (c) Podocytes were
transfected with Ad-GFP or Ad-IRS1 and then incubated with low glucose (5.5
mM) or high glucose (25 mM). Podocyte apoptosis was measured by DNA
fragmentation. (d) IRS1 mRNA expression in podocytes. Podocytes were
transfected scrambled control sSiRNA (siControl) or small interfering RNA (siRNA)

75



against IRS1 (silRS1). (e) Immunoblot analysis of IRS1. Podocytes were
transfected with siControl or silRS1. (f) Podocytes were transfected with siControl
or siRNA and then incubated with low glucose (5.5 mM) or high glucose (25 mM).
Podocyte apoptosis was measured by DNA fragmentation. Low; low glucose. High;
high glucose. *p < 0.05. **p< 0.01. NDM, n =5; DM, n = 3; DM+Lina, n = 4 were
analyzed. Values are shown as mean + SD. Results are representative of one of
three independent experiments. This figure is reproduced from a figure previously

published in Sci. Rep. (131) with modifications.

5.3.5 Effect of linagliptin on Keapl/Nrf2 pathway

The addition of linagliptin (50 nM) did not change DNA fragmentation in IRS1
silencing podocytes (Fig. 34a). The expression of Nrf2 in podocyte was increased in high
glucose conditions compared with low glucose conditions. Furthermore, the addition of
linagliptin significantly increased the expression of Nrf2 in low glucose conditions (Fig.
34b). However, linagliptin or overexpression of IRS1 did not affect the protein expression
of Keapl (Fig. 34b, 34c and 34d). Knockdown of IRS1 in podocyte with siRNA did not

affect the protein expression of Keapl and Nrf2. (Fig. 34e).
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Fig. 34 Effect of linagliptin on Nrf2/Keapl. (a) Podocytes were transfected with siControl
or silRS1 in the absence or presence of linagliptin (50 nM). Podocyte apoptosis was
measured by DNA fragmentation. Lina, linagliptin. (b, ¢) Immunoblot analysis of
Nrf2 andKeapl. After 96 h of exposure to low glucose (5.5 mM) or high glucose
(25 mM), podocytes were incubated with or without linagliptin (50 nM). (b) Nrf2.
(c) Keapl. (d) Immunoblot analysis of Keapl. Podocytes were transfected with Ad-
GFP or Ad-IRS1. (e) Immunoblot analysis of Nrf2 and Keapl. Podocytes were
transfected with siControl or siRNA. ns; not significant. *p < 0.05. NDM, n = 5;
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DM, n = 3; DM+Lina, n = 4 were analyzed. Values are shown as mean = SD.
Results are representative of one of three independent experiments. This figure is

reproduced from a figure previously published in Sci. Rep. (131) with modifications.

5.4 DISCUSSION

In this study, the effects of linagliptin on high glucose-induced podocyte
apoptosis and IRS1/insulin signaling in DKD were evaluated. The possible explanation
for linagliptin-induced renal protective effects is that (i) high glucose-induced podocyte
apoptosis was recovered by overexpression of IRS1 and (ii) addition of linagliptin
reversed high glucose-induced inhibition of insulin-induced tyrosine phosphorylation of
IRS1. This is the first study to report the biochemical pathway by which insulin/IRS1
exerts protective action in podocytes. Podocyte loss is one of the important features of
DKD. Podocyte apoptosis is an early stage of DKD progression and therefore, evaluation
of podocyte apoptosis could be the best early prognostic marker of DKD (140, 141).
Although the mechanism of diabetes-induced podocyte apoptosis is still unclear, previous
reports clearly showed that inhibition of insulin and VEGF actions by SHP-1 plays a key
role in development of podocyte apoptosis (65, 142, 143). In addition, VEGF-induced
tyrosine phosphorylation of nephrin was inhibited in the podocytes of diabetic rats (65).

Similar to glomerular endothelial cells, resistance to insulin signaling and actions
for podocytes is also selective for the activation of insulin/IRS1/Akt cascade, which is
clearly supported by overexpression of IRS1 using adenoviral vector or knocking down
IRS1 using siRNA in the present study. In addition, this study demonstrated that
linagliptin reversed high glucose-induced podocyte apoptosis through enhancing

insulin/IRS1/Akt signaling.
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Previous reports indicated that linagliptin ameliorated renal pathological
changes and albuminuria in CKD mouse models without affecting blood glucose levels
(144). Extracellular matrix, such as type I and IV collagen, or a-smooth muscle actin,
which is regulated by transforming growth factor- (TGF-B) and bone morphogenetic
protein 4, is increased in the glomeruli of DKD (92). Linagliptin suppressed TGF-p-
induced EndMT in endothelial cells in diabetic conditions (16). It has been reported that
both soluble and membrane-anchored forms of DPP-4 are increased in the rodent models
of diabetic nephropathy (16, 145). In contrast, another study suggested that the great
majority of soluble DPP-4 is the bone marrow rather than kidney (146). Soluble DPP-4
can activate mannose-6-phosphate/insulin-like growth factor Il receptor (M6P/IGF-IIR),
increasing the interaction of advanced glycation end product (AGE) with its receptor,
RAGE (147). Membrane-anchored DPP-4 can affect cation-independent mannose 6-
phosphate receptor (CIM6PR), activating the TGF-B/Smad signaling pathway (148).
Thus, both DPP-4 pathway could develop diabetic nephropathy. Linagliptin may reduce
both signaling pathway, decreasing albuminuria and renal fibrosis.

Previous reports indicated that linagliptin could attenuate glomerular area
expansion in diabetic rodents without changes in blood glucose, insulin level and body
weight (149). These findings may explain increases in DPP-4 enzyme is recognized in
the kidney of diabetes. Further, it is possible that monocyte chemoattractant protein
(MCP)-1/CCR2 pathway and invasion of inflammatory cells in kidney can be a pivotal
role in developing diabetic nephropathy (62). Linagliptin could decrease AGE/RAGE,
reducing inflammation and reactive oxygen species (150). Considering these results,
linagliptin may have pleiotropic effects beyond glycemic control. This study showed that

mannitol-induced osmotic stress did not increase podocyte apoptosis. These results mean
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diabetic conditions, not high osmolarity could increase podocyte apoptosis. Further, our
laboratory and others have published data previously regarding the increases in
inflammation and oxidative stress, increasing podocyte apoptosis in the kidney of diabetic
rodents (64, 151). Clinically, kidney biopsies from patients with type diabetes showed
that loss of podocytes (140). Previous study indicates loss of insulin signaling in the
glomeruli of diabetic rats play a significant role in developing diabetic nephropathy (11).
The novelty of new findings is due to linagliptin’s effects on insulin signaling, preventing
podocyte apoptosis in diabetic nephropathy. The concentration of linagliptin that used in
the clinic is up to 100pg/kg BW, while the concentration in vitro study was very low.
Although convincing, there is a limitation in this point.

Several clinical trials using DPP-4 inhibitors showed decreased rates of
microalbuminuria progression. A recent sub-analysis study of Saxagliptin Assessment of
Vascular Outcomes Recorded in Patients with Diabetes Mellitus-Thrombolysis in
Myocardial Infarction (SAVOR-TIMI) 53 indicated that saxagliptin markedly decreased
both overt proteinuria and microalbuminuria (152). Unlike SAVOR-TIMI 53, the
Efficacy, Safety and Modification of Albuminuria in Type 2 Diabetes Subjects Renal
Disease with LINAgliptin (MARLINA-T2D) study did not show substantial renal
improvements owing to the small sample size (153). The cardiovascular and kidney
clinical trial CARMELINAG® clarified the renal outcomes of linagliptin. For the first time,
this trial set the renal endpoint using DPP-4 inhibitors: composite renal endpoint [renal
death, sustained ESRD, sustained decrease of 40% or more in estimated glomerular
filtration rate (GFR)]. The study demonstrated not only cardiovascular safety, but also
marked reduction in albuminuria and microvascular composite outcomes, including

diabetic retinopathy in patients with type 2 diabetes. However, no significant effects
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regarding ESRD, death due to kidney disease, and kidney composite outcome were
observed in this study (134).

The glomerular capillary tuft, which is a highly complex and specialised
microvascular bed that filters plasma and protects from losing protein to urine, comprises
podocytes, endothelial cells, and basement membrane. In contrast, increase in glomerular
area could be associated with declining GFR in DKD (154).

Several large-scale clinical studies, including CARMELINA, reported that DPP-
4 inhibitors could ameliorate albuminuria without affecting GFR (134). These results
suggest that DPP-4 inhibitors induced renoprotective effects mainly on podocytes and
endothelial cells, rather than mesangial cells. This study and previous reports showed that
linagliptin directly affected both podocytes and endothelial cells, decreasing albuminuria.
However, the effect of linagliptin on mesangial cells, which in turn may affect GFR, is
still unclear. Therefore, further study will be needed to clarify this.

Nrf2 is a master modulator of cellular detoxification responses, and the induction
of antioxidant responses occurs through the activation of Nrf2 transcription signal (135,
155, 156). Bardoxolone methyl, a synthetic oleanane triterpenoid that activates Nrf2, has
been found to interact with cysteine residues on Keapl, resulting in Nrf2 translocation to
the nucleus. However, a phase 3 clinical trial of bardoxolone methyl in patients with DKD
was terminated owing to cardiovascular safety concerns. In contrast, a phase 2 clinical
trial of bardoxolone methyl (The TSUBAKI study) improved renal function without
safety concerns in patients with DKD (American Society of Nephrology Kidney week
2017). Thus, Nrf2 activation seems to be a potential therapeutic target for DKD. Unlike
previous reports using DPP-4 inhibitors, these results showed that linagliptin increased

protein expression of Nrf2, while Keapl levels remained unchanged. Linagliptin affected
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upstream antioxidant signaling, and downregulation of endogenous antioxidant response
was observed. Furthermore, linagliptin could not affect protein expression of Keapl,
which induces ubiquitination of Nrf2. Previous reports showed that phosphorylation of
Akt and GSK3p increased Nrf2 activation without Keapl system (157). Thus, linagliptin-
induced increase in Nrf2 expression might be mediated by mechanisms other than

ubiquitin-proteasome system.
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6. Summary and perspectives

Lifestyle changes have led to a rapid increase in the number of patients with
lifestyle-related diseases, which has become a problem both in Japan and abroad. VEC
play an important role of maintenance of systemic homeostasis. Disorder of VEC’s
function is related to the progression of lifestyle-related diseases. As the lifestyle-related
diseases, thromboembolic diseases such as myocardial infarction and cerebral infarction,
and diabetic diseases were focused. In the present study, VEC’s functions in these
lifestyle-related diseases and beneficial effects of foods or nutrients on maintaining
VEC’s functions to prevent these diseases were investigated. The antithrombotic effect
of Okinawa mozuku was evaluated by using cultured vascular endothelial cells and rat
carotid arterial thrombosis model induced by FeCl3. Since obesity was caused by
unhealthful nutritional status, the influences of obesity on diabetic complications were
also investigated. Furthermore, the effect of EPA on diabetic nephropathy was studied by
using diabetic animal model.

Okinawa mozuku extract significantly augmented u-PA activity in the
conditioned medium. The decrease of carotid artery blood flow induced by FeCls injury
in rats fed with Okinawa mozuku extract was less than that in control rats. Thus, oral
administration of Okinawa mozuku extract prevented thrombus formation in this model.
Oral administration of Okinawa mozuku extract significantly increased u-PA activity in
euglobulin fraction, compared with control group. On the other hand, platelet aggregation
activity, activated partial thromboplastin time, and active PAI-1 level in plasma exhibited
no significant differences between control and Okinawa mozuku groups. These results
indicate that oral administration of brown algae augments fibrinolytic activity of

endothelial cells and prevents thrombus formation which is induced by injury of VEC.
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Obesity is one of the risk factors for diabetes mellitus and diabetic complication,
CKD, but the precise mechanism involved is unclear. This study characterizes the
pathological influences of obesity on glomerular inflammation, oxidative stress, and
albuminuria in obese rats. After feeding of high fat diet for 2 months, body weight and
albuminuria were significantly increased in ZF rat when compared to ZL rat. Expression
of the markers of inflammation, TNF-a mRNA and CCR2 mRNA, was significantly
increased in the glomeruli of ZF rat when compared to ZL rat. Histological analysis of
kidney showed no glomerular expansion. As inflammatory and oxidative stress markers
were associated with NF-kB, NF-kB activation was analyzed in the glomeruli of mice fed
with high fat diet. The augmentation of NF-«B activation in the glomeruli was observed
when mice were fed with high fat diet. These results suggest that feeding of high fat diet
for only 2 months duration can cause albuminuria in ZF rat, due to increased
inflammation or oxidative stress, but may not be long enough to develop renal
pathological changes. Further understanding of the NF-kB, TNF-a, and CCR2 pathways
could lead to effective interventions for obesity-induced CKD.

Diabetes-induced endothelial pathologic changes are hypothesized to lead to the
progression of DKD. The EndMT possibly induces fibrosis, leading to glomerulosclerosis
in the kidney. Furthermore, this could lead to albuminuria in DKD due to glomerular
endothelial dysfunction. This study has clarified the mechanism by which EPA-E can
protect the glomerular endothelial cells by inhibiting EndMT followed by the
PKCB/TGF-B/PAI-1 signaling. Further, it is demonstrated that these inhibitory effects by
EPA-E regulated independently of the miRNAs. These findings suggest that EPA-E

exerts renal protective effects on endothelial cells, by preventing EndMT followed by the
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PKCPB/TGF-B/PAI-1 signaling. Thus, EPA-E has the potential for imparting renal
protection by regulating EndMT in DKD.

Diabetes-induced podocyte apoptosis is considered to play a critical role in the
pathogenesis of DKD. It was suggested that hyperglycemia can induce podocyte
apoptosis by inhibiting the action of podocyte survival factors, thus inactivating the
cellular effects of insulin signaling. In this study, the effects of linagliptin, DPP-4
inhibitor, on high glucose-induced podocyte apoptosis were investigated. Diabetes
inhibited insulin/IRS1/Akt signaling in podocytes, resulting in podocyte apoptosis.
Upregulation of IRS1 expression or addition of linagliptin reversed this inhibition,
thereby protecting against podocyte apoptosis. Thus, linagliptin may induce protective
effects in patients with DKD in real-world clinical situations, and increasing IRS1 levels
could be a potential therapeutic target in DKD. In this way, this study has clarified the
pathophysiology of DKD, and this clarification has enabled search for food ingredients
that inhibit the worsening of DKD. Furthermore, DPP-4 inhibitors have been reported to
be effective in type 2 diabetic patients with high serum eicosapentaenoic acid
concentrations (158). In chapter 4, it is demonstrated the renoprotective effect of EPA-E
in diabetes rat. Therefore, it is expected to be effective in combination therapy with EPA-
E.

In conclusion, this study showed that Okinawa mozuku extract inhibited
thrombosis caused by VEC injury. Furthermore, diabetes-induced EndMT leading to
glomerulosclerosis in the kidney was inhibited by EPA-E. Thus, it was demonstrated that
food ingredients had the potential effects for improving VEC’s function. On the other
hand, study of VEC’s function is important for understanding the pathophysiology of

thrombotic disease and kidney disease and may lead to the development of novel
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protective or therapeutic approaches. It may be possible that preventing these diseases by
improvement of VEC’s function through nutrition and food ingredients also leads to the

useful treatment.
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7. Abbreviations

VEC

t-PA

u-PA

PAI-1

CKD

DKD

Vascular endothelial cells

tissue-type plasminogen activator
urokinase-type plasminogen activator
Inhibitor of plasminogen activator
Chronic kidney disease

Diabetic kidney disease

EndMT Endothelial to mesenchymal transition

APTT
ZL

ZF
TNF-a
CCR2
EPA
TGF-B

STZ

Activated partial thromboplastin time
Zucker lean

Zucker fatty

Tumor necrosis factor-o

C-C Motif Chemokine Receptor 2
Eicosapentaenoic acid

Transforming growth factor-f

Streptozotocin
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