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ORAPUN JATURAKAN: Protective effects of combined vitamin E and vitamin C supplementation on renal
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Effects of combined vitamin E and vitamin C supplement on renal functions, oxidative stress status and
Klotho protein levels in hydroxy-l-proline (HLP) induced hyperoxaluria in rats were investigated for 21 days’ duration.
The experimental study was divided into two parts; part | and part Il. The seventy male Sprague Dawley rats were
divided randomly into 5 groups: control (group 1), hyperoxaluric rats (group 2), hyperoxaluric rats with vitamin E
supplement (group 3), hyperoxaluric rats with vitamin C supplement (group 4) and hyperoxaluric rats with vitamin
E and C supplement (group 5). Hyperoxaluria was induced by feeding hydroxyl-L-proline (HLP) dissolved in drinking
water. Intraperitoneal 200 mg/kg of vitamin E was given twice a week in group 3 and 5 while 500 mg of vitamin C
was injected intravenously once a week in group 4 and 5. At the end of the study, clearance study was performed
in the part | of the study while the vascular perfusion fixation was performed in the part Il of the study for collection

of the kidney tissues on day 21.

At the end of the study, the results showed that the urinary excretion of oxalate was significantly higher
in HLP-treated group when compared with a control group (p<0.05) while it was maintained in group 3 and 5. The
glomerular filtration rate (GFR), water and sodium reabsorption at the proximal tubule were drastically decreased
in group 2 and improved considerably in group 3, 4 and 5. The total antioxidant status in urine (UTAS) decreased
while the levels of malondialdehyde in plasma (PMDA) were significantly increased in group 2 as comparable with
group 1 and they were reversed after receiving antioxidant alone or in combination (group 3, 4 and 5). The urinary
calcium oxalate crystals increased in group 2 and reduced after receiving vitamin E and/or C (group 3-5). Additionally,
vitamin E and/or C stabilized the activity of superoxide dismutase (SOD) in the kidney tissue, as comparable with
group 2. Plasma and kidney Klotho protein were reduced significantly in group 2 while the vitamin E and/or C was
improved the levels of Klotho protein in the plasma and kidney tissues. Furthermore, the histopathology
demonstrated that vitamin E and/or C could preserved structural damage of glomerular and tubular part of kidney
as compared to group 2. The most improvement of all parameters were seen in group 5 while receiving vitamin E

and C which was supported by maintaining kidney GSH level when receiving HLP.

It is concluded that in rats with hyperoxaluria induced by HLP had diminished on renal functions,
enhanced oxidative stress status and, lowered Klotho protein levels. Vitamin E and/or C can preserve the kidney
functions and histopathology lesions with increased kidney Klotho protein expression especially when giving in

combination which may be mediated by antioxidant effects.

Department:  Veterinary Physiology Student's Signature ___________ ..
Field of Study: Animal Physiology Advisor's Signature ____________ ...
Academic Year: 2016 Co-Advisor's Signature .

Co-Advisor's Signature



Vi

ACKNOWLEDGEMENTS

This dissertation would not be successfully completed without the assistance and kindness of my
advisor, co-advisors, my family and my friends. | would like to express my gratitude to my advisor, Professor Dr.
Chollada Buranakarl and my co-advisors, Professor Dr. Narongsak Chaiyabutr and Assistant Prof. Dr. Thasinas

Dissayabutra for their supervisions, suggestions and support during my study process.

My gratefulness also goes to my parents and my family. My graduation could not be achieved
without their support, encouragement, financial support and best wishes. In addition, | would like to recognize

and appreciatively thank to my sincere friends for their help and encouragement.

My appreciations are also devoted to Assistant Prof. Dr. Anusak Kijtawornrat, who help me and
teach me all the surgical techniques and provide me all the necessary surgical devices throughout my

education. He also inspires me to be a good and smart researcher.

I would like to express my sincere thanks to Miss. Siripen Komolvanich, for her advice in laboratory

procedures and provide all the devices.

I would like to express my deep acknowledgment to all laboratory animals who sacrificed their life

for my study.

| am deeply grateful to Associate Prof. Dr. Anudep Rungsipipat and Mr. Sitthichok Lacharoje,
Department of Pathology, Faculty of Veterinary Science, Chulalongkorn University, for their help, assistances

and suggests in immunohistochemistry and histopathology technical guidance.

My appreciation is also dedicating to Assoc. Prof. Dr. Thumnoon Nhujak, Dr.Monpichar Srisa-art and
Miss Kanokporn Chindaphan, Department of Chemistry, Faculty of Science, for their helpful advices and support
of both chemical reagents and capillary electrophoresis tool throughout the experiment. Additionally, | would
like to express my sincere thanks to Assist.Prof.Dr. Sunchai Payungporn and staffs from Department of
Biochemistry, Faculty of Medicine, Chulalongkorn University for their support of the real-time PCR techniques,

equipment and valuable advices.

I would like to thank Professor Piyaratana Tosukhowong, for her support of the laboratory tools and

valuable advices.

Moreover, | sincerely thank to all teachers and staffs in the program of Physiology Department of
Physiology and Veterinary Biosciences, Department of Anatomy, Faculty of Veterinary Science, Chulalongkorn

University for all their kindness and providing me all the materials throughout my experiment and study.

I would like to express my sincere thanks to the chairman, Assist. Prof. Dr. Suwanakiet Sawangkoon
and my thesis committee, Assoc. Prof. Dr. Thamolwan Suanarunsawat, Assoc. Prof. Dr. Sarinee Kalandakanond-

Thongsong and Dr. Kittipong Tachampa, for their valuable comments, suggestions and corrections of this thesis.

Finally, this study was supported by Graduate Student Fund and the The 100th Anniversary
Chulalongkorn University Fund for Doctoral Scholarship.



CONTENTS

Page

THAD ABSTRACT .ttt ettt esssenenas iv
ENGLISH ABSTRACT .ttt Y
ACKNOWLEDGEMENTS ..ttt vi
CONTENTS <ttt bbbttt vii
LISTS OF FIGURES ...ttt Xii
LISTS OF TABLES ..ttt XViii
LISTS OF ABBREVIATIONS ...ttt XX
CHAPTER | INTRODUGCTION ..ottt 1
CHAPTER II' REVIEWS OF LITERATURE ..o 6
A. Calcium oxalate Nephrolithiasis ... 6

B. The physicochemical role of kidney stone formation .........c.ccooiiiiiiiccnccnes 7

C. Oxidative stress and redox cycle relating to CaOX ....ccovvvveieeiiiinieeeiceeee 8

D. CaOx therapy and reCurrenCe rate.......cocieiniiceeeeeeeeee s 10

E. Hydroxy-L-proline, ethylene glycol and animals model for the study of CaOx

STONE .ttt 11
F. HLP and NyperoXaluria ......c.cciiiciiiieieieieieieieieees e 12
G. The concept of lithium clearance STUAY.......ccoviieriicnicsccccee e 13
H. Oxalate and renal handling of oXalate........cccoeeviiriin s 14
l. Renal handling Of OXalate .......ooiiuiiiiieieccce e 14
J. Citrate and renal handling of CItrate.......coovoioiiiiiceeceeeee 16
K. Interaction between citrate and oXalate.......ccccevvrrrriie e 18

L. Vitamin E (alpha-tocopherol): nomenclature, chemical structure and

FUNICEIONS e ettt et et e eea e et et eeee et et e e enaeeee e e eeeenaens 19



viii

Page
M. Transport, absorption and cellular uptake of alpha-tocopherol...........cccccoocuce.. 21
N. Distribution of intracellular vitamin E ... 22
O. Metabolism of VITamMIN E ..o 22
P. Bioavailability and plasma kinetics of vitamin E ... 23
Q. Cellular signaling modulations activity and gene expression control by
VITAIMIN B oottt 24
R. Vitamin E and reN@l iNJUIY ..o 24
S. Vitamin E, hyperoxaluria and CaOx nephrolithiasis ............ceeeeeiririrreecssese. 25
T. Vitamin C (ascorbic acid): nomenclature, chemical structure and functions........ 26
U. Antioxidant activity of vitamin Co....c.ooiiiieeieeeeee e 27
V. Transport, absorption and cellular uptake of vitamin C........cccceoviicnnnicnnen 28
W, VItamin € re@CYCUNG .t 29
X. Renal excretion of VItamin C ... 30
Y. Vitamin C, hyperoxaluria and CaOX nephrolithiasis..........ccccevierniicnnccnee 31
Z. The combination of vitamin E and vitamin C and the role of antioxidants......... 32
AA. The action of combination of vitamin E and vitamin C........cccoeoeiiiiniccee 33
AB. Usage of combined vitamin E and vitamin C in kidney injury condition ............ 34
AC. Klotho protein: generation, structure, classification and distribution................... 36
AD. Renal handling of soluble KIOthO .......cooiiiiiie e 38
AE. Klothoprotein and oXidatiVe Stress ... 39
AF. Klotho protein, hyperoxaluria and CaOx nephrolithiasis .........ccccovvvvvniicienees 39
CHAPTER Ill' MATERIALS AND METHODS ..ottt a1



Page
2. Animal managements and experimental desigNS........ccovviernicnniccercceaee a1
3. Drugs, infusion solutions and chemical reagents.........cccoevvveirniiiccccceeeees a3
4. Experimental ProtOCOL. . ..ot a5
A1 STUAY P ettt a5
4.1.1 Experimental protocol for renal hemodynamic study .........cccc......... ar
0.2 SEUAY PAIT ettt 50
4.2.1 Experimental protocol for kidney Klotho protein and kidney

OXIAALIVE SEIESS it 52

5. Analytical procedures for determination of urine, plasma and kidney tissue
SAMPLES....vevererrrerererenectragsbinglofofiublombossse e ige e sarenessssssssarensasssssssesessasssssssesersssessassess 53
6. UNNALYSIS STUAY 1.ttt 54
7. Determination of urine, plasma and kidney MDA .........cccoovieiniicnniicrecn, 55
8. Determination Of UrMNE TAS ...t 56
9. Determination of urine and plasma Li, Ca, Mg and Zn concentration................... 56
10. Determination of urine and plasma oxalate and citrate concentrations............. 57
11. Determination of urine protein concentrations.........cccoeeevieenncessceees 57
12. Determination of urine and plasma Klotho protein concentrations.................... 57
13. Determination of kidney reduced GSH concentrations..........ccccceevevvvvieieeeerieiennes 58
14. Determination of kidney catalase activity.......cooeeeererereeccce e 58
15. Determination of kidney SOD aCtiVITY .....coviiuiiriieieieieeieeee e 59
16. Procedure for kidney histopathology investigation...........cccceerricerniccne 59
17. Procedure for kidney Klotho protein expression evaluation ...........cccccoeevnneee 60
18. Procedure for kidney Klotho mRNA expression evaluation ..........c.ccccevvicvneee 61

10, CALCULATION ettt e et eae e et e st e s eaeeneenanan 63



Page

20. STAtISTICAL @NALYSIS..uieieieiiiceet e 64
CHAPTER IV RESULTS L.ttt 65
1o STUAY P Tt 65

A. General parameters (BW, food intake, water intake and blood chemistry) .. 65

BOAY WEIGNT ... 65
Food and water INtaKe ... 65
Plasma creatinine and BUN ... 66
Hematocrit and blood Pressure ... 67
B. Renal hemodynamic parameters from renal clearance study.......c.ccccceueueeee. 68

C. Tubular reabsorption of water and sodium from lithium clearance study... 70

D. Plasma electrolytes conCentrations ... 72

E. Renal handling of organic and inorganic substances.........c.covveiiiecciciciene. 73
Renal handling of calcium and mMagnesium........cccceeereirinninninreeeees 77

Renal handling of oxalate and citrate.........ccooeeeeeiiiicie 78

Renal handling Of ZINC ..o 79

. UNN@LYSIS TESULES et 80

G. Oxidative stress parameters in urine and Plasma .......ccccceeeeeennreesseen. 85

H. Histopathology reSULES ..o e 86

l. The correlation between renal function parameters and oxidative stress.....92

2. STUAY PAMT T ettt 96

A. General parameters (BW, food intake, water intake and blood chemistry) .. 96
BOAY WEIGNT ... 96

FOOA AN WaATET TNTAKE ..ottt 96



Xi

Page
Plasma electrolytes concentration and blood pressure..........cccccevvcenenes 97
B. Renal function parameters........o e 98
Plasma creatinine and BUN ... 98
Renal handling of organic and inorganic substances ........cccccoevvvivieeeennenn. 99
C.UNNALYSIS TESULES ..ttt ettt 101
D. oxidative stress parameters in urine, plasma and kidney tissues.................. 102
E. Soluble Klotho protein in urine and plasma.......cccccovrvrririieececcceee 105
F. Histopathology and Immunohistochemistry results .........coooeiiiiccccninne. 106
Histopathology reSULES ..ot 106
Immunohistochemistry results of kidney Klotho protein ..........cccooveeee. 111
G. The mRNA expression of Klotho gene by using real-time PCR...................... 115

H. The correlation between renal lesions score, Klotho protein and
OXidative Stress STatUS......ci i 117
CHAPTER V DISCUSSION ..ottt 122
Limitation Of the STUAY ..o 143
CHAPTER VI SUMMARY ...ttt 144
ADDENDUM L.ttt 146
REFERENCES ...ttt 147



Figure

Figsure 2-1

Figure 2-2

Figure 2-3

Figure 2-4

Figure 2-5

Figure 2-6

Figure 2-7

Figure 2-8

Figure 2-9

Figure 2-10

Figure 2-11

Xii

LISTS OF FIGURES

Page
The redox cycle. The equilibrium between the production of free

radical and free radical scavenging SyStem.......cccoovviiiieeeeeieceeeenens 10

The chemical structure of trans-d-hydroxy-l-proline (HLP)................... 11

Oxalate in ultrafiltrate is mediated through several types of SLC26

TFANSPOITET . ettt 15

Oxalate in distal tubule is mediated via SLC26A6 transporter.............. 16

Proximal tubular cell transported citrate (Cit?) into the cell via

sodium citrate COtranSPOITET .........cccviiciriiceee e 18

The chemical structure of alpha-tocopherol which compose of

hydrophobic chromanol ring and hydrophilic aliphatic side chain. ..... 19

Vitamin E scavenges the free radical (O°) from lipid peroxidation and

then transforms to tocopheroxyl radical. ... 21
The chemical structure of ascorbic acid. ..., 27
The oxidation of Vitamin Co.....coooiiiiee e 28
The recycling of vitamin C in neutrophil of human........ccccoeoiiinnes 30

The beneficial effects of vitamin C and vitamin E in combination.

Vitamin C increases cellular vitamin E recycling.......cccocovvvnniniiicnnns 32



Figure 2-12

Figure 3-1

Figure 3-2

Figure 3-3

Figure 4-1

Figure 4-2

Figure 4-3

Figure 4-4

Figure 4-5

Figure 4-6

xiii

The three types of Klotho protein. ... 38

Experimental procedure for vitamin E and vitamin C injection, renal
excretion of substances and the determination of parameters in urine

AN PLASIMNI@. et ar

Experimental protocol for renal clearance study.. ....ccccovvvvniiiinne. 49

The experimental protocol for study of Klotho protein in

NYPETOXALUNC TATS. .iieiiiiiiiiie e 51

Mean values of plasma creatinine and BUN in five experimental

BIOUPS...ueen e L LRI A LN T 67

Renal hemodynamic parameters; GFR, ERPF, FF and RVR .................... 70

The reabsorption of sodium and water at proximal and distal

convoluted tubule by using lithium clearance study ........cccccovrnnnnee. 72

Renal handling of calcium and magnesium. Filter load of Ca and Mg

tubular excretion of Ca and tubular reabsorption of Ca. ......cccccvveneeee 77

Renal handling of oxalate and citrate in five groups of experiments..

The filter load, tubular reabsorption and tubular excretion of zinc in

all groups of the StUAY ....c.ooio e 79



Figure 4-7

Figure 4-8

Figure 4-9

Figure 4-10

Figure 4-11

Figure 4-12

Figure 4-13

Figure 4-14

Figure 4-15

Figure 4-16

Figure 4-17

Figure 4-18

Figure 4-19

Figure 4-20

Xiv

COD and COM crystal score from urinalysis study of rats in group 1

The urine sediment from control group on day 10......ccccccevviicinninneee 82

The calcium oxalate monohydrate (COM) and calcium oxalate

dinydrate (COD). ..o 82
The COD crystal in urine sediment from group 2 on day 20................. 83
The COD crystal in urine sediment from group 3 on day 20................. 83

The COD and COM crystal from the urine sediment of group 4 on

(o =)V SOOIV AR/ A e .~ S OO OPO 84
A tiny COD from urine sediment in group 5 on day 20. .......ccooevviinnee. 84
Histopathology pictures of kidney tissue in group 1......ccccoevvievnrnne 87
Histopathology pictures of kidney tissue in group 2........cccccovveveiienennne. 88
Histopathology pictures of kidney tissue in group 3.......ccccccevevevnienne 89
Histopathology pictures of kidney tissue in group G.......cccccvvveveerinennne 90
Histopathology pictures of kidney tissue in group 5.......cccccvvievninne 91

The positive correlation between urinary oxalate excretion and

The negative correlation between PMDA and GFR. .......ccoeeeiiiniiaes 94



Figure 4-21

Figure 4-22

Figure 4-23

Figure 4-24

Figure 4-25

Figure 4-26

Figure 4-27

Figure 4-28

Figure 4-29

Figure 4-30

Figure 4-31

Figure 4-32

XV

The positive correlation between UTAS and GFR. .....ccoovviiiiiiienes 95

The oxidative stress parameters in the kidney tissues were shown

including the levels of MDA and reduced GSH and the activity of

SOD and catalase @NZYME ..o 105
Histopathology pictures of kidney tissue in group 1......cccccoovierninee 107
Histopathology pictures of kidney tissue in group 2........cccccevveerinenee 107
Histopathology pictures of kidney tissue in group 3.......cccccvvierininee 108
Histopathology pictures of kidney tissue in group 4........cccccevveeerninee 108
Histopathology pictures of kidney tissue in group 5......ccccovvvviviiiinnes 109

The severity score of 50 glomeruli and the average of tubular lesions

in cortex and medulla of kidney tisSue........cccovviririiieecccceeeens 110

Klotho protein expression in the kidney tissues at the end of the

experment Of GrOUP 1 ... 111

Klotho protein expression in the kidney tissues at the end of the

expPermMENt Of GrOUD 2. ... 112

Klotho protein expression in the kidney tissues at the end of the

experment Of GrOUP 3 ... 112

Klotho protein expression in the kidney tissues at the end of the

expermMeENt Of GrOUP G ..o 113



Figure 4-33

Figure 4-34

Figure 4-35

Figure 4-36

Figure 4-37

Figure 4-38

Figure 4-39

Figure 4-40

Figure 4-41

Figure 4-42

XVi

Klotho protein expression in the kidney tissues of group 5................. 113

The analysis of positive area (%) of kidney Klotho protein in cortex

AN MNCAULLA e 114

The relative expression of klotho in five groups of rats .........cceeeenee. 115

The positive correlation and linear regression between kidney

Klotho in cortex and reduced GSH. ........oovooeeoeeeeeeeeeeeeeeeeeeeeeeeeeeeee 117

The positive correlation and linear regression between kidney

Klotho in medulla and reduced GSH. .......ooovooeeoeeee e 118

The negative correlation and linear regression between kidney

KLlotho in cortex and MDA ... oo 118

The negative correlation and linear regression between kidney

Klotho in medulla and MDA ... 119

The negative correlation and linear regression between kidney

Klotho in cortex and SOD aCtiVity.......cceoiivirieeeiiiceeeeeeeee e 119

The negative correlation and linear regression between kidney

Klotho in medulla and SOD actiVity. ....ccoveeeeiiieeeeeee 120

The negative correlation and linear regression between kidney

Klotho in cortex and tubular leSioNs SCOre. .o.ovvvveoeeeeeeeeeeeeeeeeeeeen 120



XVii
Figure 4-43  The negative correlation and linear regression between kidney
Klotho in medulla and tubular lesions score........c.ccvvvvvnnininineienns 121

Figure 6-1 Interplay between oxalate, ROS, renal function and Klotho protein. The
supplement of Vit E and/or Vit C affects the relationships by suppress

ROS fOIMIBTION ..ottt ettt et eeene 145



Table

Table 2.1

Table 3.1

Table 3. 2

Table 4.1

Table 4.2

Table 4.3

Table 4. 4

Table 4. 5

XViii

LISTS OF TABLES

The different type of tocopherol.........coriiiniiiceee 20

The randomization of seventy experimental rats into five groups for the

study in part Fand Part .. a3

The condition using in realtime PCR processes........coovvvvvricccccnnnns 62

Food intake (g/day) and water intake (ml/day) in five experimental

CIOUDS ceennem et g R s e eveseresrsestsesssssansssssssesesesesssssensusssnsassnsass 66

Plasma creatinine (mg/dl) and blood urea nitrogen (mg/dl) at day 1,

11 and 21, ..o BB e et e e e et e e e aeneaneeaneen 67

The hematocrit (%) and systolic blood pressure (mmHg) in each

group on day 0 and day 10. ..o 68

The systolic blood pressure (mmHg), mean arterial blood pressure
(mmHg), ERBF (ul/g/min) and urine volume (ul/g/min) in each group

ON Y 211 ettt 69

The water and sodium transportation and reabsorption from lithium

ClearanCe STUAY. ..o 71



Table 4.6

Table 4.7

Table 4.8

Table 4.9

Table 4.10

Table 4.11

Table 4.12

Table 4.13

Table 4.14

Table 4.15

XiX

Plasma concentrations of inorganic substances (mmol/l), zinc
(umol/l), oxalate (umol/), citrate (umol/l) and plasma osmolarity

(mOsm/\) obtained on day 21 in 5 groups of rats.........cccceevrieririrrinnns 73

The urinary excretion of oxalate and citrate (umol/day) in all groups

throughout the experimental period. ... 74

The urinary excretion of inorganic substances including Na, K, Cl, Ca,

Mg and Zn in all groups throughout the experimental period. ............ 75

The risk indices for prediction of urinary supersaturation including

the ratio of Ca/Mg, Ox/Cit and Tiselius iINdeX........coveurviieeirniiieirane 76

Fractional excretion (FE) of Na, K, Cl, Ca, Mg and Zn on day 20 .......... 76

Urinary protein excretion, urine pH and 24 hr urine volume from

UFINALYSIS 1ottt es 81

Effects of Vit E and Vit C and its combination on PMDA, UMDA/UCr

ANA UTAS et 85
The correlation between parameters (N=37) .....cccoevvereereeeeen. 93
Body weight (grams) in five experimental groups.........cccocverieriienenne. 96

Food intake and water intake in five experimental groups .................. 97



Table 4.16

Table 4.17

Table 4.18

Table 4.19

Table 4.20

Table 4.21

Table 4.22

Table 4.23

XX

Effects of Vit E, Vit C and its combination on SBP, MAP, Hct, plasma
osmolarity, plasma inorganic and organic substances, plasma Zn,

OXALATE ANA CITATC. ettt 98

The levels of PCr and BUN in five groups of the study on day 0 and

AY 211 oo 99

Effects of vitamin C and E and its combination on urinary excretion
of organic and inorganic substances, FE of urinary electrolytes,

Osmolar clearance and free water clearanCe.......oeeeeeeeeeeceeceeeeeenn 100

Excretion of urine protein, urine volume, urine pH, USG and crystal

score from urinalysis at day 20. .....coooiiiiiiieee e, 102

Effects of Vit E and Vit C and its combination on PMDA, UMDA/UCr

AN U A e e 103

The kidney oxidative status parameters including MDA, SOD activity,

CAT activity and reduced GSH in five groups of the study. ................ 104

Effects of vitamin C and E and its combination on soluble Klotho

protein in plasma and UMNE......ccccrr s 106

The fold change expression of klotho after study........cccccevviirnnne 116



ADAM

Al

BP

BUN

Ca

CaOx

CAT

CE

CHZO

Cit

Cl

CcOD

CcOM

COsm

CPAH

Cr

LISTS OF ABBREVIATIONS

A disintegrin and metalloproteinase domain-containing

protein family

Angiotensin |l

Blood pressure

Blood urea nitrogen

Calcium

Calcium oxalate

Catalase

Capillary electrophoresis

Free water clearance
Clearance of inulin

Citrate

Chloride

Clearance of lithium

Calcium oxalate dihydrate
Clacium oxalate monohydrate
Osmolar clearance

Clearance of para-amino hippuric acid

Creatinine



DHA

EG

ER

ERBF

ERPF

FE

GAPDH

GFR

GSH

Hct

HLP

ICP-OES

LiCl

MAP

MDA

Mg

mMRNA

Na

Osm

Dehydro-ascorbic acid

Ethylene glycol

Endoplasmic reticulum

Effective renal blood flow

Effective renal plasma flow

Fractional excretion

Glyceraldehyde 3-phosphate dehydrogenase
Glomerular filtration rate

Glutathione

Hematocrit

Hydroxy-L-proline

Inductively coupled plasma atomic emission
spectrometry

Potassium

Lithium chloride

Mean arterial blood pressure
Malondialdehyde

Magnesium

Messenger ribonucleic acid

Sodium

Osmolarity

XXii



Ox

PAH

PBS

PCr

PE

PMDA

ROS

SBP

SOD

TAS

UCr

UMDA

UsG

UTAS

U,V

Vit C

Vit E

Zn

Oxalate

Para-amino hippuric acid
Phosphate buffer solution
Plasma creatinine
Polyethylene

Plasma malondialdehyde
Reactive oxygen species
Systolic blood pressure
Superoxide dismutase
Total antioxidant status
Urine creatinine

Urinary malondialdehyde

Urine specific gravity

Urinary total antioxidant status

Urinary excretion of substances x

Urine flow rate

Vitamin C

Vitamin E

Zinc

XXiii



XXV



CHAPTER |

INTRODUCTION

Kidney stone disease and its complication have been discovered for long time
ago. There are many biomolecules play a key role in the processes of the stones
composites and its formation. Calcium oxalate (CaOx) stone is the most commonly
type of the stone which found in both human and animals (Schubert, 2006
Tosukhowong et al,, 2007; Sithanukul et al., 2010). Moreover, the recurrence rate of
CaOx was high, approximately 50% within ten years (Uribarri et al., 1989).1t is
hypothesized that CaOx stone stimulated the formation of reactive oxygen species
(ROS) (Khan, 2013) and the deterioration of kidney functions in both animal and human
(Huang et al., 2003; Huang et al., 2006; Hirose et al., 2010; Ma et al., 2013). Therefore,
the mechanisms of renal impairment may involve the overwhelming of ROS products
leading to imbalance of redox homeostasis.

The anti-oxidant therapy has been reported for reduction of kidney tissue injury
from ROS in CaOx stone and hyperoxaluria state. The supporting therapy with vitamin
E in hyperoxaluric patients demonstrated the reduction of urinary risk factors
(Anbazhagan et al., 1999). Vitamin E also prevented the new formation of stone by
promoting the expression of stone inhibitor molecules (Sumitra et al., 2005). In
hyperoxaluric rats induced by ethylene glycol, receiving vitamin E daily decreased ROS

and oxalate excretion (Thamilselvan and Menon, 2005; Huang et al., 2006; Huang et



al., 2009). Therefore, the reduction of ROS especially from lipid peroxidation may be
a crucial role in the prevention of renal impairment and CaOx stone formation.

Ascorbic acid or vitamin C is another potent water-soluble ROS scavenger.
Vitamin C can be recycling oxidized form of glutathione to reduced form of glutathione,
which is one of the major antioxidant biomolecule in cells (Braun et al., 1996). Previous
report revealed that vitamin C improved oxidative status in kidney injury in animal
model (Mustacich et al., 2007). However, the usefulness of vitamin C in CaOx kidney
stone disease is controversy due to its metabolite as a source of endogenous oxalate
production (Yaich et al., 2014).

Interestingly, evidences exist of the vitamin E and vitamin C had a synergistic
and cooperative effects (Niki et al., 1985; Niki et al., 1995). For that reason, the
combination of vitamin E and C could provide more potent antioxidant effects than
giving alone. The study in gentamicin induced nephropathic rats revealed that the
combination of vitamin E and C could protect kidney injury and ameliorated the
reduction in glomerular filtration rate (Kadkhodaee et al., 2005). Moreover, the study
in LLC-PK1 proximal tubular cells exposed to urinary oxalate showed reduction in
oxidative injury after combination treatment (Thamilselvan et al., 2014). For this reason,
the combination of vitamin E and vitamin C might improve anti-oxidant status in
patients with hyperoxaluric state and CaOx stone.

The klotho gene was first discovered for an anti- aging functions while the

location of this protein was found more than 90% in the kidney (Kuro-o et al., 1997).



Klotho protein could be found in the extra-renal tissue such as parathyroid gland
(Kuro-o et al., 1997) and vascular epithelium in human (Markiewicz et al., 2016). There
are three types of Klotho protein; full length transmembrane, soluble and secreted
forms. An important function of transmembrane form of Klotho protein involved the
regulation of Ca and inorganic phosphate metabolism in the kidney (Razzaque, 2009;
Farrow and White, 2010; Kim et al.,, 2015). In addition, the soluble form is detected in
CSF, plasma and urine (Yamamoto et al., 2005) which plays a significant role in
regulation of many transporter proteins including calcium channel, potassium channel
and Na/K ATPase in the kidney (Huang, 2010; Sopjani et al.,, 2011). Moreover, soluble
Klotho function can act as a hormone and have endocrine function by discovered its
receptor (Dalton et al., 2017). Because of these important roles of Klotho protein, it is
not surprising that Klotho protein controlled many fundamental mechanisms in the
whole body.

Recently, a single nucleotide polymorphisms (SNPs) of G395A in klotho gene
was found in CaOx stone patients (Telci et al., 2011). Therefore, Klotho protein may
be altered in kidney stone diseases and could be used as a biomarker in animals and
human who are suffering from CaOX urolithiasis. However, there was no data
demonstrated the level and the role of Klotho protein in calcium oxalate stone or
hyperoxaluric condition. Furthermore, the preventive effects of antioxidants in
hyperoxaluria in relation to Klotho protein has not yet been investigated.

Therefore, the objectives of the present study were



1. To investigate the changes in renal hemodynamic, renal handling of
electrolytes and urinary supersaturation in relation to hyperoxaluria induced by
hydroxy-L-proline (HLP).

2. To investigate the changes in Klotho protein during hyperoxaluric condition.

3. To investigate the protective effects of combination of vitamin E and vitamin
C supplement on renal hemodynamics, renal handling of electrolytes, renal oxidative
stress, urinary supersaturation.

4. To investigate the combination of vitamin E and vitamin C on Klotho protein
levels in HLP induced hyperoxaluric rat.

5. To study the correlations between Klotho protein levels, oxidative stress and
renal function in HLP-induced hyperoxaluric rats after supplement with combination
of vitamin E and vitamin C.

The hypotheses of this study were

1. Hyperoxaluria induced by HLP impairs renal hemodynamic, renal handling of
electrolytes and urinary supersaturation.

2. The Klotho protein level is lower in hyperoxaluric rat than control group.

3. The combination of vitamin E and vitamin C supplement alleviates renal
hemodynamics, renal handling of electrolytes, renal oxidative stress, urinary
supersaturation in hyperoxaluric rat.

4. The combination of vitamin E and vitamin C supplementation increases

Klotho protein level in hyperoxaluric rats.



5. Klotho protein levels correlate with oxidative stress and renal function in
HLP induced hyperoxaluric rat after supplement with combination of vitamin E and
vitamin C.

Therefore, this study would provide more wuseful information for
pathophysiology and mechanism of hyperoxaluria and CaOx stone. Moreover, the data
from the present study could be applied using antioxidant, vitamin E and/or vitamin C
to protected the damage of kidney tissue from ROS and to reduce the recurrence rate
of CaOx stone. Importantly, Klotho protein could be an early screening biomarker for
stone formation and predictive biomarker for kidney injury beyond hyperoxaluria and

CaOx stone condition.
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REVIEWS OF LITERATURE

A. Calcium oxalate nephrolithiasis

Nephrolithiasis or a kidney stone disease has become problem in medicine in
both human and animals for long time ago. There have been widely studies in the
pathogenesis and treatment protocol for the kidney stone. However, several new
theories of mechanisms and molecules that involve in the urolithiasis were recently
reported. The type of kidney stone can be clarified by its composition, and the most
prevalent type in human is calcium oxalate (CaOx) kidney stone (Schubert, 2006).
Importantly, CaOx stones have high recurrence rate, which was recurred up to 35-50%
within ten years (Uribarri et al., 1989). It also deteriorates renal functions (Worcester et
al., 2003; El-Zoghby et al., 2012). The complication of CaOx stone such are severe pain
at the flank area, acute kidney injury and urinary tract obstruction, hydronephrosis and
chronic kidney disease (CKD) were also developed even though the stones were
removed. Several factors are associated with pathogenesis of CaOx stone formation
such as genetics, food, promoters, inhibitors, urine pH and urinary supersaturation
(Thongboonkerd et al., 2006). The successfulness of treatment after the removal of
the stone depends on the correction of all known causes and risk factors of CaOx

stone formation in each patient and maintenance of the low-risk diet.



B. The physicochemical role of kidney stone formation

The mechanisms of stone formation were associated with urinary
supersaturation, stone promoters, stone inhibitors and crystal-cell interaction (Khan,
2004). Firstly, the supersaturation of urine caused crystallization of crystalline particles
in the urine. The mechanisms of classical crystallization processes are composed of
nucleation, crystal growth and aggregation (Saw et al., 2008). Secondly, the forming
crystal may pass through the urine as crystalluria or is endocytosed by the renal
epithelial cell and then transported to renal interstitium as called “ crystal- cell
interaction” (Khan, 2004). Lastly, the crystal growth, aggregation and retention in the
upper or lower urinary tract are contributed for stone formation. The supersaturated
urine occurred when the chemical driving force of dissolve solutes in the urine above
the equilibrium point. The major solutes in the urine are ions and salts such as calcium,
phosphate, magnesium, ammonium, urate and oxalate (Rodgers et al., 2011). The
difference between the concentration of solution (Cs) and equilibrium (Cq) s
concentration driving force (AC) as shown in the equation below:

AC = Cs - Cq
The supersaturation ratio (S) of the urine is
S = Cs/Cq

To further investigate into the prediction of urine crystallization, computerized

ion-activity product was studied by Tiselius et al. (2003) and named Tiselius index. In

rat urine, the ion-activity product of calcium oxalate (APc,0,) was defined as:



4067 » Calcium®®® » Oxalate®%¢

(Citrate + 0.015) * Magnesium®>% v

The factor 4067 and 0.015 were derived from computerized program and the
factor V is urine volume in 24 hours. However, stone formation, is not only depended
on the supersaturation of urine but also accompanying with the presence of stone
promoters and inhibitors. The stone promoters and inhibitors could be any ions or
molecules that promote or disturb the formation of stone nucleation, crystallization
and cell-adhesion. Thus, the mechanisms of stone formation are very complicated and

need to be further investigated.
C. Oxidative stress and redox cycle relating to CaOx

Oxidative stress is an imbalance and/or the loss of homeostasis between pro-
oxidants and anti-oxidants in the body due to enhanced free radical production or
diminished of the free radical scavenging system (Mandelker, 2008). In homeostasis of
redox cycle, the living organisms can generate the numerous superoxide anion (O,)
from enzymatic (xanthine oxidase and NADPH oxidase) and non-enzymatic pathways
(mitochondria and endoplasmic reticulum) (Mandelker, 2008) as shown in Figure 2-1.
The radical molecules are the molecules that have un-paired valence electron on their
last electron shell and are unstable molecules which can easily form dimerization or

polymerization with each other. The free radical molecules attack the others resulting



in conformational changes and may loss of their function. These oxidized molecules
can damage cells and interfere to the normal function of the tissues and organs.

CaOx damaged renal epithelial and tubular cells and increased the lipid oxidation in
both in vitro and in vivo studies (Huang et al, 2009; Hirose et al, 2010).
Malondialdehyde (MDA) (C5H40,), volatile and short-chain dicarbonyl compound, is an
end product of lipid oxidation (LPO) (Girotti, 1985). In hyperoxaluria, over production
of ROS induced renal epithelial cells injury leading to LPO reaction, MDA production
resulting in conformational change of cell membrane (Selvam, 2002). Damaged lipid
bilayer promoted crystal attachment, retention and/or tubular stone formation
(Selvam, 2002). The in vitro study showed that incubation of proximal tubular cell line
with oxalate increased MDA production while giving the free radical scavengers reduced
MDA levels (Rashed et al., 2004). In ethylene glycol (EG)-induced CaOx nephrolithiasis
rats, the kidney MDA levels was associated with CaOx crystal deposition in the kidney
(Thamilselvan and Menon, 2005). Moreover, patients with CaOx stones had urine and
red blood cell MDA concentrations higher than normal volunteers (Ma et al., 2013).
Regarding this, the levels of MDA could be used as a biomarkers and therapeutic index

of renal tubular injury from CaOx crystal formation and retention.
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Figure 2-1 The redox cycle. The equilibrium between the production of free radical (O,

H,0, and OH’) and free radical scavenging system (SOD; superoxide dismutase,
catalase, GPX; glutathione peroxidase, GR; glutathione reductase, GSH; reduced

glutathione and GSSG; oxidized glutathione).

D. CaOx therapy and recurrence rate

Potassium citrate or thiazide diuretics supplementation after stone removal can
reduce CaOx recurrence and renal injury from oxidative stress (Thamilselvan et al,,
2003). Hence, the combination therapy between lime powder, potassium citrate, pH
modification substances or prescription diet and antioxidants should be used to reduce

recurrence rate and renal injury from urolithiasis and preserved the normal nephron.
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E. Hydroxy-L-proline, ethylene glycol and animals model for the

study of CaOx stone

The trans-4-hydroxy-L-proline (HLP) (2S, 4R)-4-Hydroxypyrrolidine-2-carboxylic
acid (CsHgNO3) (Figure 2-2) has molecular weight of 131.13 ¢/mol. The HLP is a precursor
of oxalate. It is degraded and excreted from the body without reutilized for protein
synthesis. It also causes a toxic by-product accumulating in many organs (Jiang et al,,
2012).

HO

s
-

OH
N
H o

Figure 2-2 The chemical structure of trans-4-hydroxy-l-proline (HLP)

The breakdown of HLP generates pyruvate (CsH403) and glyoxylate (C,H,05)
(Knight et al., 2006). The glyoxylate can be metabolized to glycine, glycolate and
oxalate by enzyme alanine: glyoxylate aminotransferase (AGT), glyoxylate reductase
(GR) and lactate dehydrogenase (LDH), respectively (Knight et al., 2006). The LDH is the
rate limiting step enzyme for oxalate generation (Holmes and Assimos, 1998). Plasma
oxalate could be derived from the others source such as diet and vitamin C (Holmes
and Assimos, 1998). Oxalate, the final metabolic waste, must be eliminated in the urine
and feces (Marengo and Romani, 2008). Oxalate does not bind with any plasma protein

and freely filtrated through the glomeruli (Marengo and Romani, 2008). In the proximal
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tubule, the oxalate is excreted using sulfate anion transporter 1 family including
SLC26A6 and SLC26A1 which are located in apical and basolateral membrane,

respectively (Marengo and Romani, 2008).

F. HLP and hyperoxaluria

Hyperoxaluria is defined as the amount of oxalate in the urine that exceeds 40-
45 mg/day in healthy adults’ human (Borghi et al., 1999). It has been shown that giving
high dose of HLP (5% w/w) into regular chow could induce hyperoxaluria and CaOx
urolithiasis in rats (Khan et al, 2006). Tawashi et al. (1980) found that the
intraperitoneal injection of HLP at dose 2.5 mg/kg BW in rats caused CaOx crystal
formation in renal tissue and kidney swelling within 24 hours after receiving HLP.
Moreover, giving 2 % w/v of HLP in drinking water caused CaOx crystal retention in
renal tubule and hyperoxaluria in Dalh salt-sensitive rats (Wiessner et al., 2009). In the
past, EG was widely used to induce hyperoxaluria and CaOx nephrolithiasis in rat model
(Yamaguchi et al,, 2005; Li and McMartin, 2009). However, the use of EG-induced
hyperoxaluria caused kidney tissue injury and renal function impairments from toxic
metabolites of EG besides CaOx crystal (Bacchetta et al., 2009). For this reason, the
HLP-induced hyperoxaluria and CaOx crystal might be superior to use as a model for

study the effects of hyperoxaluria and CaOx crystal on renal injury.
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G. The concept of lithium clearance study

Lithium is an alkali metal element in group IA of periodic table which has
atomic number and atomic mass smaller than sodium and potassium (atomic number
and mass of Li, Na and Kare 3, 11, 19 and 6.941, 22.989 and 19, 39.098, respectively).
In Nephrology study, lithium has been used for treatment of bipolar disorders by Food
and Drug Administration of USA (FDA) (Morimoto et al., 2005). Moreover, the clearance
study of lithium has been reported for assessment of water and sodium transportation
from proximal tubule of the kidney (Thomsen and Shirley, 1990; Thomsen and Shirley,
1997).

Lithium has no specific receptor and used the same transporter protein similar
to sodium which is amiloride-sensitive Na channel (ENaC) (Thomsen and Shirley, 2006).
From the study of lithium transport, it was found that lithium is freely filter through
the glomerulus in the same manner of sodium. The micro-puncture study of
ultrafiltrate from glomeruli found that lithium was reabsorbed in the same manner of
the water and sodium in proximal tubule (Hayslett and Kashgarian, 1979). Importantly,
there are no lithium reabsorbed in distal tubular compartment in normal physiological
condition of nephron. So, the clearance of lithium could be demonstrated correctly

of water and sodium transport in proximal tubule (Thomsen and Shirley, 2006).
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H. Oxalate and renal handling of oxalate

Oxalate, metabolic waste of the cell, generated in the body by two major
sources, endogenous oxalate and exogenous oxalate. The critical role of oxalate
metabolism is formation of CaOx kidney stone that was revealed by deletion of oxalate
transporter in mice could cause hyperoxalemia and hyperoxaluria leading to CaOx
kidney stone (Jiang et al.,, 2006). The food enriches of oxalate is an important
exogenous source of oxalate (20-40%) which reabsorbed via gastrointestinal tract and
excreted mainly through renal excretion (Hatch and Freel, 2003). On the other hand,
liver metabolism is endogenous source of oxalate via oxidation of (Coulter-Mackie and
Lian, 2006). After oxalate ingestion, oxalate was absorbed from intestinal tract via
solute carrier family 26A (SLC26A) transporter protein (Hatch and Freel, 2003; Jaeger
and Robertson, 2004). The study using 14“-oxalate found that intestinal epithelium
reabsorbed only free oxalate ion (Hatch and Freel, 2008). Calcium and magnesium in
intestinal tract attached oxalate ion directly while binding oxalate cannot reabsorb
from gut to plasma (Marengo and Romani, 2008). However, elevated levels of lipid in
intestinal attached calcium leading to low levels of calcium and subsequently

increased oxalate reabsorption (Emmett et al., 2003).
l. Renal handling of oxalate

In glomerulus, oxalate was freely filter. In rat, similar creatinine clearance and

oxalate distribution was formed compared with human (Osswald and Hautmann, 1979;
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Boer et al., 1984; Sugimoto et al., 1993). Study used clearance of inulin together with
14%oxalate in human found that the half-life of oxalate was 97 minutes while the
excretion into urine was higher than inulin (2.31+0.05 fold) (Osswald and Hautmann,
1979). The same research group conclude that oxalate enters the tubular fluid and
excreted into the urine by glomerular filtration and extra tubular transport. The

transporter protein in each parts of nephron was proposed (Figure 2-3 and 2-4).

Proximal tubule

OH- \ / H* oxe-

A J
Apical (_ = | SLC26A2

S0,% oxz- ¢l

H,O
. 50,2

Basolateral & AQP1 SLC26A1 )

v

. 2-
7 (0)4

Figure 2-3 Oxalate in ultrafiltrate is mediated through several types of SLC26 transporter.
Apical side, oxalate was transported into tubular cell by SLC26A2 and exchanged
with intracellular SO, while the SLC26A6 transported CU into the cell and
exchanged with intracellular oxalate. Basolateral side, oxalate from plasma was

transported into tubular cell by SLC26A1 and exchanged with intracellular SO,

In tubular compartment of nephron, oxalate was mediated through many types

of SLC26 transporter protein. Proximal tubule, both convoluted and strength parts
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expressed SLC26A2 and SLC26A6 at the apical membrane while the basolateral
membrane expressed SLC26A1 (Robijn et al, 2011). However, oxalate could be
exported from tubular cells into tubular lumen throughout the distal part of nephron
including distal tubule, thick ascending limb and outer medullary collecting duct by
SLC26A6 (Figure 2-4). Importantly, it is postulated that the tubular reabsorption of
oxalate does not occur, practically. It is hypothesized that the high levels of plasma
oxalate caused the higher oxalate levels in ultrafiltrate throughout the tubular fluid

and then enhanced supersaturation of urine and CaOx crystal formation.

Distal tubule

Basolateral \ j

Figure 2-4 Oxalate in distal tubule is mediated via SLC26A6 transporter. Apical side, oxalate

was only exported by SLC26A6. OX* ; oxalate, CU; Chloride

J. Citrate and renal handling of citrate

Citrate is an important biomolecule for renal metabolism in controlling acid-

base balance. Moreover, citrate is a central molecule in tricarboxylic acid cycle which
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is an important energy source of renal cell especially for proximal tubular cell (Hamm,
1990). Additionally, citrate in urine chelated the ionized-calcium and reduced binding
of oxalate and free ionized calcium (Ohana et al., 2013). Citrate has three forms of
tricarboxylic acid including Cit™, Cit?, and Cit® which depend on pH and pKa. It was
reported that a trivalent citrate (Cit?) is found mainly in plasma (Minisola et al., 1989).
Kidney is the major organ for controlling the levels of citrate (Simpson, 1967). In
plasma, the concentration of citrate is normally low and it is formed the complex with
another ion rapidly such as calcium, magnesium and sodium (Walser, 1961). Citrate is
freely filter through the glomerulus and then reabsorbed mainly in proximal tubule
(Grollman et al., 1963) (Figure 2-5). It was reported that systemic pH and luminal pH in
tubular lumen affected transportation of citrate into renal tubular cell. The pH
elevation of luminal fluid decreased tubular reabsorption of citrate due to its increased

the levels of cellular citrate (Hamm, 1990).
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Figure 2-5 Proximal tubular cell transported citrate (Cit?) into the cell via sodium citrate

cotransporter or Na*-dependent dicarboxylate co-transporter (NaDC-1).

K. Interaction between citrate and oxalate

Citrate could play a crucial role in inhibition of oxalate anion binding with
ionized calcium in luminal tubular fluid which proposed by Ohana and co-workers
(2013). There interaction between NaDC-1 (citrate transporter) and SLC26A6 (oxalate
transporter) was studied (Ohana et al., 2013). The SLC26A6 inhibits NaDC-1 while NaDC-
1 activates SLC26A6 leading to retention of citrate in luminal tubular fluid. After that,
oxalate had higher affinity to bind with citrate than ionized calcium. The complex of
oxalate and citrate had high water solubility while calcium-oxalate cannot dissolve

easily in water.
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L. Vitamin E (alpha-tocopherol): nomenclature, chemical

structure and functions

Vitamin E or alpha-tocopherol was discovered in 1922 by Evans and Bishop
(Evans and Bishop, 1922; Evans, 1962). Vitamin E (C,gHs0,, molecular weight 430.7
g/mol, IUPAC Name = (2R)-2,5,7,8-tetramethyl-2-[(4R,8R)-4,8,12-trimethyltridecyl]-3,4-
dihydrochromen-6-ol) composed of major two groups in molecule. The first one is
aliphatic side chain which is located next to the hydrophilic layer of cellular membrane
(Figure 2-6) while the chromanol ring is in the inner of lipid bilayer and reacted as free
radical scavenger in hydrophobic condition (Niki et al., 1985). Tocopherol is types and
names according to the difference of methyl group at carbon atom, C5; C7; C8 on
chromanol ring which described in Table 2.1. The alpha (Q) type of tocopherol which

containing three methyl groups is the most biological active form.

R,

R
| | |
[ | |
Chromanol ring Aliphatic side chain
Figure 2-6 The chemical structure of alpha-tocopherol which compose of hydrophobic

chromanol ring and hydrophilic aliphatic side chain.
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Table 2.1 The different type of tocopherol categorized by using the difference

type of methyl group on carbon atom in chromanol ring

y H CHy CH,

§ H H CH,

Vitamin E is the highly potent capacity for antioxidant by scavenged a peroxyl
radical. Moreover, vitamin E maintained the integrity of lipid bilayer of all cells in the
body and the integrity of lipid raft molecule. It is reported that the hydroxyl group at
the 6th carbon atom of chromanol ring is the reduction site when vitamin E scavenged
the free radical in lipid peroxidation and transformed to tocopheroxyl radical (Vit E-O°)
(Figure 2-7) (Serbinova et al,, 1991; Suzuki et al.,, 1993). ROS and reactive nitrogen
species (RNS) attacked the polyunsaturated fatty acids (PUFA) which is the major
component of cell membrane resulting in PUFA’ radical. After that, PUFA" radical was
rearranged and then attacked by oxygen yielding a peroxyl radical (PUFAQO").
Importantly, a peroxyl radical is very sensible for propagation of chain reaction resulting
in auto-oxidation of the other PUFA molecules. Hence, vitamin E, a fat-soluble
antioxidant, is major molecules which plays a crucial role for termination of PUFA auto-

oxidation in cell membrane (Figure 2-7). Vitamin E donated a H atom to PUFA" radical
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yielding unpaired electron and delocalized in chromanol ring of tocopheroxyl radical
(Vit E-O7). Additionally, the proportion between vitamin E in cell membrane and
phospholipids is only 1 molecule per 2000-3000 molecules of phospholipids (Zingg,
2007). In the in vivo environment, a radical vitamin E, is rapidly regenerated to active
vitamin E and recycling by using both water soluble antioxidants and intracellular

antioxidant enzymes.

Lipid (L) L

Chain propagation

Loo" LOOH
Chain termination
H oY
R R
o -Tocopherol Tocopheroxyl radical

Figure 2-7 Vitamin E scavenges the free radical (O") from lipid peroxidation and then

transforms to tocopheroxyl radical.

M. Transport, absorption and cellular uptake of alpha-tocopherol

Since vitamin E is fat soluble, the mechanism of transport, cellular uptake and
excretion are close to lipophilic molecules with lipid-rich nutrients. After consumption
of fat-containing food, it is digested by lipoprotein lipase (LPL) to micelles which

contained vitamin E and then transports into the intestinal cells and subsequently
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lymphatic system (Borel et al., 2013). Vitamin E is transferred with chylomicron, high
density lipoproteins (HDL) and phospholipid transfer protein (PLTP) (Reboul and Borel,
2011). The HDL-containing vitamin E is taken up by the hepatocytes and is rearranged
and transported to plasma with very low-density lipoproteins (VLDL) for distribution to
peripheral tissue (Reboul and Borel, 2011). Tissue accumulations of vitamin E are
depending on Q-tocopherol transfer protein (O-TTP) and the regulation of vitamin E

metabolism and excretion by the liver (Herrera and Barbas, 2001).
N. Distribution of intracellular vitamin E

After vitamin E is transported from lymph to blood stream by chylomicrons
and chylomicron remnant. Peripheral tissues receive vitamin E from chylomicrons by
using lipoprotein lipase. Afterward, vitamin E which couple with chylomicrons, LDL or
HLDL are uptake to the hepatocytes by using several proteins such as scavenger
receptor class B type | (SR-BI) and low-density-lipoprotein receptor (LDLR). In cellular
compartment, Ol-tocopherol transfer protein (Q-TTP), tocopherol binding protein (TBP)
and tocopherol-associated protein (TAP) transport alpha-tocopherol while other
vitamin E isoforms including B—, Y-, and 5—tocopherol and tocotrienols are

metabolized by cytochrome P450 and then excreted through urine (Zingg, 2007).

O. Metabolism of vitamin E

Until now, there are not clearly understood about the best final markers for

true metabolites form of vitamin E (Schmolz et al., 2016). Many reported demonstrated
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that Simon metabolites which compose of alpha-tocopheronic acid and alpha-
tocopheronelactone (Q-TL) are the side chain degradation of vitamin E and then
secreted in the urine of human and mice (Pope et al., 2001). On the contrary, conjugate
of O-TL could be a good biomarker for metabolite form of vitamin E and was elevated
significantly in children who suffered from type 1 diabetes (Sharma et al., 2013). The
initiation of tocopherol metabolism in liver is originated by using cytochrome
PAF2/P3A4 with dependent of W-hydroxylation followed by B—oxidation. Finally, the
end products from vitamin E metabolism are carboxyethylhydroxychroman (CEHC),
12’-hydroxy-chromanol and 11’-hydroxy-chromanol (Schultz et al, 1995) which
excreted through urine and feces of human and mice (Bardowell et al., 2012). It is
postulated that the control of vitamin E metabolism is a major role for the regulation

of bioavailability of active vitamin E.

P. Bioavailability and plasma kinetics of vitamin E

Bioavailability of vitamin E was influenced by many factors including vitamin E
intake from food, vitamin E absorption via involving protein and molecules and
metabolism of vitamin E (Schmolz et al., 2016). The half-life of alpha tocopherol is 48

hours (Traber, 2007).
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Q. Cellular signaling modulations activity and gene expression

control by vitamin E

Controlling of the cellular signaling pathway by vitamin E using MetaCore
analyzing for transcription regulatory networks in Madin-Darby bovine kidney epithelial
cell line (MDBK)-treated with vitamin E was demonstrated (Li et al., 2010). The same
research group found that vitamin E modulated both up-regulation and down
regulation of functional networks. Vitamin E can down-regulate of cytoskeleton
organization, RNA processing, cellular response to stress and development of immune
system while vitamin E can up-regulated cellular component movement, organ
development and increased regulation of biological process. Moreover, vitamin E could
modulate specific enzymes which involved in cellular signal transduction such as
activation of protein phosphatase 2A, diacylglycerol (DAG) kinase, protein tyrosine
phosphatase, or inhibition of protein kinase C (PKC), PKB, phospholipase A2,
cyclooxygenase, lipoxygenases and mitogen activated protein kinase (MAPK) signaling
pathway (Zingg, 2007). It is noteworthy that vitamin E is a key biomolecule which plays

many crucial roles for controlling the homeostasis.

R. Vitamin E and renal injury

Renal injury can be presented from many mechanisms including ischemic
reperfusion injury leading to over production of free radical. The in vivo study in rats

with experimentally induced renal injury revealed that intraperitoneal injection of
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vitamin E could reduce lipid peroxidation (Rhoden et al,, 2001) and improve renal
blood flow (RBF) (Thongchai et al., 2008) . The recovery of renal injury induced by W-
nitro-L-arginine was enhanced after vitamin E treatment with reduction of proteinuria.
In addition, vitamin E alleviated glomerulosclerosis and reduced oxidative stress in
nephrectomized rat (Tain et al., 2007). Using vitamin E-coated dialyser could reduce
the levels of lipid peroxidation in patients with hemodialysis (Morimoto et al., 2005).
However, Tasanarong and co-workers (2013) reported that oral supplementation of Q-
tocopherol at the dose of 350 mg / kg bodyweight in patients with contrast-induced

acute kidney injury could not prevent kidney injury.

S. Vitamin E, hyperoxaluria and CaOx nephrolithiasis

The anti-urolithic effects of Ol-tocopherol have been revealed in many studies.
In vivo study showed that diet with low vitamin E levels can enhance the crystal
formation via oxidative damage in ethylene glycol-induced hyperoxaluric rat model
(Thamilselvan and Menon, 2005; Huang et al., 2009). The intraperitoneal injections of
vitamin E at the dose of 8 mg/rat/week for 6 weeks improved antioxidant enzyme and
could prevent the CaOx crystal deposition in the nephron (Huang et al., 2009). The
effect was similar when given diet supplementation with vitamin E which could reduce

the CaOx crystals retention in EG induced CaOx nephrolithiasis rats (Naghii et al., 2014).
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T. Vitamin C (ascorbic acid): nomenclature, chemical structure

and functions

Vitamin  C or ascorbic acid (C¢HgOq, IUPAC name; (2R)-2-[(1S)-1,2-
dihydroxyethyl]-3,4-dihydroxy-2H-furan-5-one, Figure 2-8) is a potent water-soluble
hydrogen donor which plays an important role in regulation of many cellular
metabolisms such as collagen synthesis, wound healing and antioxidants as previously
reviewed by Jacob and Sotoudeh (2002). Its pivotal role of ascorbic acid is due to the
properties of chemical structure known as a lactone ring (Figure 2-8 and 2-9). Most of
mammals can synthesize vitamin C in the liver except human, non-human primates
and guinea pigs (Du et al., 2012). Vitamin C is a highly effective intracellular scavenging
agent since it could be oxidized rapidly one or two electrons (Mandl et al., 2009) can
be reduced back to ascorbic acid using NADPH-dependent recycling (Banhegyi et al,,
1997). In human, vitamin C has limited intestinal absorption from oral ingestion at 3 ¢
per day (Rivers, 1989). Ingestion of 30 mg / day of vitamin C can exert the plasma levels
up to 7 uM in male and 12 uM in female (Levine et al,, 2011). The normal plasma
vitamin C concentrations should not be lower than 4 uM to prevent scurvy (Delanghe
et al,, 2011). The intravenous administration of vitamin C caused more rapidly increase
in the plasma level of vitamin C than oral ingestion (Padayatty et al, 2010).

Furthermore, giving intravenous vitamin C caused lower urinary oxalate excretion than
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oral ingestion due to the lower oxalate absorption by the intestine (Linster and Van

Schaftingen, 2007).

HO
0-0 OH

—/H
HO  OH

Figure 2-8 The chemical structure of ascorbic acid.

U. Antioxidant activity of vitamin C

The essential function of vitamin C is maintained redox homeostasis. The major
organelles that generated the most oxidative respiration leading to ROS are
mitochondria and endoplasmic reticulum. Consequently, vitamin C is a major potent
water soluble free radical scavenger, it is plausible that vitamin C plays a key role in
cytosol compartment of both organelles (Mandl et al., 2009). The reducing property
of vitamin C has been revealed in Figure 2-9. In general, vitamin C could donate their
electron to another enzyme, oxidant agents and other electron acceptors. Moreover,
the superior property of vitamin C is its intermediate form, semidehydroascorbic acid,
cannot be attacked by superoxide anion and DHA can be rapidly recycling in cellular

compartment and turn back to ascorbic acid again.



28

CH,OH
HO H
(0]
(0]
— i e g
H e H e
\ / HO Y //'-e'
CH,OH / CH,0OH
HO H o H
(0] (0]
o (o)
HO OH o o
Ascorbic acid Dehydro-Ascorbic acid
Figure 2-9 The oxidation of vitamin C started with L-ascorbic acid donation one electron

(semidehydroascorbic acid) and then rearrangement and follow by donation of

two electrons and become oxidized form or dehydroascorbate

V. Transport, absorption and cellular uptake of vitamin C

After receiving vitamin C, it was absorbed from the intestinal lumen and
released into the bloodstream. The dose-to-plasma concentration relationship is
reflected by saturation curve, attaining an initial steep and non-linear course, until
steady-state is reached, defining plasma saturation at around 70 UM in humans (Levine
et al,, 1996). At doses over plasma saturation, urinary excretion is increased and oral
bioavailability decreased, thereby sustaining steady-state equilibrium (Levine et al,,
1996). Plasma vitamin C was uptake and reabsorbed into different tissues using
different transporter systems which was saturated by the Michaelis-Menten absorption

rate (Malo and Wilson, 2000; Wilson, 2002; Wilson, 2005).
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Vitamin C was tightly regulated and controlled by bioavailability, accumulation
and distribution in tissues, rate of utilization and recycling processes and renal
reabsorption and excretion (Levine et al., 2011). The process involved cellular uptake
and utilization of vitamin C including passive diffusion, facilitated diffusion, active

transport and recycling (Wilson, 2005).
W. Vitamin C recycling

After vitamin C was uptake by intestinal epithelium via SVCT1, vitamin C is
released into the bloodstream and easily oxidized subsequently produced DHA rapidly
then taken up to erythrocytes and neutrophils via GLUT1 and GLUT3 transporters,
respectively (Rumsey and Levine, 1998; Lykkesfeldt, 2002). It was reported that DHA is
rapidly recycled in erythrocytes predominantly via glutathione-dependent DHA
reductases and with small contributions from reduced nicotinamide adenine
dinucleotide phosphate (NADPH)-dependent DHA reductases, such as thioredoxin

reductase (Rumsey and Levine, 1998) (Figure 2-10).
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Figure 2-10 The recycling of vitamin C in neutrophil of human; AA, ascorbic acid; DHA,
dehydroascorbic acid; GSSG, oxidized glutathione; GSH, reduced slutathione; GPX,
glutathione peroxidase; GRD, glutathione reductase; NADPH, reduced form of
nicotinamide adenine dinucleotide phosphate; NADP, oxidized form of

nicotinamide adenine dinucleotide phosphate; 6PGD; GLUT, glucose transporter

X. Renal excretion of vitamin C

Vitamin C is freely filter at the glomerulus and reabsorbed at proximal tubule
by active transport via sodium-dependent vitamin C transporter type 1 (SVCT1) (Martin
et al,, 1983; Rose, 1986). In human, the maximal reabsorption rates were relatively

constant at 1.5 mg/100 ml glomerular filtrate (Oreopoulos et al., 1993).



31

Y. Vitamin C, hyperoxaluria and CaOX nephrolithiasis

Oxalate or oxalic acid, the major metabolic waste in the body, can be
generated from ascorbic acid metabolism (Lamarche et al., 2011). There are two major
sources of oxalate, the exogenous oxalate from citrus fruit, some vegetable and
endogenous oxalate from glyoxylate pathway (Marengo and Romani, 2008). Oral
ingestion of ascorbic acid is not only increased vitamin C intestinal ingestion but also
increased urinary excretion of oxalate (Baxmann et al., 2003). The CaOx stone forming
is depended on the concentration ratio between urinary calcium to urinary oxalate
(10:1 in the urine from normal people) (Marengo and Romani, 2008). Thus, an increase
of urinary calcium to oxalate ratio might be the risk factor for CaOx stone formation.
Patients with kidney impairment who ingested the mega-dose vitamin C (3-6.5 g¢/day)
for one month were presented with acute oxalate nephropathy (Gurm et al., 2012). It
is possible that ingestion of high dose vitamin C may increase the urinary oxalate
excretion and increase the risk of CaOx stone (Lamarche et al., 2011). Nevertheless,
there is no evidence that ingestion or intravenous injection of high dose vitamin C
causes kidney stone formation. Nonetheless, it has not yet been fully investigated that
an intravenous vitamin C injection could diminish CaOx kidney stone by antioxidant

activity.
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Z. The combination of vitamin E and vitamin C and the role of

antioxidants

The combination of vitamin E and vitamin C might be a potent antioxidant
effects due to the synergistic effect of both vitamins. Vitamin E, the hydrophobic
vitamin, is found abundant in the cell membrane which is associated with the cell
membrane NADPH oxidase subunits complex (Schramm et al,, 2012). In addition,
vitamin C is located in the cytoplasmic and mitochondrial compartments which are
associated with superoxide dismutase (Castillo-Martin et al., 2014). When there are co-
antioxidants, ascorbic acid helps vitamin E recycling mechanism in the cells (Rimbach

et al,, 2002) as shown in Figure 2-11.
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Figure 2-11 The beneficial effects of vitamin C and vitamin E in combination. Vitamin C

increases cellular vitamin E recycling.
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AA. The action of combination of vitamin E and vitamin C

The vitamin E and vitamin C are chain-breaking antioxidants. Hydrophobic
cellular compartment, vitamin E plays a major role in free radical scavenger. However,
there are many water-soluble chain-breakings in hydrophilic cellular compartment
such as glutathione, cysteine, uric acid and vitamin C. Therefore, regeneration of
vitamin E levels in general cell could be due to maintain its function and redox
homeostasis in lipophilic compartment. Vitamin E interacts with vitamin C at the polar
chromanoxyl head group of vitamin E which located near membrane water soluble
border (Niki, 1985).

1. Cooperative inhibition of oxidation

Oxidation in water-soluble initiation condition, vitamin C inhibited the free
radical and promoted a clear inhibition period before free radical attack the lipid
bilayer. Vitamin E also suppressed free radical and promoted inhibition period.
Combination of vitamin C and E promoted inhibition period which was similar to the
summation of their separate inhibition periods.

2. Synergistic inhibition of oxidation

The synergistic effect of vitamin E and vitamin C appeared in condition of lipid-

soluble oxidation. Free radicals were generated in cellular membrane. Administration

of vitamin C separately could not induce inhibition of oxidation reaction while given
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vitamin E exerted oxidation inhibition effects. However, combination caused the higher
inhibition effect than vitamin E alone.

Therefore, combination of vitamin E and C could be the most effective
antioxidant supplement in imbalance redox homeostasis in many disease and

preventive medicine.

AB. Usage of combined vitamin E and vitamin C in kidney injury

condition

In gentamicin induced nephrotoxicity rats, combination of vitamin E and vitamin
C reduced LDH, NAG and ALP compared with gentamicin treated rats alone
(Kadkhodaee et al.,, 2005). In gentamicin-treated Guinea pigs, SOD, GSH and CAT
activities were lower significantly compared to control group and group receiving
gentamicin plus vitamin C and vitamin E (Kavutcu et al, 1996). It has been
hypothesized that gentamicin damaged renal tubular cell by attacking the
mitochondria and increased ROS production (Wohlgemuth et al,, 2014). Thus, the
combination of vitamin E and vitamin C could help to support mitochondrial cellular
stability and improve antioxidants status. In another renal toxic agent such as cisplatin,
a platinum-based anti-cancer drug, it caused renal damage by apoptosis, inflamsnmation,
vascular ischemic reperfusion injury and over production of oxidative stress (Pabla and
Dong, 2008). Ajith and colleagues (2009) found that the combination of vitamin C and

vitamin E could reduce kidney lipid peroxidation, and improve renal GSH levels in mice
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with cisplatin induced nephrotoxicity. Moreover, in pyelonephritis rat model which
were induced by inoculation of Escherichia coli after intramuscular injection of 10
me/kg of gentamicin caused increase in plasma creatinine and renal scar formation.
Giving vitamin C and E to pyelonephritis rat model could reduce plasma creatinine and
renal scar formation (Emamghorashi et al., 2011). Thus, combination of vitamin C and
vitamin E might be advantage in patients with many renal toxicity conditions.
Thamilselvan and colleagues (2014) studied in proximal tubular cell line (LLC-
PK1) which injury was induced by oxalate at physiological concentrations. They
reported that oxalate induce LLC-PK1 injury by increased ROS, increased cellular injury
enzymes and reduced cellular antioxidants. The incubation of damage LLC-PK1 with
vitamin E plus vitamin C could significantly improve cellular damage and antioxidant
status compared with treated group and single administration of vitamin E or vitamin
C group alone. Hence, the combination of vitamin E and vitamin C might have
synergistic effects to prevent cellular damage from oxalate and CaOx stone. However,
the in vivo study of combination effects of vitamin E and vitamin C with CaOx stone

has not yet been elucidated.
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AC. Klotho protein: generation, structure, classification and

distribution

In the recent year anti-aging protein, Klotho protein, has been widely studied
in many disease conditions. The klotho gene was first identified in 1997 by Kuro-o and
co-workers. It is expressed dominantly in distal convoluted tubules in the kidney and
choroid plexus in the brain (Kuro-o et al., 1997). It was also detected in other endocrine
organs such as pituitary, parathyroid, pancreas, ovary, testis and placenta (Kuro-o et
al., 1997). The klotho gene-deficiency mouse developed premature multi-organ failure
such as growth retardation, shorten life span, hyperphosphatemia, skin atrophy, loss
of cognition. Thus, these data indicated that klotho may be antiaging gene (Kuro-o et
al., 1997; Kurosu et al., 2005). Klotho protein is divided into three types, full length
membrane, soluble and secreted form (Xu and Sun, 2015) (Figure 2-12).

The functions of different forms of Klotho protein were more revealed but not
completely. The functions of full length membrane are co-receptor of fibroblast
growth factor family 23 (FGF23) and fibroblast growth factor (FGF) which control active
vitamin D formation and works on multifunctional homeostasis in renal handling of
electrolytes including calcium and phosphate (Kurosu et al., 2006; Urakawa et al,,
2006). The secreted and soluble forms are now discovered more than ten functions in
physiological control of the body such as regulation of ion transporter (Ca and K),

fibrogenesis, cancer metastasis, regulation of lipid raft formation (Dalton et al., 2017),
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regulation of cellular senescence by suppression of Wnt-beta catenin signaling
pathway, cardioprotection and inhibition of insulin and insulin-like growth factor-1 (IGF-
1).

It is a superior biomarkers of kidney injury because soluble Klotho protein
reduced rapidly after kidney injury (Hu et al.,, 2010; Hu and Moe, 2012; Torregrosa et
al., 2015). The study revealed that in CKD and AKl rat’s model, naked plasmid encoding
secreted klotho (pV5-sKlotho) IV injection could protected injury lesions in the kidney
tissue (Zhou et al., 2015). Moreover, the same research group found that fibrosis in
kidney tissues were reduced in pV5-sKlotho injection group. It is implied that Klotho
protein could modulate kidney injury and reverse many diminished functions after
kidney disease occur. Moreover, report of the single nucleotide polymorphism of
Klotho gene in CaOx stone patients at the positon G395A was found (Telci et al., 2011).
Although the association between Klotho protein and calcium oxalate stone is
incompletely explained.

Recently, the levels of urinary Klotho protein in human CKD patients were
significantly correlated with the estimated GFR (eGFR) and severity of CKD stage
(Akimoto et al., 2012; Kim et al., 2015). Thus, Klotho protein levels can be used as an

early biomarker for detecting the alteration and progression in CKD patients.
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Figure 2-12 The three types of Klotho protein: 1. full length trans-membrane protein, 2.
circulation or soluble form (molecular weight 130 kDa) and 3. secreted form. The
full  length trans-membrane form was cutting by a disintegrin  and
metalloproteinase domain- containing protein family 10 and 17 (ADAM10,

ADAM1T).

AD. Renal handling of soluble Klotho

The first study which demonstrated the renal handling of soluble form of
Klotho protein in anephric rats and the direction of Klotho protein transported in
opossum kidney cell line were performed (Hu et al., 2016). The highest expression of
Klotho gene and Klotho protein in the kidney is the main source of soluble Klotho
protein which cleared completely via the kidney. The half-life of endogenous soluble
Klotho is 26.6 hours. Moreover, the direction of transcytosis and trafficking of Klotho

protein in proximal tubule is from basolateral side to apical membrane only.
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AE. Klothoprotein and oxidative stress

It has been reported that Klotho protein could be used as preventive molecule
for renal impairment (Hu et al., 2016). Mouse transfected with Klotho gene decreased
intracellular superoxide concentration through cyclic adenosine monophosphate
(cAMP) (Wang et al., 2012). However, the association between Klotho protein levels
and redox regulation molecules such as SOD, catalase and glutathione in calcium

oxalate stone have not yet been fully investigated.
AF. Klotho protein, hyperoxaluria and CaOx nephrolithiasis

It is documented that the membrane form of Klotho protein plays a central
role in the pathogenesis of CaOx urolithiasis due to its association with vitamin D-
calcium-phosphorus regulation (Kuro, 2011). However, the effect of the soluble form
of Klotho protein has not yet been investigated in kidney. Importantly, the soluble
Klotho protein directly controlled the TRPV5 (the apical transient receptor potential
vanilloid Ca**channel) and TRPV6 which were the calcium channel in the kidney and
intestine, respectively owning to its glucuronidase enzyme activity (Huang, 2010). The
soluble Klotho protein cleaved the N-glycan structure in the TRPV5 resulting in the
inhibition of internalization of calcium channel, thus enhanced reabsorption of calcium
from the ultrafiltrate at distal convoluted tubule (Cha et al., 2009). Telci et al. (2011)
found that there are significant differences in single nucleotide polymorphisms (SNPs)

between healthy people and kidney stone formation. Therefore, Klotho protein might
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play an important role in CaOx kidney stone formers and could be used as a future
diagnostic and therapeutic marker in patients with CaOx stone. However, the study of
Klotho protein concentration and function in hyperoxaluric rats has not yet been

thoroughly studied.
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CHAPTER IlI

MATERIALS AND METHODS

The study was divided into two parts as follow:

Part I. Protective effects of vitamin E and vitamin C supplement on renal functions,
oxidative stress and renal handling of organic and inorganic substances in HLP-induced

hyperoxaluric rats.

Part Il. Effects of vitamin E and vitamin C supplement on oxidative stress, Klotho

protein levels and Klotho protein mRNA expression in HLP-induced hyperoxaluric rats.

1. Approvals

This experiment was approved and conformed by Chulalongkorn University
Care and Use Protocol (CU-ACUP), Faculty of Veterinary Science, Chulalongkorn

University in protocol review number 1431056.

2. Animal managements and experimental designs

The seventy Male Sprague Dawley rats obtained from National Laboratory
Animal Center, Mahidol University (NLAC), weighed between 250-350 grams were
included. All rats were housed in the 12:12 hours dark and light cycle and permitted
for access free water and food ad libitum. All animals were acclimatized to the
environment for 7 days before experiment. The experimental rats were divided

randomly into 5 groups as follows:
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Group 1, control group, rats were received regular drinking water. An intraperitoneal
injection of olive oil was performed (0.2 ml/100g body weight) as a placebo of vitamin
E (Vit E) and an intravenous injection of isotonic saline was administered (0.2 ml/100g

body weight) as a placebo of vitamin C (Vit C).

Group 2, hyperoxaluric group, rats were received 2% HLP in drinking water throughout
the experimental period. An intraperitoneal injection of olive oil (0.2 ml/100g body
weight) and an intravenous injection of isotonic saline (0.2 ml/100g body weight) were

performed as a vehicle of Vit E and Vit C, respectively.

Group 3, hyperoxaluric rats with vitamin E supplement group, in addition to
hyperoxaluric group, Intraperitoneal injection of Vit E (200 mg/kg body weight) and an

intravenous injection of isotonic saline (0.2 ml/100g body weight) were performed.

Group 4, hyperoxaluric rats with Vit C supplement group, in addition to hyperoxaluric
group, intraperitoneal injection of olive oil (0.2 ml/100¢ body weight) and intravenous

injection of Vit C (500 mg/kg body weight) were performed.

Group 5, hyperoxaluric rats with vitamin E and vitamin C supplement group, in addition
to hyperoxaluric group, rats were received an intraperitoneal injection of Vit E (200

mg/kg body weight) and an intravenous injection of Vit C (500 mg/kg body weight).

The route, duration and dosage of Vit E were followed by the study of Huang
and co-workers (2006) which used 200 mg/kg body weight of vitamin E in EG-induced

hyperoxaluria prevented CaOx crystal formation. Additionally, the route, duration and
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dosage of Vit C were followed by the study of Korkmaz and Kolankaya (2009) and
Robitaille et al. (2009) due to the protective effects of kidney injury from gentamicin-

induced nephropathy and the levels of oxalate excretion, respectively.

The number of the experimental rats in each group for study in part | and part

Il were shown in Table 3.1

Table 3.1 The randomization of seventy experimental rats into five groups for

the study in part | and part II.

Study part | | Study part I
Experimental groups
(n=37) (n=33)

Group 1 8 7
Group 2 8 7
Group 3 7 6
Group 4 7 6
Group 5 7 7

3. Drugs, infusion solutions and chemical reagents

3.1 Vitamin E (d-alpha-tocopherol) (DURVET, INC, Blue Springs, MO, USA) had a
concentration 1 I.U. of d-alpha-tocopherol = 0.67 mg of natural form. The 300 I.U. per

ml (201 mg/ml) of vitamin E was used in dosage 200 mg/kg intraperitoneally injection.
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3.2 Vitamin C (Ascorbic acid, 500 mg / 2 ml) (Atlantic Laboratories Corporation Ltd.,
Bangkok, Thailand) (250 mg/ml). The ascorbic acid 500 mg/kg body weight was

intravenously injection.

3.3 trans-4-Hydroxy-L-proline (HLP) (ACROS ORGANICS, New Jersey, USA). The 2% w/v

HLP added in drinking water throughout the experimental period.

3.4 Pentobarbital sodium (Nembutal®, 5.47¢ per 100 ml) (CEVA Sante’ Animale,
Libourne, France). The pentobarbital sodium was used for anesthetic drugs by

intraperitoneally injection in a dosage 60 mg/kg BW.

3.5 0.9% Normal saline was used as placebo for vitamin C by intravenous injection and

vehicle for clearance study.

3.6 Olive oil (100% purification, VIDHYASOM Co, Ltd., Bangkok) was used as a placebo

for vitamin E by intraperitoneal injection.

3.7 Inulin (Sigma aldrich, 25¢) (SIGMA-ALDRICH, Co, MO, USA) was prepared to 1%

solution for renal clearance study.

3.8 PAH (Sigma aldrich, 500¢) (SIGMA-ALDRICH, Co, MO, USA) was prepared to 0.2%

solution for renal clearance study.

3.9 Lithium Chloride solution was prepared to 0.07% and 0.015% for lithium clearance

study.

3.10 Flushing solution was containing of 0.1M sodium phosphate buffer.
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3.11 Fixation solution (4% paraformaldehyde) was prepared from the combination

between 0.2 M sodium phosphate buffer and 8% of paraformaldehyde.

4. Experimental protocol

4.1 Study part |

All rats were subjected to experimental study for 21 days as previous described
in HLP induced hyperoxaluric rat model by Khan et al. (2006) and Zuo et al. (2011).
The experimental rats were studied in renal hemodynamics on day 21 (Figure 3-1). The
data of body weight, food and water intake was recorded daily. After acclimatization
periods, all rats in each group were enrolled into the individual metabolic cage for 24
hrs urine collection for measurement of substances and volume (U0). The study in
metabolic cage was repeated on day 10 and 20 (U10 and U20) (Figure 3-1).

One milliliter of urine sample from metabolic cage was obtained for urinalysis
and measurement of urinary protein and creatinine concentration. The rest of the urine
was stored at -200C for further analysis of the concentrations of the electrolytes (Na,
K, Cl, Ca, Mg and Zn), and stored at -70°C for analysis of osmolarity, oxalate, citrate,
MDA, and TAS.

The indirect blood pressure (BP1 and BP11) was performed on day 1 and day
11 after animals were released from metabolic cage. Each rat was anesthetized using
60 mg/kg pentobarbital sodium injected intravenously while 0.5 ml of blood sample
was collected by trimming the tail vein for measurements of hematocrit, and the

concentrations of blood urea nitrogen (BUN) and creatinine (Figure 3-1). The 2% HLP
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(w/v) were added into drinking water for rats in group 2-5. Vit E (200mg/kg body weight)
was injected intraperitoneally on day 1, 6, 11 and 16 in group 3 and 5 while olive oil
was used as a placebo of vitamin E in group 1, 2 and 4. Dosage, route and duration of
Vit E injection were followed as studied by Huang et al. (2006). Vitamin C was injected
intravenously on day 1 and 11 in group 4 and 5 while the 0.9 % NSS was administered
as a placebo of vitamin C in group 1, 2 and 3. Based on the study from Korkmaz and
Kolankaya (2009) and Robitaille et al. (2009), 500 mg/kg body weight of Vit C was
considered as optimum dosage and used in the present study.

Five ml of blood were obtained from cardiac puncture for the measurements
of hematocrit (Hct), BUN, creatinine (Cr), electrolytes (Ca, Mg and Zn), osmolarity and
MDA on day 21. After the rats were released from metabolic cage on day 21, the renal
clearance study was accomplished for evaluation of renal functions and renal

hemodynamic parameters (Figure 3-2).



Drinking water: group

1

G 2% HLP in drinking water: group 2-5 jre———f-

VitE or olive oil injection

BP,,
BP, P, BP,; Py, P
. . . Day 21
- E . E Renal hemodynamic study
v v v
2 - -
1 Ll 1 ) 1 1 1 1 Day
0 Dl Ds DlO D11 Diﬁ Dzo D21
Uy A U1o A Uz
VitC or NSS injection
IV injection: IP injection:

NSS 0.2 ml/100g: group 1, 2 and 3
Vitamin C 500 mg/kg: group 4 and 5

Olive oil 0.2 ml/100g: group 1, 2 and 4
Vitamin E 200 mg/kg: group 3 and 5

Figure 3-1

substances and the determination of parameters in urine and plasma.

P1 and P11: Hematocrit, BUN and creatinine levels in plasma on day 1 and day 11

P21: Hct, BUN, creatinine, electrolytes (Na, K, Cl, Ca, Mg

and Zn),

malondialdehyde (PMDA), oxalate and citrate levels in plasma on day 21

BP1, BP11: Indirect blood pressure on day 1 and 11

BP21: Direct blood pressure on day 21
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Experimental procedure for vitamin E and vitamin C injection, renal excretion of

osmolarity,

U0, U10 and U20: urinalysis, UPC ratio, creatinine, electrolytes (Na, K, Cl, Ca and Mg), osmolarity,

oxalate, citrate, MDA, TAS and Klotho protein levels in urine on day 0, 10 and 20

Day 21: Renal clearance study (clearance of inulin (C,,), clearance of para-aminohippurate (Cpay)

and clearance of lithium (C,)).

4.1.1 Experimental protocol for renal hemodynamic study

On day 21, renal hemodynamics, tubular handling of Na and water were

evaluated by the clearances of inulin, para-aminohippurate (PAH; Cpay) and lithium
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(Cp), respectively. The experimental rats were anesthetized by used an intraperitoneal
injection of pentobarbital sodium at dosage 60 mg/kg BW. The trachea was approached
then by ventral midline incision at the neck position. The polyethylene tube (PE 240)
was inserted directly into the trachea of the rats and ligated with the suture for
prevention of tracheal obstruction. After that, the carotid sheet which lied next to the
trachea was blunted by curved mosquito forceps and then the internal carotid artery
was stabbed and subsequently placed the PE-50 which connected to physiograph
(BIOPAC® Systems, Inc, Goleta, CA, USA) while data acquisition was performed with
specific software (Acgknowledge®, BIOPAC® Systems, Inc, Goleta, CA, USA). Then, the
stage of surgical anesthesia was maintained at stage lll. After that, the incision of the
ventral abdominal midline was achieved for approach, stab the urinary bladder and
place the PE 240 into the bladder for collection of the urine. Afterward, the inguinal
area of the right leg was approached to locate and dissected the femoral artery and
vein. The PE-50 was placed directly into both femoral vessels for infusion the solution
and collection of blood (Figure 3-2).

During 45 minutes of equilibration periods, the mixture of solution containing
1% inulin, 0.2% PAH and 6% mannitol was infused at the rate of 1 ml/hr per 100 ¢
body weight into the femoral vein. After equilibration period, the 0.20 ml of 0.07 M
lithium chloride (LiCl) solution was given as a bolus and followed by continuous
infusion of the same mixture containing inulin, PAH and mannitol with addition of 0.015

M of LiCl solution, which was kept at the same rate throughout the study (Figure 3-2).
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Ten minutes after 0.015 M of LiCl administration, three consecutive urine collections
were performed every 20 minutes for measurements of urine volume and
concentrations of lithium, inulin and PAH. The 0.5 ml of blood were collected at the
midpoint of each urine collection to determine the concentrations of lithium, inulin
and PAH. After each blood collection, 6% bovine serum albumin was administered at

an equal volume to replace blood loss.

Bolus 0.2 ml of 0.07M Licl |

1
! P, P, P,
1
v H
v v v
hY_J
10 min
Infuse 0.015M LiCl
Saline solution containing 10 mU/hr/kg BW
1% inulin
0.2% PAH I I I
6% mannitol I I I
1 ml/hr/kg BW
Ul UZ U3
0 45 55 75 95 115
| | 1 | | | ..
| 1 | | ] min
Figure 3-2 Experimental protocol for renal clearance study. The saline solution containing

1% inulin, 0.2% PAH and 6% mannitol was infused in the rate 1 mU/hr/kg BW until
equilibration period at 45 min. After that, 0.07M LiCl was given in bolus 0.2ml
followed by 0.015M LiCl infusion (10ml/hr/kg BW). The three-consecutive urine
and blood were collected every 20 min for further determination of concentration

of substances in urine and plasma.
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4.2 Study part Il

The thirty-three rats were enrolled to experimental study for 21 days and
randomized into five groups of experiment as described in study. part I. The daily data
of the body weight, food and water intake were recorded in all rats. The 24 hrs urine
in each rat was collected by placing a rat in individual metabolic cage on day 0 and
day 20 (Figure 3-3). One milliliter of urine was used for urinalysis and determination of
urinary protein excretion and creatinine concentration. The rest of the urine was kept
at - 20°C for further analysis of the electrolytes level (Na, K, Cl, Ca, Mg and Zn), and

stored at -70°C for measurement of osmolarity, oxalate, citrate, MDA, and TAS.
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VitC or NSS injection
IV injection: IP injection:
NSS 0.2 ml/100g: group 1, 2 and 3 - Olive oil 0.2 ml/100g: group 1, 2 and 4
Vitamin C 500 mg/kg: group 4 and 5 - Vitamin E 200 mg/kg: group 3 and 5
Figure 3-3 The experimental protocol for study of Klotho protein in hyperoxaluric rats.

P1 and P21: Hematocrit, BUN and creatinine

P21: Hematocrit, BUN, creatinine, electrolytes (Na, K, Cl, Ca, Mg and Zn), osmolarity, MDA, oxalate,
citrate and Klotho protein

BP1: Indirect blood pressure at day 1

BP21: Direct blood pressure at day 21

U0, and U20: urinalysis, UPC ratio, creatinine, electrolytes (Na*, K*, Cl', Ca** and Mg*"), osmolarity,
oxalate, citrate, MDA, TAS and Klotho protein

Vascular perfusion fixation: kidney Klotho protein, histopathology and kidney oxidative status
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4.2.1 Experimental protocol for kidney Klotho protein and kidney

oxidative stress

After the rats were released from metabolic cage on day 21, all rats were
anesthetized by used intraperitoneal injection of pentobarbital sodium in dose 60
mg/kg BW. The trachea and carotid sheet were approached by ventral midline incision
of the neck. The tracheostomy was performed for the prevention of tracheal
obstruction by inserted directly of polyethylene catheter (PE 240). The insertion of PE
50 into the internal carotid artery was achieved for measurement of direct blood
pressure and collection of blood sample. One milliliter of blood sample was used for
determination of Hct, BUN and Cr while the rest of plasma was stored at -70°C for
further analysis of electrolytes (Na, K, Cl, Ca, Mg and Zn), osmolarity, Klotho protein
and MDA.

After that, the ventral midline abdominal incision was approached to locate
the kidney, abdominal aorta and vein, renal artery and renal vein. The right kidney was
lisated and removed immediately and washed with ice-cold Na-PBS before kept at -
70°C for further examination of oxidative stress parameters (catalase (CAT), superoxide
dismutase (SOD), reduced form of glutathione (GSH), MDA and mRNA expression of
Klotho protein.

Consequently, the vascular perfusion fixation was performed via abdominal
aorta and vein. The left kidney was flushed with ice-cold Na-PBS pH 7.4 and

subsequently fixed by used a 4% paraformaldehyde for 5 minutes. Then, left kidney
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was removed and fixed in the 0.1M Na-PBS containing 4% w/v paraformaldehyde
overnight at 4°C for further study of immunohistochemistry and histopathology
investigation. After the study, all rats were euthanized using over dosage of

pentobarbital sodium.

5. Analytical procedures for determination of urine, plasma and kidney

tissue samples

The levels of of PCr, BUN and UCr were determined using colorimetric method
by automated analyzer (The IL ILab 650 Chemistry Analyzer, Diamond diagnostic, MA,
USA). The flame photometer (Frame photometer 410C, Ciba Corning Inc., USA) was
used for determination of plasma and urine electrolytes concentrations (Na and K)
while chloridometer (Chloride analyzer 925, Ciba Corning Inc., USA) was used for
measurement of plasma and urine chloride levels. The osmometer (Advanced
Instrument Inc., USA) was used for evaluation of plasma and urine osmolarity. The
concentrations of inulin in urine and plasma were measured by using the Anthrone
method (Young and Raisz, 1952) while the concentration of PAH in urine and plasma
were determined by using Brun method (Brun, 1951). The concentrations of plasma
and urine Ca, Mg and Zn were assessed using inductively coupled plasma optical
emission spectrometry (Perkin Elmer™ Optima 5400, Waltham, MA, USA) while the
levels of oxalate and citrate were measured using capillary electrophoresis (P/ACE™

MDQ CE Beckman Coulter, Fullerton, CA, USA). Urinary TAS was investigated by using
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the method of Chrzczanowicz et al. (2008) while the concentrations of MDA in urine,
plasma and kidney tissues were evaluated by using the method of Ohkawa et al.
(1979). The levels of reduced GSH in the kidney tissues were measured using the
method of Beutler et al. (1963). The activity of SOD and catalase was evaluated using
the method of McCord and Fridovich (1969) and the method of Aebi et al. (1968),
respectively. The concentrations of protein in urine and kidney tissues were measured

by Lowry’s method (Lowry et al.,, 1951).

6. Urinalysis study

The specific gravity of urine was assessed by refractometer from 0.5 ml of urine
in each rat while the pH and the chemical properties of urine samples were measured
using the urine strip test (Combur9 Test®, Roche Diagnostics GmbH, Mannheim,
Germany). After that, the 0.5 ml of urine was centrifuged at 2500 rpm for 10 minutes
and discarded the supernatant. Then, the sediment of urine was stained with
Sternheimer-Malbin and subjected to microscopic visualization for evaluation of
calcium oxalate crystal. The CaOx crystal was quantified by examining the sections at
x40 with the average from five fields per section. The average crystal count was
recorded as 0: no crystal deposit per field, 1: 1-2 crystal deposits per field, 2: 3-5 crystal
deposits per field, 3: 6-10 crystal deposits per field and 4: >10 crystal deposits per

field.
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7. Determination of urine, plasma and kidney MDA

Malondialdehyde (MDA) was determined using a method of Ohkawa (Ohkawa
et al,, 1979). The MDA was measured in the form of thiobarbituric acid reacting
substances (TBARS). The 500 pl of urine or plasma was added in a reaction mixture of
0.2 ml of 8.1% sodium dodecyl sulfate (SDS), 1.5 ml of 20% acetic acid, 1.5 ml of 0.8%
thiobarbituric acid and 6.6 ml of water. After mixing the mixture vigorously, the mixture
was heated at 950C for 1 hour. Afterward, the mixture was cooled with tap water then
n-butanol and pyridine solution (15:1, v/v) were added and shaken strongly for 1
minute before centrifugation at 5000 rpm for 10 minutes. The supernatant layer which
containing the lipid peroxidation product, organic layer, was measured the absorbance
at 532 nm by spectrophotometric method and the value of MDA in urine or plasma
were expressed as nmol/ml.

To evaluate the product of lipid oxidation, MDA, in the kidney tissue, the renal
cortex was homogenized in reagent that compose of 1.15% potassium chloride and
0.003 M EDTA (1:10 w/v). The homogenate was centrifuged at 600 ¢ for 15 minutes.
Then, the 0.4 ml of supernatant was added into the reaction solution as described for
MDA determination in urine and plasma samples. MDA value was expressed as nmol

per milliscram kidney protein which is determined by Lowry method.
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8. Determination of urine TAS

Total antioxidant status in urine was evaluated by used the method of
Chrzczanowicz et al. (2008). The principle of the assay is the interaction between a
stable free radical a, a-Diphenyl-b-picrylhydrazyl (DPPH) and antioxidant enzymes in
the samples. Adding 20 pl of samples to the mixture of 400 pl sodium phosphate
buffer plus 400 ul DPPH, then mixed carefully and incubated at the room temperature
for 20 min. The absorbance was reccorded at 520 nm. The radical scavenging activity
(% inhibition) was presented as percentage of DPPH radical elimination which

calculated by the following formula; % inhibition= [(ODblank- ODtest)/ ODblank] x 100.

9. Determination of urine and plasma Li, Ca, Mg and Zn concentration

The levels of Ca, Mg and Zn in urine and plasma samples were determined
using inductively coupled plasma optical emission spectrometry (ICP-OES) method.
The system of ICP-OES was composed of pump, nebulizer, spray chamber, light source
unit, radiofrequency unit, spectrophotometer and a detector connected with a data
processing unit.

The principle of ICP-OES was the optical emission spectrometry. After the
sample was pumped into the nebulizer and generated the mixture of gases of sample
and inert gas (argon), the atoms of mixtures were excited. After that, the excited-atoms
were flowed into the low energy site and the spectrum rays were then released and

emitted wavelength corresponding with a specific pattern in each inorganic metal. The
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intensity of each elements was detected and reported in value of part per million

(ppm) which standardized with standard curve.

10. Determination of wurine and plasma oxalate and citrate

concentrations

The capillary electrophoresis (CE) was used for determination of the
concentrations of oxalate and citrate in urine and plasma samples. The specification
of CE is to separate the difference substances by its size and polarity under the
electrical field along with capillary tube. Separation and quantification of oxalate and
citrate using CE at the optimal length of capillary tube and buffer were based upon
the study by Garcia and co-workers (2001). The reverse-polarity of CE with an applied
voltage of -15kV at 250C were introduced for detection of oxalate and citrate levels in
plasma and urine samples. An optimal buffer, pH and background electrolyte
contained borate buffer (40 mM), phosphate buffer (100 mM) and tetradecyltrimethyl

ammonium bromide (TTAB, 0.5 mM) while the wavelength was detected at 195 nm.

11. Determination of urine protein concentrations

The concentrations of protein in urine was measured by used the method of

Lowry (1951).

12. Determination of urine and plasma Klotho protein concentrations

The soluble form of Klotho protein was investigated by a sandwich ELISA assay

(SEH757Ra, Cloud-Clone Corp, Houston, TX, USA). The urine and plasma were
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incubated with pre-coated microplate of biotin-conjugated antibody specific to Klotho
protein. Afterward, avidin conjugated to Horseradish Peroxidase was added and
incubated to each well of microplate. Substrate solution was added subsequently and
exhibited a change in color of biotin-conjugated antibody and enzyme-conjugated
Avidin-substrate complex. The stop solution, sulphuric acid, was added for termination
the reaction. The color was measured at wavelength 450 nm. The Klotho protein levels

in the samples were determined by compared with the O.D. of standard curve.

13. Determination of kidney reduced GSH concentrations

Kidney GSH was evaluated using a method of Beutler (1963). Renal cortex was
suspended in 1.8 ml of 100 ml mM KCl and 0.003 M EDTA and homogenized as
described above for determination of MDA. The homogenates were centrifuged at 600
g for 15 minutes, added 1 ml of supernatant to 1.5 ml of metaphospholic acid and
centrifugated at 3000 ¢ for 10 minutes. Reduced GSH was measured by adding 500 pl
of supernatant to 2.0 ml of 0.2 M phosphate buffer and 0.25 ml of 0.04% 5,5 dithiobis
2-nitrobenzoic acid. The absorbance was read at 412 nm against standard GSH. The

kidney GSH was expressed as nanomoles of GSH per milligram of kidney protein.

14. Determination of kidney catalase activity

Kidney catalase activity was determined using a method of Aebi et al. (1968)
and expressed as sec-1 per milligram homogenate protein. Slice of renal cortex tissue

(0.2 ¢) was homogenized with 1% Triton X-100. One hundred microliters of supernatant
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were added in a quartz cuvette containing 1.9 ml phosphate buffer and then add 1
ml of 30 mM H,O, to start the reaction. The change in absorbance was detected at
240 nm every 30 secs for 1-2 min using UV-VIS spectrophotometer. The external
standard catalase was used and the activity of catalase was expressed as unit per

milligram kidney protein which determined by Bradford method.

15. Determination of kidney SOD activity

The kidney super oxide dismutase (SOD) activity was assessed by SOD assay as
previous described by McCord and Fridovich (1969). The renal cortex was suspended
in 1.5 ml of PBS buffer and homogenized. The SOD activity expressed in unit which
inhibits the rate of cytochrome c reduction by 50%. The data was related to standard
preparation utilizing a plot 1/AE min'! versus standard. The solution A is 0.76 mg of
xanthine and 24.8 mg of cytochrome ¢ was mixed with 100 ml of 50 mM phosphate
buffer and kept at 25 °C. The solution B was xanthine oxidase in 0.1 mM EDTA which
was stored on ice. Adding 2.9 ml of solution A in cuvette and then followed by 50 pl
of SOD standard or sample. After that, 50 pl of solution B was added when the reaction
was started the absorbance was recorded at 550 nm and plotted using 1/AE min!

derived from the linear part of the reaction versus concentration of SOD standard.

16. Procedure for kidney histopathology investigation

The kidneys were fixed with 4% paraformaldehyde in 0.1 mol/l PBS for 16 h at

4 °C and then embedded in paraffin. Paraffin sections (3 pm thick) are deparaffinized
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and hydrated, and the sections are stained with hematoxylin and eosin to examine
histological changes in the kidney. Histopathological lesions both in cortex and
medulla of glomerulus and tubular compartment were examined under a light
microscope by veterinary pathologist using high-power fields (HPF) (X40, magnification).
The glomerular lesions including mesangial cells hypertrophy, leukocyte accumulation,
Bowman’s capsule space dilation and crystal deposition were noted from the average
of 50 glomeruli (Weening et al., 2004). Microscopic lesions of tubular compartment
including tubular dilatation, tubular cell flattening, tubular cell vacuolization and
deposition of tubular cast were noted. Ten HPF areas in each slide were randomly
selected and scored according to 0=NRL (no remarkable lesion); 1=mild, 25-50% area
per HPF; 2=moderate, 51-75% area per HPF; 3=severe, >75% area per HPF (Weidemann

et al., 2008).

17. Procedure for kidney Klotho protein expression evaluation

Paraffin embedded of kidney tissue was deparaffinized and hydrated. All Kidney
tissue slides were pretreated with citrate buffer (pH 6.0) and heat for 20 minutes. The
3% hydrogen peroxide was used for endogenous peroxidase block. Non-specific
bindings were blocked by 45 minutes’ incubation with 3% bovine serum albumin (BSA).
Sections were incubated with rabbit anti-Klotho primary antibody (5 pg/ml, Abcam
ab154163, Cambridge, MA, USA) at 4 °C overnight. Detection step was used EnVision®
System HRP labelled polymer anti- rabbit (Dako, Glostrup, Denmark) at room

temperature for 45 minutes followed by 3,3’ diaminobenzidine chromogen (DAB
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solution, Dako, Glostrup, Denmark). All sections were counterstained with Mayer’s
hematoxylin and examined under a light microscope. The positive area of Klotho

protein was evaluated by using the iSolution program.

18. Procedure for kidney Klotho mRNA expression evaluation

The Klotho mRNA expression was determined by using real-time PCR as
previously described (Freel and Hatch, 2012; Joshi et al., 2012; Frick et al., 2013). In
brief, total RNA of Klotho protein in the kidney were extracted with RNeasy® Mini Kit
(QIAGEN®, Hilden, Germany. The RNA purification was conducted according to
manufacturer’ s instructions. The concentration of total RNA was determined by
NANODROP 2000c spectrophotometer (Thermo Fisher SCIENTIFIC, Ma, USA). First-strand
cDNA was synthesized from 100 ng/pl of RNA with Thermo Scientific RevertAid Reverse
Transcriptase (Lot 00317047). The QPCR Green Master Mix HRox, 2x (biotechrabbit,
Hennigsdorf, Germany) was used for quantitative real-time PCR master mix. The gPCR
products analyzed by StepOnePlus™ Real- Time PCR System (AB Applied Biosystems,
CA, USA).

The conditions used in the present study of both GAPDH and Klotho mRNA

expression were shown in Table 3.2
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Table 3.2  The condition using in realtime PCR processes
GAPDH Klotho
temperature temperature
step duration step duration
O 0

Initial step 95 2min | Initial step 95 2 min
1.Denaturation 95 15 sec | 1.Denaturation 95 15 sec
2.Annealing 55 30 sec | 2.Annealing 62 30 sec
3.Extension 72 15 sec | 3.Extension 72 15 sec
4.Detection 79 40 sec | 4.Detection 80 40 sec
Detection cycle = 40 cycles Detection cycle = 45 cycles

Gene activity was normalized to the average concentration of housekeeping

gene (GAPDH). The estimated-length of Klotho and GAPDH was 120 base pairs and 350

base pairs, respectively. Primer sequences were described below (Freel and Hatch,

2012; Frick et al., 2013; Joshi et al., 2015).

Rat Klotho

Forward

Reverse

Rat GAPDH

Forward

Reverse

5’-CGTGAATGAGGCTCTGAAAGC-3’

5’-GAGCGGTCACTAAGCGAATACG-3’

5’- TCCCTCAAGATTGTCAGCAA-3’

5’- AGATCCACAACGGATACATT-3’
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The relative change of klotho mRNA expression was calculated by comparative

Cr method (2 22T method) (Schmittgen and Livak, 2008).

19. Calculation

19.1

19.2

19.3

19.4

19.5

19.6

19.7

19.8

19.9

19.10

19.11

19.12

19.13

19.14

19.15

19.16

19.17

19.18

Mean arterial blood pressure = DP + 1/3(SP-DP)

GFR was calculated using inulin clearance (C,,)) (ul/g/min) = (U, * V,,) / P,
ERPF was calculated using PAH clearance (Copn)(ul/g/min) = (Upap * Voan) 7 Poan
ERBF (ul/g/min) = (ERPF * 100) / (100-Hct)

Filtration fraction (FF) (%) = (GFR * 100) / ERPF

RVR (mmHg/ul.g-1.min-1) = MAP / ERBF

Filter load of substances (mg/min) = GFR x P

Urinary excretion of substances (mg/min) = U x V

Tubular reabsorption of substances = (GFR x P) - (U x V)

Osmolar clearance (Coqn) = (Uggm X V) / Posm

Free water clearance (Co0) = V - Coem

Fractional excretion of substances = ((Us x V) / (Ps x GFR)) x 100
Clearance of substance = UV /P

Delivery of sodium out of proximal tubule (ul/g/min) = (ULi * VLi) / PLi
Reabsorption of water in proximal tubule (ul/g/min) = CIn - CLi
Reabsorption of sodium in proximal tubule (uEg/g/min) = (CIn - CLi) x PNa
Reabsorption of water in distal tubule (ul/g/min) = CLi -V

Reabsorption of sodium in distal tubule (uEg/g/min) = (CLi - CNa) x PNa
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19.20

19.21

19.22

The fractional excretion of sodium from proximal tubule (FE;;) = CLi / CIn
Urinary excretion of sodium from proximal tubule = Cy, / C;
Urinary excretion of water from proximal tubule =V / C

Tiselius index =

4067 * Calcium®®® x Oxalate®%¢

(Citrate + 0.015) * Magnesium®>% v

20. Statistical analysis

64

All data were expressed as mean + standard error of mean (SEM). The data

obtained in between groups were compared with group 1 or group 2 using One-way

ANOVA and One-way ANOVA on rank. The data obtained from the same group at

different time points were compared using One-way repeated measured ANOVA or

One-way repeated measured ANOVA on rank. The pairwise comparisons were

performed using Dunn’s method. The relationships between parameters were

performed using Pearson’s correlation and linear regression analysis. The p-value less

than 0.05 was considered as significant difference.
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CHAPTER IV

RESULTS

1. Study part |

Protective effects of vitamin E and vitamin C supplement on renal
functions, oxidative stress status and renal handling of organics and inorganics
substances in HLP induced hyperoxaluric rats.

A. General parameters (BW, food intake, water intake and blood

chemistry)

Body weight

On day 21, the averages of body weight in group 1, 2, 3, 4 and 5 were 378.2+7.4,
397.9+15.9, 365.1+15.4, 407.9+10.7 and 370.6+14.6 grams, respectively. There was no
significant difference among groups.

Food and water intake

Before experiment, food intake was only significantly lower in group 5 than
group 1 within normal range, while the rest were indifferent. At the end of experiment,
there was significantly lower in daily food intake in group 3 when compared with
control rats (group 1-5; 23.31+0.795, 21.51+0.786, 18.34+2.151, 22.74+0.698 and

20.93+1.542 grams). The water intake was significantly increased in HLP group at day
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10 of experiment compared with group 3 and group 5 (p<0.05). However, there was

no significant difference for water intake at day 20 (Table 4.1).

Table 4.1 Food intake (g/day) and water intake (ml/day) in five experimental

groups

Period Group 1l Group2 Group3 Group 4 Group 5
Day 1 21.1+1.6 19.3+1.8 19.5¢1.5 22.6+1.8 15.0+0.8
Food intake Day 11 25.5+1.3 21.3+1.8 19.1+19 24.8+2.1 19.6+3.0
Day 19 23.3+0.8 215+0.8 18.3+22" 22.7+0.7 20.9+15
Day 0  20.5+2.3 33.6+6.7 29.1+7.7 20.0£2.2 17.9+2.5
Water intake Day 10 37.9+4.3" 529+4.1" 23.3+6.6" 37.8+6.6 27.4+3.9"
Day 20 28.8+3.8 395+2.9 24.5+55 352+7.0 34.8+55"

The data are shown as mean+SEM.

" means significant difference when compared with group 1 (p<0.05)

# means significant difference when compared with group 2 (p<0.05)

" means significant difference when compared with day 0 (p<0.05)

Plasma creatinine and BUN

No significant difference in plasma creatinine concentrations along with

experimental period in all groups except group 2 which was elevated on day 21 when

compared with baseline (p<0.05) (Table 4.2, Figure 4-1). The BUN also temporary

increased on day 10 in group 2 and 3.and returned to normal at day 21 when compared

with baseline.



67

Table 4.2 Plasma creatinine (mg/dl) and blood urea nitrogen (mg/dl) at day 1, 11

and 21.
Day group 1 group 2 group 3 group 4 group 5
D1 0.25+0.02  0.30+0.02  0.33+0.02  0.30+0.02  0.30+0.02
PCr D11 0.33:0.04  0.45:0.03 0.43:0.08 0.430.10  0.31+0.04
D21  0.53x0.15 0.59+0.117  0.31£0.03  0.40£0.04  0.37+0.04
D1 21.1+1.4 16.9+1.3 16.7+0.6 16.6+1.1 14.7+0.8
BUN' D11 20.4:0.67 20.0+42" 237:21"  222:28  17.0:1.7
D21 21155  25.7+3.7 17.6£1.0  20.8+3.5 16.0+1.9

The data are shown as mean+SEM.

" means significant difference when compared with day 0 (p<.05).
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Figure 4-1 Mean values of plasma creatinine (A) and BUN (B) in five experimental groups. '

means significant difference when compared with day 0 (p<0.05).

Hematocrit and blood pressure

The hematocrit among groups were not significant difference both on day 0

and day 10. However, the indirect blood pressure, the systolic blood pressure in group
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2 at day 10 of the experiment was significantly elevated at day 10 when compared
with day 0 on the same group (Table 4.3).
Table 4.3 The hematocrit (%) and systolic blood pressure (mmHg) in each group

on day 0 and day 10.

Period group 1 group 2 group 3 group 4 group 5

Het DO 45.1£0.5  45.6+04 46.3+0.5 454404 45.6+0.4
D10 45.7£1.0 45.1+0.7 46.4+03 459+0.6 45.7+0.6
DO 138+6 124+4 12619 12045 13249

>8P D10 149+6 140+8" 126+7 127+2 124+7

Data are shown as mean+SEM.

" means significant difference in the same group when compared with day 0 (p<0.05).

B. Renal hemodynamic parameters from renal clearance study

Renal hemodynamics data were obtained on day 21 using clearance study.
Mean arterial pressure (MAP) and systolic blood pressure (SBP) were no differences
among groups. The hematocrit (Hct) after renal clearance study and the average of
urine flow rates (V) between renal clearance study were also not different among
group (Table 4.4). However, GFR was the lowest in group 2. The reduction of GFR in
group 2 was the highest when compared with group 1, 4 and 5 (p<0.05) (Figure 4-2).
The effective renal plasma flow (ERPF) (Figure 4-2) and effective renal blood flow
(ERBF) (Table 4.4) were slightly lower in group 2 when compared with another groups.

The renal vascular resistance (RVR) was slightly increased although not significance.
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Table 4.4  The systolic blood pressure (mmHg), mean arterial blood pressure

(mmHg), ERBF (ul/¢/min) and urine volume (ul/g/min) in each group on day 21.

group 1 group 2 group 3 group 4 group 5
SBP 125+6 14149 124+9 129+11 148+6
MAP 10745 119+11 107+9 111+11 13045
ERBF 38.2+5.2 28.6+4.8 37.4+9.6 39.7+£3.7 39.6+6.2
\Y 0.289+0.057  0.178+0.026  0.174+0.0.37 0.291+0.058  0.231+0.024

Data are shown as mean+SEM.
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Figure 4-2 Renal hemodynamic parameters; GFR (A), ERPF (B), FF (C) and RVR (D), means

significant difference when compared with group 1 (p<0.05) * means significant

difference when compared with group 2 (p<0.05)

C. Tubular reabsorption of water and sodium from lithium clearance

study

The reduction in water and sodium reabsorption at proximal tubule by 46%

were found in HLP-treated rats when compared with control rats (p<0.05) (Table 4.5,

Figure 4-3). Supplement with vitamin E, vitamin C or its combination improved water

and sodium reabsorption at proximal tubule. However, both water and sodium

reabsorption at the distal tubules were not differences among groups.
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Table 4.5  The water and sodium transportation and reabsorption from lithium

clearance study.

Parameters group 1 group 2 group 3  group 4 group 5

1.C, - C, 515+0.23  2.80+0.39"  4.61+0.57  520+0.82% 6.10+0.30"

2.(C,-C)xPy  075:0.04 0.39+0.06" 0.65:0.08 0.73x0.11" 0.84+0.03"

3.C,-V 0.87£0.28  0.55+0.16  0.54+0.21  0.62+0.09  0.73+0.10

4.(C,-Cu)xPy 011003  0.07+0.02  0.09+0.04  0.10:0.02  0.11+0.02

5.C; 402+93 292481 264+95 369+56 354+32

6. FE; 17.3+3.2 21.7+3.9 12.8+3.1 17.1£4.5 14.0+1.7
7. Cua/ Cp) 0.31+£0.05  0.28+0.05 0.22+0.05 0.22+0.03  0.17+0.03
8.(V/Cy 0.32+0.06  0.32+0.06  0.33+0.06 ~ 0.33+0.04  0.27+0.04

Data are shown as mean+SEM, = means significant difference when compared with group 1
(p<0.05), * means significant difference when compared with group 2 (p<0.05).

Ci - C; = reabsorption of water in proximal tubule (ul/g/min)

(G - C) X Py, = reabsorption of sodium in proximal tubule (UEg/g/min)

C, -V = reabsorption of water in distal tubule (ul/g/min)

(Cli = o) X Py, = reabsorption of sodium in distal tubule (UEg/g/min)

C,; = Delivery of sodium out of proximal tubule (ul/g/min)

FE.; = The fractional excretion of sodium from proximal tubule (%)

Cra/ Cp) = Urinary excretion of sodium from proximal tubule (%)

(V / Cp) = Urinary excretion of water from proximal tubule (%)
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group 1 group 2 group 3 group 4 group 5 group 1 group 2 group 3 group 4 group 5
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A B
10 1.4
E 2
2 2 12
= 8 ' Z #
E # = 1.0 - #
Z E
E- o N iz 1 is
5 I N N
£ o 4 = 20
£ i 1 \ = S 0.6 * \
g2 ¢ T | £3 T
Z | \ 57 04 \
| \
] 1| &
S 2 N Z o0 Z N
groupl group2 group3 groupd group$ groupl group2 group3 group4 group$
group 1 group 2 group 3 group 4 group 5 group 1 group 2 group 3 group 4 group 5
0.87%0.28 0.55%0.16 0.54%0.21 0.62£009 | 0.73%0.10 0.11020028 | 0074%0.02 | 0.087£0.035 | 0.102£0.019 | 0.113£0.015
C D
2.0 0.25
=
é E 0.20
= 15 g -
z £
oA £Z 0as T
< £ pod-
EE w0 B I
g 2= =
EZ gg o I s2:s AN
z 2= , | \
g 05 T
g ? || § g o0s V/ | \
] <
= z Y
Z ., /// & oo Z AN
groupl group2 group3 groupd group5s groupl group2 group3 group4 groupS
Figure 4-3 The reabsorption of sodium and water at proximal and distal convoluted tubule

(A-D) by using lithium clearance study. ‘means significant difference as comparable

with group 1 (p<0.05) * means significant difference as comparable with group 2
group 1 {p S P

(p<0.05)

D. Plasma electrolytes concentrations

Plasma Na, K, Cl, Ca, Mg, and and Ca/Mg were not differences among groups

(Table 4.6). Plasma oxalate in HLP-treated rats (group 2-5) had elevated as compare

with control group while plasma citrate was changed in a contradictory way. The ratio

of plasma oxalate/ citrate was the highest in group 2 while supplement with Vit E, Vit
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C or their combination tended to be declined. There was no significant difference
among the plasma osmolarity from all groups of rats.

Table 4.6 Plasma concentrations of inorganic substances (mmol/l), zinc (umol/\),
oxalate (umol/U), citrate (umol/l) and plasma osmolarity (mOsm/\) obtained on day 21

in 5 groups of rats.

Parameters group 1 group 2 group 3 group 4 group 5

Na 154+6 146+4 143+3 149+4 141+1
K 55+0.5 4.7+0.19  55+05 4.6+0.4 4.7+0.2
Cl 101+2 103+3 102+1 102+2 105+2
Ca 3.1+0.3 2.3+0.2 2.6+0.3 2.6+0.2 2.6+0.2
Mg 1.2+0.1 0.9+0.1 1.3+0.3 0.9+0.1 0.9+0.1
Ca/Mg 2.6+0.1 2.6+0.1 2.31x0.3 2.8+0.1 2.9+0.2
Zn 30+3 2045 24+4 33+3 29+2
Oxalate 48+20 152+22*  168+34*  212+34* 121+18

Citrate 356+148  227+137 113124 128+19 121+27

Ox/Cit 0.2+0.1 23+1.1 1.310.3 1.8+0.4 0.9+0.2

POsm 32243 329+3 330+11 333+5 345+6

The data are shown as mean+SEM. * means significant difference when compared with

group 1 using One-way ANOVA (p<0.05).

E. Renal handling of organic and inorganic substances

The urinary excretion of organic and inorganic substances (U,V) were shown in

Table 4.7 and 4.8 while the risk indices were shown in table 4.9. At day 20, the oxalate
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excretion was significantly higher in group 2, 4 and 5 as comparable with control group.
However, group 3 had lower oxalate excretion compared with group 2 (p<0.05). At day
10, urine citrate excretion in group 2 declined significantly compared to day 0 and
compared with group 5. The urinary excretions of Na, K, Cl, Ca, Mg and Zn were not
different among each group. The Ca/Mg was unchanged in all groups. Moreover, the
fractional excretion (FE) of Na, K, Cl, Ca, Mg and Zn (%) on day 20 were not different
among each group (Table 4.10).

Table 4.7 The urinary excretion of oxalate and citrate (umol/day) in all groups

throughout the experimental period.

Parameters Period  group 1 group 2 group 3 group 4 group 5

DO 13.6+55 10.7+25 158+34  13.4+1.4  11.8+3.5
UoV D10 7.8+16 57.9+¢9.1"" 232458 68242697 24.6+38

D20  165+6.7 56.6+9.6°" 17.6+7.2% 77.0+163"" 37.8+8.9""

DO 4524128 325+6.5  37.7+8.9 32.8+5.3 36.5+12.6
UciV D10 32.1+10.6 11.9+3.8" 20.0+9.3 17.0£7.3  46.7+11.8"

D20 41.7+7.9  20.3+5.0  15.8+8.4 23.3+4.0 31.8+6.7

Data are shown as mean+SEM.
" means significant difference when compared with group 1 (p<0.05)
* means significant difference when compared with group 2 (p<0.05)

" means significant difference when compared with day 0 (p<0.05)



Table 4.8

and Zn in all groups throughout the experimental period.

Period  group 1 group 2 group 3 group 4 group 5
UnaV DO 2.8+0.7 1.9+0.2 1.6+0.4 1.8+0.3 1.6+0.3
(mmol/day) D10 2.2+0.6 2.4+0.2 1.3+0.3 2.3+0.7 2.2+0.2
D20 2.1+0.3 2.2+0.3 1.6+0.5 2.5+0.3 2.6+0.5
UV DO 1.3+0.3 0.9+0.1 0.7+0.2 1.3+0.2 1.1+0.3
(mmol/day) D10 1.1£0.2 1.3+0.2 0.7+0.1 1.2+0.3 1.2+0.1
D20 1.0+£0.1 1.0+£0.2 0.8+0.2 1.3+0.2 1.5+0.3
UV DO 0.4+0.1 0.5+0.1 0.2+0.1 0.3+0.1 0.2+0.0
(mmol/day) D10 0.5+0.1 1.5+0.4 0.2+0.1 0.2+0.1 0.2+0.1
D20 0.3+0.1 0.8+0.3 0.2+0.1 0.2+0.1 0.3+0.1
UeV DO 7.6x1.6 9.4+2.4 5.1+2.6 3.9+1.1 4.1+1.5
(umol/day) D10 15.6+3.9 3.3+0.8 4.0+1.8 8.7+6.6 5.8+2.1
D20 15.3+5.2 7.4+39 3.5+1.7 4.6+2.1 4.1+2.5
UV DO 42.3+12.4 64.5+329 27.8+123 437+21.7 51.9+26.1
(umol/day) D10  70.0£209 448+11.8 248+7.3 49.4+226 24.6+11.1
D20  48.9+133 436+16.5 149+64  28.1+6.1 7.8+6.5
UzV DO 0.7+0.2 0.6+0.2 0.4+0.1 0.7+0.4 0.6+0.2
(umol/day) D10 1.2+0.4 26.4+9.8 3.3+2.0 4.1+2.5 7.6+3.6
D20 14.6+13.7 16.1£8.4  10.1+6.6 12.0+6.8 26.6+19.5

Data are shown as mean+SEM.

" means significant difference when compared with group 1 (p<0.05)

* means significant difference when compared with group 2 (p<0.05)

" means significant difference when compared with day 0 (p<0.05)
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The urinary excretion of inorganic substances including Na, K, Cl, Ca, Mg
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Table 4.9 The risk indices for prediction of urinary supersaturation including the

ratio of Ca/Mg, Ox/Cit and Tiselius index.

Period  group 1 group 2 group 3 group 4 group 5

Ca/Mg DO 1.0+0.6 0.6+0.2 0.7+0.4 0.4+0.1 0.5+0.2
D10 2.1£1.7 0.1+0.0 0.7£0.6 0.3+0.2 1.1+0.5

D20 1.3+£0.9 0.5+0.3 0.7+0.4 0.2+0.1 2.1+£1.0

Ox/Cit DO 0.3+0.1 0.3+0.1 0.5+0.2 0.5+0.2 0.3+0.1
D10 0.3+0.1 13.8£5.0 3.7+13 17.8+£113 0.9+04

D20 0.4+0.1 4.3+1.6 2.2+0.6 4.0+1.1 1.4+0.3

DO 38#17  27+0.7  34+08  33x07  33x19
Tiselusindex D10 2.3+0.9  3.2¢0.9 125#83 57432  T7.12.4

D20 4.3+2.1 2.8+1.0 4.1+1.6 2.2+0.4 2.8+6.5

Data are shown as mean+SEM.

Table 4.10  Fractional excretion (FE) of Na, K, Cl, Ca, Mg and Zn (%) on day 20

group 1 group 2 group 3 group 4 group 5

FE Na 1.4+0.5 1.1+£0.4 0.6+0.1 0.7+0.2 0.8+0.1
FE K 20.3£7.0  16.3+4.9 7.5+1.0 11.8+3.2  13.7+19

FE Cl 12.6+6.5 6.2+1.6 6.6+4.2 13.3+8.5 6.4+2.0
FE Ca 0.5+0.2 0.2+0.1 0.1+0.0 0.1+0.0 0.1+0.1
FE Mg 2.8+1.0 3.5+1.0 1.7+1.3 1.3+0.3 0.5+0.5
FE Zn 18.7+15.2 31.3+6.4 63.7+589 13.5+7.7 55.1+355

Data are shown as mean+SEM.
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Renal handling of calcium and magnesium

The filter load and tubular reabsorption of calcium and magnesium were
drastically lower in group 2 as comparable with group 1. However, rats in group 4 and

5 mostly recovered the capacity of tubular reabsorption (Figured-4).
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Figure 4-4 Renal handling of calcium and magnesium. Filter load of Ca and Mg (A, D), tubular

excretion of Ca (B, E) and tubular reabsorption of Ca (C, F). ‘means significant
difference when compared with group 1 (p<0.05), * means significant difference

when compared with group 2 (p<0.05).
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Renal handling of oxalate and citrate

Interestingly, the filter load, tubular reabsorption and tubular excretion were
drastically elevated in group 4 while the renal ability of filter load, tubular reabsorption
and tubular excretion of citrate in HLP-treated groups (group 2-5) were diminished as

shown in Figure 4-5.
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Figure 4-5 Renal handling of oxalate and citrate in five groups of experiments. = means

significant difference when compared with group 1 (p<0.05), * means significant

difference when compared with group 2 (p<0.05).
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Renal handling of zinc

The ability of renal handling of trace element, zinc, was reduced in group 2 but
not significant difference when compared with control group. However, vitamin C

treated group had the highest filter load and tubular reabsorption of zinc (Figure 4-6).
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Figure 4-6 The filter load, tubular reabsorption and tubular excretion of zinc in all groups of

the study * means significant difference when compared with group 2 (p<0.05).
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F. Urinalysis results

The results of urine protein excretion and urine pH were shown in Table 4.11.
Protein excretion was elevated significantly on day 10 in group 2 as comparable with
control group while supplement with vitamin E in group 3 reduced urinary protein
excretion when compared with group 2. The urine pH and urine volume were not
significant alteration among study groups throughout the period of the study.
Moreover, the urine specific gravity (USG) in group 1-5 was unchanged among
experimental groups (USG of group 1-5 on day 20; 1.023+0.003, 1.019+ 0. 001,
1.030+0.005, 1.024+0.002 and 1.022+0.002). All HLP-treated groups had significant
higher crystal deposition than control on day 10 and day 20 (Figure 4-7). The highest
crystal score was observed in group 2, while vitamin E supplement appeared to

alleviate crystal score in urine sediment (group 3 and 5) (Figure 4-8 — 4-13).



Table 4.11

(mUl/day) from urinalysis

81

Urinary protein excretion (mg/day), urine pH and 24 hr urine volume

Period  group 1 group 2 group 3 group 4 group 5
Protein DO 69.1+16.2  81.5+163  78.7+31.9 64.4+18.9  64.3+12.1
D10 61.9+11.5 11224133 53.6+12.0" 68.6+19.5 67.8+14.4
excretion
D20 62.4+9.9  61.5+£10.4 36.2+9.9 60.8+9.9 65.6+9.4
DO 6.75+0.25  7.25+0.25  7.86+0.40  7.43+0.37  7.29+0.42
Urine pH D10  6.75£0.37  6.75+0.37  6.86+0.40  6.71+0.42  7.43+0.37
D20  7.13+0.35 6.63+0.26  7.29+0.36  6.71+0.29  7.29+0.18
DO 16.5+£2.2 18.2+2.6 11.5+3.5 11.5+1.9 11.5+£2.3
24 hr urine
D10 23.4+4.1 28.5+4.2 9.7+2.9 17.7+6.2 12.312.2
volume
D20 15.0£2.9 20.2+3.9 11.0£3.3 18.3£3.9 17.9+3.3

Data are shown as mean+SEM

" means significant difference when compared with group 1 (p<0.05),

difference when compared with group 2 (p<0.05).

#

means significant

COD score (0-4)
& 5 b b5 o

Figure 4-7

— o roup 1
............. group 2
------- group 3
group 4
- e e a» group 5
COD COM
25
T sesesesssssesee £y G i it
-------- 320 O
s st :
* @ o
o at & e ”
o o~ 2 2 S e ——
R et S 0 ra e .
.'.'/,/” ot 1 E 1.0 -~ /
g & R
/ ’ g os -
o o /
0.0
Day 0 Day 10 Day 20 Day 0 Day 10 Day 20

COD and COM crystal score from urinalysis study of rats in group 1 - 5. 'p < 0.05
when compared with group 1, p < 0.05 when compared with group2, "p < 0.05

in the same group when compared with day 0.
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Figure 4-8 The urine sediment from control group on day 10 (magnification x10). There was

no remarkable crystals, casts and cells.

Figure 4-9 The calcium oxalate monohydrate (COM, red arrow) and calcium oxalate
dihydrate (COD, green arrow) revealed from the urine sediment on day 10 of HLP-

treated rat (group 2) (x40).



Figure 4-10

The COD crystal in urine sediment from group 2 on day 20 (green arrow, x40).

Figure 4-11

The COD crystal in urine sediment from group 3 on day 20 (red arrow, x40).
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Figure 4-12 The COD and COM crystal from the urine sediment of group 4 on day 20 (x40).

Figure 4-13 A tiny COD (in the middle of red circle) from urine sediment in group 5 on day
20.



G. Oxidative stress parameters in urine and plasma

The levels of lipid peroxidation product, MDA, in plasma and urine sample were
shown in table 12. At the end of the experiment, group 2 exhibited significantly higher
PMDA concentration than control (Table 4.12), with no difference in excretion of urine
MDA detected among groups. On the contrary, UTAS was the lowest in group 2, while
either vitamin C or vitamin E treated-rats appeared to improve UTAS in hyperoxaluric
rats (group 3, 4 and 5).

Table 4.12  Effects of Vit E and Vit C and its combination on PMDA (nmol/ml),

UMDA/UCr (nmol/ mg Cr) and UTAS (%)

Period group 1 group 2 group 3 group 4 group 5

PMDA D20 1.1+0.3 3.3+0.5% 2.2+0.5 1.7+0.4 2.0+0.3
D0 26.2+5.2 30.4+7.5 25.0+3.5 22.6+4.0 33.7+4.6

umba/ucr D10 16.0+3.5 20.2+4.6 22.4+2.8 18.4+1.6 24.5+2.6
D20 19.0+1.9 27.3+9.9 24.0+4.5 16.9+1.6 30.2+5.8

D0 81.9+1.6 80.8+1.2 78.4+2.7 79.1+1.1 80.1+1.0
UTAS D10 82.1+1.4  23.7+4.8"" 81.1+2.7"  76.7+3.9%  80.2+1.2%
D20 83.0+1.8  29.7+4.7°"  80.1x1.6*  77.7x2.1%  78.7+1.0%

Data was shown as mean+SEM

" means significant differece when compared with group 1 (p<0.05)

* means significant difference when compared with group 2 (p<0.05)

t means significant difference when compared with day 0 (p<0.05)
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H. Histopathology results

There was mild remarkable lesion of glomerulus among groups when
compared with group 1(Figure 4-14 to 4-18). Importantly, rats in group 2 developed
moderate to severe flattened tubular epithelial cells in proximal, distal and collecting
duct regions. Antioxidant treatment appeared to alleviate glomerular and tubular

injury, as milder Bowman’s capsule space and tubular epithelial lesions were observed.



Figure 4-14
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Cortex; glomerulus

Cortex; PCT and DCT

Medulla; DCT

Histopathology pictures of kidney tissue in group 1, no remarkable lesions of both
glomerulus and tubules were noted; glomerulus in the cortex and black arrow
presented Bowman’s capsule space (A); a yellow and green arrow presented
proximal convoluted tubule (PCT) and distal convoluted tubule (DCT) in the

cortex (B) and medulla (Q), respectively (x40, scale bar 10um).



Figure 4-15
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Group 2

Cortex; glomerulus

Cortex; PCT and DCT

Medulla; DCT

Histopathology pictures of kidney tissue in group 2, mild lesions of glomerulus
and moderate to severe lesions of tubules were noted; glomerulus in the cortex
and black arrow presented Bowman’s capsule space dilation (A); a yellow and
green arrow presented PCT and DCT in the cortex (B) and medulla (O), respectively

with marked flatted tubular epithelium and dilated lumen.



Figure 4-16
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Cortex; glomerulus

Cortex; PCT and DCT

Medulla; DCT

Histopathology pictures of kidney tissue in group 3, no remarkable lesions of
glomerulus with mild lesions of tubules were shown; glomerulus in the cortex
and black arrow presented Bowman’s capsule space (A); a yellow and green arrow
presented proximal convoluted tubule (PCT) and distal convoluted tubule (DCT)
in the cortex (B) and medulla (C), respectively (x40, scale bar 10um). Mild tubular

degeneration and dilation were found as comparable with group 2.



Figure 4-17
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Cortex; glomerulus

| Cortex; PCT and DCT

Medulla; DCT

Histopathology pictures of kidney tissue in group 4, no remarkable lesions of
glomerulus with mild lesions of tubules were noted; slomerulus in the cortex and
black arrow presented Bowman’s capsule space (A); a yellow and green arrow
presented proximal convoluted tubule (PCT) and distal convoluted tubule (DCT)
in the cortex (B) and medulla (Q), respectively (x40, scale bar 10um). Mild lesions

of tubular cells and protein casts deposit in lumen were found.



Figure 4-18
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Cortex; glomerulus

Cortex; PCT and DCT

Medulla; DCT

Histopathology pictures of kidney tissue in group 5, no remarkable lesions of both
glomerulus and tubules were noted; glomerulus in the cortex and black arrow
presented Bowman’s capsule space (A); a yellow and green arrow presented
proximal convoluted tubule (PCT) and distal convoluted tubule (DCT) in the

cortex (B) and medulla (Q), respectively (x40, scale bar 10um).
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l. The correlation between renal function parameters and oxidative

stress

The correlation between renal function parameters, oxalate and oxidative
stress were shown in Table 4.13. The GFR, the reabsorption of water and sodium in
proximal tubule had negatively correlation with PMDA while the positive correlations
were found with UTAS. However, urine MDA/ UCr showed no correlation with renal
function parameters. The correlation and linear regression were shown in Figure 4-19

to 4-21.
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Table 4.13  The correlation between parameters (n=37)

parameters  Correlation coefficient p-value n

GFR r=0.104 p=0.540 37

Uoxalate C,,-Cy r=0.073 p=0.667 37
(G - C) X Pys r=0.062 p=0.714 37

PMDA r=0.335 p<0.05 37

Uoxalate UMDA r=0.144 p=0.394 37
UTAS r=-0.326 p<0.05 37

GFR r=-0.411 p<0.05 37

PMDA  C,,-Cy, r=-0.369 p<0.05 37
(Cin - C) X Ppa r=-0.363 p<0.05 37

GFR r=0.053 p=0.753 37

UMDA  Cp, - C r=0.088 p=0.605 37
(Cin - Cli) X Pya r=0.039 p=0.821 37

GFR r=0.522 p<0.001 37

UTAS G, -Cy r=0.533 p<0.001 37
(Cin - C) X Pya r=0.549 p<0.001 37

GFR=glomerular filtration rate; PMDA=plasma malondialdehyde levels; UMDA=urinary
MDA/UCr ration; UTAS=urinary total antioxidant status; C,, - C;;=tubular reabsorption of
water at proximal tubule and (C,, - C;;) x Py,= tubular reabsorption of sodium at proximal

tubule.



PMDA=1.551 + (0.0124 * Uox)
r=0.335, p<0.05, n=37

Plasma MDA (nmol/ml)
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Figure 4-19 The positive correlation between urinary oxalate excretion and PMDA.

GFR= 6.849 - (0.598 * PMDA)
r=0.411, p<0.05, n=37
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Figure 4-20 The negative correlation between PMDA and GFR.
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Figure 4-21
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GFR =2.563 + (0.0442 * UTAS)
r=0.522, p<0.001, n=37
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2. Study part I

Effects of vitamin E and vitamin C supplement on oxidative stress,
Klotho protein levels and Klotho protein mRNA expression in HLP-induced

hyperoxaluric rats.

A. General parameters (BW, food intake, water intake and blood

chemistry)

Body weight
The body weight was not significant difference among experimental group on
day 0. At the end of the study, body weight in group 5 had significantly lower (p<0.05)

when compared with group 1 (Table 4.14).

Table 4.14  Body weight (grams) in five experimental groups

Period Group 1 Group 2 Group 3 Group 4 Group 5

Day 0 334+20 325+15 327+12 321+13 323+13

BW )
Day 21  431+11 407+11 389+18 388+14 37345

The data are shown as mean+SEM.

" means significant difference when compared with group 1 (p<0.05)
Food and water intake
Before experiment, there was no significant difference of food and water intake
in all study groups at day 0 while group 4 and 5 had lower food intake when compared

with group 1 in day 10 of the study. However, at the end of experiment, there was no
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significantly difference of food intake among groups. The water intake was significant
increase in HLP-treated groups (group 2-5) at day 10 of experiment when compared
with baseline in each group (p<0.05). However, rats in group 2 had the highest water
intake on day 20 as comparable with other groups (Table 4.15).

Table 4.15 Food intake (g/day) and water intake (ml/day) in five experimental

groups

Period Group 1 Group 2 Group3  Group 4  Group 5

Day 1 24.4+1.6 20.2+1.2 19.3+2.8 21.3+15 18.7+1.4
Food intake Day 11 ~ 29.5+0.8 259+18  28.6+1.0" 22.1+1.7% 16.8+1.6*
Day 19  25.1+1.2 22.5+0.9 22.8+2.2  21.9+0.7  20.5+£0.7

Day 0  225+30  17.3+1.5  15.6+2.6 25.0+2.5 21.3+2.6
Water intake Day 10  25.6+3.2  452+6.6" 31.2+3.4" 41.0+59" 43.4+7.8"
Day 20  22.0+6.1 51.9+4.8"" 41.0+6.2" 438+23" 31.2+19

The data are shown as mean+SEM.
" means significant difference when compared with group 1 (p<0.05)

" means significant difference when compared with day 0 (p<.05)
Plasma electrolytes concentration and blood pressure
At the end of the study, the levels of Na, K, Cl, Zn and citrate in plasma and
hematocrit in all groups of experimental rats were unaltered while the levels of plasma
Ca and Mg trended to be declined (Table 4.16). The systolic blood pressure and plasma
oxalate concentrations were increased significantly in HLP- treated rats. However,

plasma osmolarity was unchanged among groups.
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Table 4.16  Effects of Vit E, Vit C and its combination on SBP (mmHg), MAP (mmHg),
Hct (%), plasma osmolarity (Osm; mOsm/1), plasma inorganic and organic substances

(mmol/l), plasma Zn, oxalate and citrate (umol/0).

Parameters  Group 1 Group 2 Group 3 Group 4 Group 5

SBP 108+8 153412 148+13 149+8" 151+11"
MAP 1005 134+9" 131412 126+8" 132+9"
Hct 47.3+0.5 46.6+0.5 46.0+0.5 46.8+0.4 47.1+0.8
Osm 290+4 289+3 294+2 294+3 285+5

Na 145+1 142+1 143+1 139+2 142+1

K 6.2+0.4 5.5+0.2 5.8+0.4 4.9+0.2 5.4+0.2
cl 99+2 94+2 94+3 11149 108+14
Ca 2.7+0.2 2.0+0.3 1.8+0.1" 2.1+0.2 2.4+0.3
Mg 1.2+0.9 0.8+0.2 0.8+0.1 0.8+0.1 0.9+0.2
Zn 26+3 1743 14+1 24+1 18+4

Oxalate 19+3 204+31" 112416 173+14° 188426
Citrate 120+18 144423 156+24 75412 156433

The data are shown as mean+SEM.

" means significant difference when compared with group 1 (p<0.05)

B. Renal function parameters

Renal functions were assessed by determined the levels of PCr, BUN and renal
handling of organic and inorganic substances as follow:
Plasma creatinine and BUN

In group 2, 4 and 5 the PCr concentration on day 21 was significantly elevated
when compared with day 0 (p<0.05) but not signifant difference as comparable with

group 1. BUN in hyperoxaluric rats (group 2-5) were increase after 21 days of treatment
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(p<0.05) when compared with baseline while BUN on day 21 in group 4 and 5 were

higher than group 1 (p<0.05) (Table 4.17).

Table 4.17  The levels of PCr (mg/dl) and BUN (mg/dl) in five groups of the study

on day 0 and day 21.

period Group 1 Group 2 Group 3 Group 4 Group 5

PCr Day O 0.34+0.03  0.34+0.02  0.30+0.03  0.30+0.03  0.30+0.02

Day 21  0.44+0.04  0.53+0.06'  0.35+0.03  0.42+0.03"  0.41+0.04"

BUN Day O 18.8+£1.8 20.1+£0.9 18.8+£0.8 20.4+1.0 19.8+£1.0

Day 21  20.1+1.1  258+0.8"  253+17" 29.3x24"" 27.0£22""

The data are shown as mean+SEM.
" means significant difference when compared with group 1 (p<0.05)

" means significant difference when compared with day 0 (p<.05)

Renal handling of organic and inorganic substances
The urinary excretions and fractional excretions of Cl, Ca and Mg was
unchanged among each group (Table 4.18). The urinary excretion of Na was highest in
group 4, eventhough FE was unchanged. The urinary excretion and fractional excretion
of K in group 2 and group 4 were significantly higher than group 1, while Vit E
supplement (group 3 and 5) appeared to alleviate renal excretion of K (Table 4.18).
Group 2 had significantly higher in either urinary excretion of Zn, V and FE of Zn (p <
0.05) while Vit E or Vit C administration reduced renal excretion of Zn (group 3-5). The
similar results were observed in excretion of oxalate while the result of citrate

excretion was not changed. The risk indices including the urinary Ca/Mg, oxalate/ citrate
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or Tiselius index were the highest in group 2 while Cqq,, and Cy,o were unchanged

among groups.

Table 4.18

Effects of vitamin C and E and its combination on urinary excretion of

organic (umol/day) and inorganic (pEg/day) substances, FE of urinary electrolytes,

Osmolar clearance (ul/day) and free water clearance (ul/day)

Parameters Group 1 Group 2 Group 3 Group 4 Group 5
Up,V 1810+241  2851+135  2703+405  3187+373  2466+369
FE Na 0.8+0.1 1.3+0.2 0.8+0.2 1.2+0.3 0.9+0.2

UV 948+126 1582+101°  1324+208  1622+149° 13144202
FE K 10.4+1.6 19.4+37 9.8+2.3" 17.2+3.4° 12.242.4
UqV 259+29 288+21 440+99 327+53 278+53

FE Cl 0.17+0.02  0.20+0.02  0.18+0.03 0.16+0.03 0.12+0.02
UV 7.6+1.6 10.5+3.6 7.842.9 11.0+3.7 17.545.2
FE Ca 0.17+0.02  0.32+0.09 0.23+0.13 0.23+0.09 0.41+0.16
UpgV 37.0+13.6  66.7+28.0  46.5+13.4 79.8+21.1 25.2+9.2
FE Mg 1.9+0.6 4.9+1.6 2.4+0.8 4.5+1.1 3.2+1.2

Uy V 3.9+1.0 125428 2.4+0.6 6.7+2.3 4.9+1.6

FE Zn 0.740.1 20.0+10.8 3.541.2 4.1+1.6 1.7+0.5

Ca/Mg 2.1+1.5 4.0+3.3 2.7+2.1 0.6+0.3 1.4+0.6

Oxalate 10.2+4.3 89.1+13.1° 18.7+5.6"  45.0+16.8"  20.5+5.0"
Citrate 28.1+7.5 42.3+13.8 22.0+7.3 22.8+4.1 72.2+21.3
Ox/Cit 0.6+0.2 3.3+0.8" 1.1+0.4 2.1+0.7 0.3+0.1"
Tiselius index 3.8+1.3 6.1+1.6 2.4+15 2.1+0.7 3.7+1.0

C om 21+3 38+3 44+8 3243 38+9

C 1o 111 -14+2 217 -10+1 2347

The data are shown as mean+SEM.
" means significant difference when compared with group 1 (p<0.05)

¥ means significant difference when compared with group 2 (p<0.05)
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C. Urinalysis results

The data from urinalysis revealed that hyperoxaluric groups (group 2-5)
produced both COM and COD crystal in urine after 21 days of experiment while Vit E
supplement (group 3) ameliorated COM score (Table 4.19). There was no change in
urinay pH and urine specific gravity (USG) in each group. The urinary excretion of protein
and urine volume were significantly elevated in group 2, 3 and 4 but in group 5 was

increased without significant difference (Table 4.19).
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Table 4.19  Excretion of urine protein (mg/day), urine volume (ml/day) urine pH,

USG and crystal score from urinalysis at day 20.

group 1 group 2 group 3 group 4 group 5
Protein . . «
44+9 109+8 103+20 101+10 76+14
excretion
24 hr urine B . .
14.76+3.33 33924521  33.46+4.49  31.43+3.32 21.87+4.58
volume
Urine pH 7.4+0.4 6.6+0.2 7.0£0.3 6.7+0.2 7.1+0.3
USG 1.021+£0.003  1.021+0.001  1.029+0.004  1.025+0.003  1.022+0.002
COM 0.000+0.000 1.714+0.184" 0.667+0.211% 1.333+0.211" 1.000+0.309"
COD 0.000+0.000  2.000+0.218" 1.333+0.211" 1.833+0.167  1.429+0.202"

The data are shown as mean+SEM
" means significant difference when compared with group 1 (p<0.05)

* means significant difference when compared with group 2 (p<0.05)

D. oxidative stress parameters in urine, plasma and kidney tissues

The total antioxidant status in urine of group 2 was drastically reduced (p<0.05)
when compared with control, but it was improved after receiving anti- oxidant (group
3-5) (Table 4.20). The MDA levels in plasma, urine and kidney tissues were higher in
group 2 (Table 4.20, Table 4.21 and Figure 4-22) while vit E or vit C improved PMDA
but not kidney MDA in group 3-5. The excretion of MDA in urine of hyperoxaluric groups
(group 2-5) were increased with no significant difference among groups. The activity of

SOD in kidney tissue was significantly increased in group 2 (p<0.05) with reduction in
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reduced GSH. Giving vit E and vit C reversed SOD activity in all groups but not GSH
levels except in combination group. No changes in CAT activity was found among
groups.

Table 4.20  Effects of Vit E and Vit C and its combination on PMDA (nmol/ml),

UMDA/UCr (nmol/ mg Cr) and UTAS (%)

Group 1 Group 2 Group 3 Group 4 Group 5

PMDA 2.020.2 3.8+0.2° 2.2+0.4" 2.120.6" 2.420.4"

UMDA/UCr  12.7+1.7 24.5+4.7 22.1+2.6 23.0+3.7 19.1+3.7
UTAS 84+1 3043 72+6" 78+3" 75+3"

The data are shown as mean+SEM
* means significant difference when compared with group 1 (p<0.05)

# means significant difference when compared with group 2 (p<0.05)
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Table 4.21  The kidney oxidative status parameters including MDA (nmol/mg kidney
protein), SOD activity (unit/mg kidney protein), CAT activity (unit/mg kidney protein)

and reduced GSH (hnmol/mg kidney protein) in five groups of the study.

Group 1 Group 2 Group 3 Group 4 Group 5

MDA 0.84+0.10  1.60+0.17  1.24+0.18  1.55:0.13  1.39+0.08
SOD activity 4.0+0.7 17.8+2.7 4.7+0.9" 5.1+1.8" 3.6+0.6"
CAT activity 336+23 337429 328+19 299+15 298+7
reduced GSH 4.12+¢0.43  1.87+0.24°  2.19+0.15  1.95+0.17 3.00+0.23"

The data were shown as mean+SEM
" means significant difference when compared with group 1 (p<0.05)

# means significant difference when compared with group 2 (p<0.05)
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Figure 4-22 The oxidative stress parameters in the kidney tissues were shown including the

levels of MDA and reduced GSH and the activity of SOD and catalase enzyme. *
means significant difference when compared with group 1 (p<0.05) # means

significant difference when compared with group 2 (p<0.05).

E. Soluble Klotho protein in urine and plasma

The levels of soluble Klotho protein were drastically reduced in group 2 when
compared with the other groups (Table 4.22). However, the urine soluble Klotho/Ucr
ratio was lower in group 2-4 but not significant difference. The combination of Vit E

and Vit C increased soluble Klotho in urine significantly (p<0.05, Table 4.22).
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Table 4.22  Effects of vitamin C and E and its combination on soluble Klotho protein

in plasma (ng/ml) and urine (ng/mg Cr).

Soluble Klotho Groupl Group2 Group3 Groupd  Group 5

Plasma Klotho 5.0+2.2 1.1+0.2" 5.7+2.1 1.4+0.2 32+1.3

Urine Klotho/UCr 0.6+0.1 0.4+0.1 0.6+0.1 1.0+£0.3 4.5+1.9"

The data were shown as mean+SEM
* means significant difference when compared with group 1 (p<0.05)

* means significant difference when compared with group 2 (p<0.05)

F. Histopathology and Immunohistochemistry results

Histopathology results

The histopathologic pictures of the kidney tissues in cortex and medulla in all
groups were revealed in Figure 4-23 to 4-27. There was no remarkable lesion of
glomerulus and tubular cells in both cortex and medulla in control group as shown in
Figure 4-24. However, group 2 developed moderate to severe flattened tubular
epithelial cells in proximal, distal and collecting duct regions (Figure 4-24). Antioxidant
treatment appeared to alleviate glomerular and tubular injury, as milder tubular
epithelial lesions were observed (Figure 4-25 to 4-27). The quantitative of lesion score

in tubular cells were observed in Figure 4-28.
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Group 1

Cortex; glomerulus Medulla; DCT

Figure 4-23 Histopathology pictures of kidney tissue in group 1, no remarkable lesions of both
glomerulus and tubules were noted; glomerulus in the cortex and black arrow

presented Bowman’s capsule space; a green arrow presented DCT in the medulla

(x40, scale bar 10um).

Cortex; glomerulus Medulla; DCT

Figure 4-24 Histopathology pictures of kidney tissue in group 2, mild lesions of glomerulus
and moderate to severe lesions of tubules were noted; glomerulus in the cortex
and black arrow presented Bowman’s capsule space dilation; a yellow and green
arrow presented crystal deposition and tubular cast in DCT in the cortex and
medulla, respectively with marked flatted tubular epithelium and dilated lumen.

(x40, scale bar 10um).
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Group 3

Cortex; glomerulus Medulla; DCT

Figure 4-25 Histopathology pictures of kidney tissue in group 3, no remarkable lesions of both
glomerulus and tubules were noted; glomerulus in the cortex and black arrow
presented Bowman’s capsule space; a green arrow presented distal convoluted

tubule in medulla (x40, scale bar 10pm).

Group 4

Cortex; glomerulus Medulla; DCT

Figure 4-26 Histopathology pictures of kidney tissue in group 4, no remarkable lesions in
glomerulus and mild tubules lesions were noted; glomerulus in the cortex and
black arrow presented Bowman’s capsule space; a green arrow presented distal

convoluted tubule with protein casts in medulla (x40, scale bar 10pm).
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- TN

Cortex; glomerulus

Figure 4-27 Histopathology pictures of kidney tissue in group 5, no remarkable lesions of both
glomerulus and tubules were noted; glomerulus in the cortex and black arrow
presented Bowman’s capsule space; a green arrow presented distal convoluted

tubule in medulla (x40, scale bar 10pm).
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The severity score of 50 glomeruli were assessed and averaged (A) while the

average of tubular lesions in cortex and medulla of kidney tissue were evaluated

as shown in (B) and (C). Data were shown as mean+SEM. *p<0.05 compared with

group 1, * p<0.05 compared with group 2.
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Immunohistochemistry results of kidney Klotho protein

The Klotho protein in cortex and medulla of kidney tissues in each group were
revealed in Figure 4-29 to 4-33 and quantitative data of positive area in all groups was
represented. In the present study, the expression of membrane Klotho protein in either
cortex or medulla was found in distal convoluted tubule and collecting duct. The
Klotho protein expression in group 2 was progressively reduced when compared with
group 1 while Vit E, Vit C and its combination protected renal Klotho protein. The
similar results were found in quantitative data of positive area in all group of the study

(Figure 4-34).

Group 1

<

Cortex Medulla

Figure 4-29 Klotho protein expression in the kidney tissues at the end of the experiment of
group 1 (x40 magnification, scale bar=10 pm). The yellow arrows represent

positive area staining in cortex and medulla.
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Group 2

Cortex Medulla

Figure 4-30 Klotho protein expression in the kidney tissues at the end of the experiment of
group 2 (x40 magnification, scale bar=10 pm). The yellow arrows represent distal

tubule in cortex and medulla with negative results of kidney Klotho protein.

Group 3

Cortex Medulla

Figure 4-31 Klotho protein expression in the kidney tissues at the end of the experiment of
group 3 (x40 magnification, scale bar=10 pm). The yellow arrows represent

positive area staining in cortex and medulla.
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Cortex Medulla

Figure 4-32 Klotho protein expression in the kidney tissues at the end of the experiment of
group 4 (x40 magnification, scale bar=10 pm). The yellow arrows represent

positive area staining in cortex and medulla.

‘Group S

ortx Medulla

Figure 4-33 Klotho protein expression in the kidney tissues of group 5 at the end of the
experiment (x40 magnification, scale bar=10um). The yellow arrows represent

positive area staining in cortex and medulla.
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Figure 4-34 The analysis of positive area (%) of kidney Klotho protein in cortex (A) and medulla
(B) was evaluated by iSolution program (version 8.0). The data were shown as

mean + SEM. *p<0.05 compared with group 1, ¥ p<0.05 compared with group 2.
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G. The mRNA expression of Klotho gene by using real-time PCR

The mRNA expression of Klotho protein in group 2 was expressed at the higher
level when compared with control group (Figure 4-35, Table 4.23). However, Klotho
MRNA expression was unchanged in Vit C supplement rats (¢roup 4) while group 3 and
5 showed higher expression of Klotho mRNA (p<0.05) compared with group 1. The
data of the average threshold cycle of target gene (klotho gene) and reference gene

(GAPDH) were presented in Table 4.23.

Real-time PCR

Klotho mRNA relative expression

S

Figure 4-35 The relative expression of klotho in five groups of rats. The picture shown the

difference of mMRNA expression in fold change. The calculation for the method of

AAcT

2 as present in table 4.23.
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Table 4.23  The fold change expression of klotho after study, analyzed by 2 -BACT

method. Calculation from the difference of the average of C; of target gene and

reference gene.

Ac AAc, Fold difference
.
klotho GAPDH AC HLP in klotho,
Grouop klotho-
average C; | average C; treated relative to
GAPDH
- A C; control control

1
Group 1 31.7+2.8 19.8+2.8 11.9+£7.9 0.000+7.89

(232-0.004)
7.5
Group 2 26.6x£1.4 17.6+0.8 9.0+1.4 -2.9+1.4
(0.360-0.050)
2.6
Group 3 30.3+1.9 19.9+1.3 10.5+2.7 -1.4+2.7
(2.523-0.059)
1.3
Group 4 33.8+2.3 21.8+2.2 11.6£5.1 -0.4+5.1
(27.40-0.022)
3.3
Group 5 31.1+1.9 20.8+1.0 10.2+£2.3 -1.7£2.3

(1.507-0.062)
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H. The correlation between renal lesions score, Klotho protein

and oxidative stress status

There was positive correlation between kidney reduced GSH and the % positive
area analysis kidney Klotho protein (r=0.608, p<0.01, n=33) (Figure 4-36) while the
negative correlation was found between % positive area analysis and kidney MDA and
SOD activity (r=-0.617, p<0.01, n=33 and r=-0.565, p<0.01, n=33, respectively) (Figure
4-37 to 4-41). Moreover, the negative correlation was found in kidney Klotho and lesion
score in cortex and medulla of kidney tissues (cortex, r=-0.813, p<0.001, n=33 and
medulla, r=-0.763, p<0.001, n=33, respectively) (Figure 4-42 to 4-43).

Klotho =2.063 - (0.0321 * reduced GSH)
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Figure 4-36 The positive correlation and linear regression between kidney Klotho in cortex

and reduced GSH.
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Klotho = 15.117 + (6.576 * reduced GSH)
r=0.583, p<0.01, n=33
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Figure 4-37 The positive correlation and linear regression between kidney Klotho in medulla

and reduced GSH.

Klotho = 38.803 - (11.853 * kidney MDA)
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Figure 4-38 The negative correlation and linear regression between kidney Klotho in cortex

and MDA.
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Figure 4-40
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Klotho = 51.723 - (14.475 * kidney MDA)
r=-0.502, p<0.01, n=33
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The negative correlation and linear regression between kidney Klotho in medulla
and MDA.

Klotho = 28.068 - (0.685 * SOD activity)
r=-0.565, p<0.01, n=33
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The negative correlation and linear regression between kidney Klotho in cortex

and SOD activity.
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Figure 4-42
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Klotho = 39.181 - (0.916 * SOD activity)
r=-0.504, p<0.01, n=33
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The negative correlation and linear regression between kidney Klotho in medulla
and SOD activity.

Klotho = 32.143 - (13.555 * tubular lesions score)
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Klotho = 44.479 - (18.185 * tubular lesions score)
r=-0.762, p<0.001, n=33
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Figure 4-43 The negative correlation and linear regression between kidney Klotho in medulla

and tubular lesions score.
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CHAPTER V

DISCUSSION

The study in part I, Protective effects of vitamin E and vitamin C
supplement on renal functions, oxidative stress and renal handling of

organic and inorganic substances in HLP-induced hyperoxaluric rats.

In the present study, body weight was not different among groups. The food
intake was slightly lower in group 3 at the end of the study. Moreover, water intake in
group 2 was significantly elevated when compared with group 1, 3 and 5 only at the

middle period of the study (day 10) while there was unaltered at day 21.

The general parameters of well-being of all experimental rats were changed
within normal range, Moreover, the changes of PCr or BUN were shown in normal
biological value as comparable with standard range. It could be due to the subclinical
of acute phase hyperoxaluria induced nephropathy which was proved by the 50%
reduction of GFR in HLP-treated rats (group 2). Moreover, in EG- induced hyperoxaluric
rats and supplement with intraperitoneal injection of Vit E (twice a week), the body

weight, was unaltered when compared among groups (Huang et al., 2006).

Lower body weight was found when using 0.8% EG in combination with 1%
ammonium chloride (NH4Cl) in drinking water giving in rats for 9 days’ duration

(Yamaguchi et al., 2005). In HLP induced hyperoxaluria model, decrease in food intake
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and body weight starting from day 7 and then throughout 42 days of experiment were
demonstrated when using higher dose of HLP (5%) giving daily in the rat diet (Khan et
al,, 2006). On the contrary, the previous study using EG-induced hyperoxaluria in
combination with low Vit E diet found that hyperoxaluric rats had low body weight but
it was prevented in Vit E supplement group (Thamilselvan and Menon, 2005).
Therefore, changes in body weight, food intake and water intake depend on dose and

duration of both drugs induced hyperoxaluria and antioxidants.

The BUN and PCr in HLP-treated group tended to be higher than the other
groups. These finding were consistent with a previous study (Thamilselvan and Menon,
2005). Moreover, the previous study found that creatinine clearance in hyperoxaluric
rats was lower when compared with control rat (Khan et al., 2006; Yamaguchi et al.,
2005). In addition, our study revealed that the supplement of Vit E, Vit C or their
combination could ameliorate the levels of PCr and BUN as seen in EG-treated rat
received excess Vit E in food. Hence, the administration of antioxidants in the present
study, in separation or in combination, trended to recover both PCr and BUN in HLP-
treated rats (group 3-5). The renal protective property of Vit E combined with Vit C was
also shown by stabilizing BUN and creatinine found using multi-doses of Vit C and E
(250 mg/kg each) in cisplatin model, in wich the renal GSH and MDA were also reversed

(Ajith et al., 2009).
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Our results showed that the levels of plasma electrolytes were unaltered
throughout the study period while plasma oxalate was elevated in group 2, 3 and 4.
However, there are limited data of plasma electrolytes concentrations in the similar

model.

Our results showed that the levels of plasma electrolytes were unaltered
throughout the study, except plasma oxalate that was elevated in group 2, 3 and 4
compared with baseline. We assumed that the supplement of Vit E and Vit C had no
effect on plasma electrolytes, and HLP supplement resulted in exclusively increased

in plasma oxalate level.

The GFR in group 2 was significantly lower than control group suggesting that
hyperoxaluria impaired the filtration process. Reduction in renal plasma flow was seen
with less dosage compare to GFR resulting in slightly lower FF. In addition, the RVR was
elevated in group 2 but not significant when compared with the other groups.
Reduction in GFR in HLP induced hyperoxaluric rat could be due to the increased intra-

capsular hydrostatic pressure from CaOx crystal tubular obstruction.

Using 5% HLP induced hyperoxaluria in rats stimulated crystals deposition in
cortex, medulla and papillary tip which can be detected under polarized light
microscope and scanning electron microscope after 28 days (Khan et al., 2006).

Reduction in GFR, RBF and cortical microvascular blood flow were detected in model



125

of EG giving at the dose of 0.75% in drinking water for 42 days along with oxalate

infusion (Huang et al., 2003).

Besides, mechanical obstruction and kidney damage, oxalate, CaOx and
calcium phosphate crystals could activate renal angiotensin Il (A ) leading to the
increased formation of reactive oxygen species and inflammation (Khan, 2013; Khan,
2014). Angiotensin Il receptor antagonist was proved to be beneficial in rats induced
hyperoxaluria using EG. The hyperoxaluria-associated renal lesions were including the
crystal formation in tubular fluid, inflammation reaction and oxidative stress were
reduced (Toblli et al., 2002). The transforming growth factor-beta (TGF—B) level in
kidney tissue was not increased compared with stone forming rats (Yoshioka et al,,
2011). Blocking All receptor could also reduce osteopontin (OPN) expression along with
reduced MDA and calcium crystal deposition in hyperoxaluric rats (Umekawa et al,,
2004). Whether All affects the renal tubular cotransport or other stone forming inhibitor

need further elucidation.

Although renal function did not return to normal, but our study indicated that
Vit E could reduce the RVR, which suggesting that the mechanism may involve
vasodilatatory effect. Previous report demonstrated that Vit E giving along with
erythropoietin and iron could increase renal blood flow in gentamicin induced renal

injury (Thongchai et al., 2008). Vitamin E could also alter vascular reactivity in chronic
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bile duct-licated rats (Alcaraz et al., 2007). Vitamin E also modulated the bioavailability

of nitric oxide (NO) resulting in vasodilation (Green et al., 1998).

In the present study, improved GFR and ERPF with reduction in BUN in group 4
and 5 may provide a plausible linking mechanism that Vit C involved the restoration
of NO activity after oxidative stress which was demonstrated in essential hypertensive
patients (Taddei et al., 1998). Some actions of Vit C to improve defective endothelial-

dependent vasodilation via nitric oxide were reviewed (May, 2000).

In model of calcium oxalate nephropathy, Vit E or Vit C alone provided
protection against oxalate induced cell injury and restore antioxidant status when
study in LLC-PK1 cells (Thamilselvan et al., 2014) although Vit C could not protect in
one study of culture renal epithelial cells (Fishman et al,, 2013). The remarkable
protection was found when giving combination as was seen in the present study. Group
5 had the highest GFR which reverse near normal level as comparable with group 1. It
is interesting that using combination of Vit E and C may be more advantage than giving
alone. Improved GFR, renal plasma flow and reduced tubular cell injury as well as
reduced glomerular necrosis, proteinuria and blood pressure were found in Dahl salt-
sensitive rats giving high sodium and received 111 IU/day Vit E in food and 98 mg/day
Vit C in drinking water for 5 weeks (Tian et al,, 2005). These responses were
corresponding to the decline in renal cortical and medullary superoxide anion release.

Another study in rats showed Vit C (2500 unit/kg) and Vit E (1000 unit/kg) giving in
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combination could amiloriate acute nephrotoxicity induced by cisplatin (Atasayar et

al., 2009).

Not only impairment of glomerular filtration, the tubular damage was also
affected by oxalate. The new evidences were increasing related to the role of proximal
tubule as primary sensor and effector in the progression of AKlI and CKD (Chevalier,
2016). The tubular dilation and loss of epithelial cells with tubular regeneration were
found in this model (Khan et al., 2006). The changes are mostly limited the capacity
of tubular cells in which the crystal was deposited. This is the first study demonstrated
that hyperoxaluria decreased tubular reabsoption of both Na and water at the proximal
but not the distal tubule. The degrees of impairment of Na and water were similar
which confirmed the presence of iso-osmotic transport at this site. The renal handling
of oxalate was mainly excreted at proximal tubule using solute carrier family 26
member 6 (SLC26A6), an oxalate transporter (Ohana et al., 2013). Oxalate could enter
the tubular lumen by Na-dependent transport process. A higher filter load of oxalate
was responsible for higher excretion in group 2. Therefore, oxalate itself may damage
the tubular membrane and limit the transport of other compounds as seen in
reduction of Na and water reabsoption. Nevertheles, one report using EG with oxalate
infusion yielded the different results in which 42 days of administration resulting in
reduction in urine flow and Na excretion (Huang et al., 2003). The differences in results

may be due to different model of hyperoxaluria.
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Compared with the distal tubule, the proximal tubule is more susceptible for
injury caused by ischemia, oxidative stress or toxin due to low anaerobic glycolysis
(Chevalier, 2016). Moreover, this site is lack of antioxidant and antiapoptotic proteins
(Kiyama et al,, 1995). Previous study demonstrated that distal tubule can secrete
factors and cross talk with proximal tubule to enhanced cell survival after injury (Gobe
and Johnson, 2007). The results suggest that the proximal tubular part of the nephron
is the site of action of oxalate. Unlike this model, giving intra-abdominal administration
of glycoxylate 100 meg/kg/day in mice showed crystal deposition in renal distal tubular

lumen with lumen dilatation (Hirose et al., 2010).

Supplement with vitamin C in HLP-treated rat rescued the capacity of Na and

water tubular reabsorptions at proximal tubule to nearly normal.

In this present study, the damage of proximal tubule was rescued by
administered of vitamin E, vitamin C and especially the combination of vitamin E and
C. The interplay between vitamin E and vitamin C may increase potential effect of ROS
scavenger which proved by some previous study (Niki et al., 1985; Kadkhodaee et al.,

2005).

The citrate excretion was reduced in this study along with reduction in plasma
citrate. Report of increased citrate excretion after vitamin E treatment was found after
60 days of treatment and was suggested to reduce the retention of calcium oxalate

stone in hyperoxaluria patients (Anbazhagan et al.,, 1999). Moreover, vitamin E could
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normalize biochemical alterations and restored kinetic properties of Tamm-Harsfall
glycoprotein which promoted nucleation and aggregation phases of stone found in
hypertensive and hyperoxaluric patients (Sumitra et al., 2005). Another inhibitor for
CaOx stone formation is Mg (Riley et al., 2013). In the present study, however, vitamin
E had no effect on Mg excretion while CaOx crystal formation was reduced. Thus, Mg

may not play a crucial role for stone formation in this model.

Previous study showed higher COM crystal and COD stone when 5% HLP was
given in food along with higher water intake and urine volume (Khan et al., 2006) similar
to our results. Enhanced dosage was not related to concentrating ability of the final

urine.

The urinary excretion of oxalate was increased in Gr. Il as seen using EG model
(Huang et al., 2006). Moreover, Ca excretion was slightly reduced after HLP treatment.
The reduced Ca excretion although enhanced CaOx crystal was also similar to the
previous study using 5% HPC in food which could be detected starting from day 7 until
day 42 (Khan et al., 2006). This finding could be explained by calcium deposit in kidney
tissue and may be precipitated in urine sediment. The formation of CaOx stone was
then dependent on oxaluria rather than enhanced calcium excretion as suggested by
Lee et al. (1992) who showed that high calcium in the diet or giving EG cannot induce
CaOx stone without hyperoxaluria. The results suggested that even low calcium

content in the urine can cause stone formation. Rather than oxalate, the urinary citrate
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also plays a key role to control stone formation. The combination of hyperoxaluria
and hypocitraturia with absence of hypercalciuria could be found in Ca oxalate stone
forming patients (Anbazhagan et al., 1999). The interplay between SLC26A6 and NaDC-
1 transporters to determine oxalate and citrate homeostasis was proposed (Ohana et

al., 2013).

Microscopic examination of urine sediment in our study revealed that
hyperoxaluric rats supplement with vitamin E, vitamin C or its combination could
reduce both COM and COD crystal. The study by Huang and colleagues (2006) revealed
that administration of vitamin E protected crystal formation and accumulation in the
kidney tissue by enhance the levels of anti-lithogenic molecules, osteopontin (OPN)

and Tamm-Horsffall protein (THP) but not in urine sediment.

Moreover, strong correlation was found between oxidative stress and oxalate
excretion. Giving EG in vitamin E deficient rats caused massive CaOx deposition with
enhanced oxidative stress that could be reversed after supplement with vitamin E

(Thamilselvan and Menon, 2005; Huang et al., 2009).

The association between ascorbate ingestion and stone formation were
investigated in the previous studies (Chalmers et al., 1986; Gerster, 1997; Auer et al,,
1998; Curhan et al.,, 1999). Loading ascorbic acid does not stimulate calcium oxalate
supersaturation and crystallization in patient with CaOx uroltiasis (Schwille et al., 2000).

In the present study, group 4 that received vitamin C had higher plasma oxalate. Thus,
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enhanced filter load of oxalate was expected. The COM and COD crystal formations in
group 4 were lower than group 2 which received HLP alone suggesting no detrimental

effect of vitamin C.

Recently, lime based trial drug has been used in nephrolithiasis patients in the
northeastern part of Thailand and exerted citraturic and alkalinizing actions as efficient
as potassium citrate (Tosukhowwong et al., 2007). It also had antioxidant effect and
attenuated renal damage. Moreover, previous study showed that lemon juice plus
anti-oxidant nutrients putting in diets could lower the number of crystal deposition in
rats receiving EG resulting in renal protection and preventing stone deposition (Naghii
et al,, 2014). Although the effect of lime base will be focus on potassium citrate

replacement, the action of vitamin C in lime base is also existed.

In the present study, increased PMDA with low UTAS in group 2 were found.
However, the UMDA/UCr was unchanged. which may be mainly due to dramatic
dropped in GFR. Although oxidative stress may play a key role in CaOx stone formation,
Huang et al (2006) suggested that the causes of stone formation at the early stage may
rather be due to changes in OPN and THP in kidney tissue and urine which responsible
for nucleus formation. The LLC-PK1 cells exposed to oxalate showed increased in LDH
release and MDA content which was further elevated when COM crystal was added

(Thamilselvan et al., 2003). The mechanisms of oxalate induced peroxidative injury
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through the activation of NADPH oxidase via induction of TGF-B1 and GSH redox

imbalances were demonstrated in culture cells (Rashed et al., 2004).

Giving vitamin E in the present study showed reduced oxidative stress as
suggested by lower MDA and higher UTAS. The results were similar to report in rats
receiving EG at 150 mg/kg by gavage for 3 weeks which showed that excess vitamin E
could completely prevent the CaOx deposition in renal tissue along with the

restoration of tissue antioxidants (Thamilselvan and Menon, 2005).

In culture LLC-PK1 cells, vitamin E reduced LDH release, restore antioxidant
enzyme activities and reduced MDA when giving with either oxalate alone or in
combination with COM crystals (Thamilselvan et al., 2003). The protective effect of
vitamin E is superior than SOD, CAT and DFO. Vitamin E is also increased cell viability
and reduced TGF—Bl expression which increased after oxalate exposure (Rashed et al.,

2004).

Report of hyperoxaluria rats induced by EG given for 42 days showed that
vitamin E could not completely eradicate the oxidative stress as shown by higher
urinary TBAR and MDA especially at 21 days (Haung et al., 2006). They proposed that
the lower CaOx crystal in kidney tissue and urine sediment may primarily due to
changes in defensive effects caused by OPN and THP. In the present study, group 3

had lower CaOx crystal and oxidative stress parameter compared with group 2 which
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may in part due to antioxidant mechanism. However, the anti-oxalate or defense

markers may be involved.

In human patients with hyperoxaluria, increased plasma lipid peroxide with
decreased levels of vitamin E, vitamin C, blood GSH and hemolysate SOD and GPX
were found (Anbazhagan et al,, 1999). These effects were normalized nearly 100%
after 90 days receiving 200 mg/day of vitamin E supplement. In the present study, the
dose of vitamin E is far behind the basal dietary requirement in rats which is 3 [U/kg
per day (Attia et al., 2001). Vitamin E could protect kidney when giving along with HLP
as shown by higher GFR and lower BUN and Cr. Tubular reabsorption of Na and water
were also improved. The COD and COM crystal formation was less compared with

group 2 which received HLP alone.

HLP-treated rats supplement with vitamin C had lower both PMDA and crystal
formation compared with group 2 suggested that vitamin C also protected the kidney

from oxidative damage.

Vitamin C is a strong antioxidant which is water soluble. It can react as
scarvenging superoxide, hydroxyl radicals and single oxygen. Vitamin C was proved to
be effective in preventing renal damage with reduced renal histopathologic lesion and
oxidative stress especially in model of ischemic reperfusion injury in nephrectomized
rats (Korkmaz and Kolankaya, 2009). In I/R model, the renoprotective dose of vitamin

C was seen at the dose of 250 mg/kg while dose up to 1000 meg/kg may cause higher
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lipid oxidation induced hepatic injury. The renoprotective effects of high dose of
vitamin C were demonstrated in short term 24 hr study of gentamicin-induced

nephrotoxicity (Moreira et al., 2014).

In oxalate nephropathy model, although the mechanism of renal injury
involves oxidative stress, vitamin C usage was limited due its metabolite resulting in
the formation of oxalate (Longenecker et al,, 1940). Secondary hyperoxaluria was

found in renal transplantation patients after excess vitamin C intake (Yaich et al., 2014).

Previous study reported that vitamin E and C in combination treatment could
prevent increase in MDA in kidney, liver and erythrocyte. Moreover, BUN was not
increased compared with giving cisplatin alone (Kadkhodaee et al., 2005). The
prevention as shown by unaltered BUN and creatinine was also found using multi-
doses of lower concentrations of vitamin E and vitamin C (250 mg/kg each) in cisplatin
model whereas the renal GSH and MDA were also reversed (Ajith et al., 2009).
Moreover, beneficial effects of co-supplementation of vitamin C and vitamin E were
found in gentamicin induced nephrotoxicity in which GFR and GSH level were
preserved while enhanced urinary enzyme activity was prevented (Kadkhodaee et al,,
2005). Thus, combination may be useful in model of renal impairment mediated via

oxidative stress damage.

Finally, the histopathology of kidney tissue confirmed that the lesion was

mainly seen at the proximal tubule. No dramatic lesion was detected at the glomerular



135

part corresponding to less blood flow or high tubular pressure rather than pathology
at glomerular filtration barrier. The tubular cells were swollen which were similar to
the previous report in which the tubular cell injury with positive PCNA (proliferating
cell nuclear antigen), an indicator of tubular cell regeneration after tubular epithelial
loss was found (Khan, 2006). The same research group showed results from
immunohistochemistry with upregulation of CD44 and OPN along with crystal retention

and adhesion in renal tubule.

The histopathologic also confirmed that kidney of rats in group 5 had the
lowest lesions compared with other groups. The mechanism in which combination of
vitamin E and vitamin C is more advantage may be due to vitamin E was depleted
dramatically after oxalate exposure. Giving vitamin C can help recycling and replenish

the storage of vitamin E as suggested by Niki and co-workers (1985).

The highly correlation between GFR and oxidative stress parameters (PMDA and
UTAS) could be hypothesized that overwhelming of ROS from hyperoxaluria
interrupted filtration process of the kidney and could be alleviated by using the

synergistic effect of vitamin E and C.

Therefore, the maintaining of redox homeostasis could protect the kidney

function from oxalate induced nephropathy.
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The study in part I, effects of vitamin E and vitamin C
supplement on oxidative stress status, Klotho protein levels and Klotho

protein mRNA expression in HLP induced hyperoxaluric rats.

In this study, the body weight and food intake were unchanged with
significantly increase of water intake and urine flow rate in hyperoxaluric group. It was
hypothesized that there was subclinical impairment of kidney functions due to the
dosage of HLP and duration of the experiment in our study compared with previous

studies.

Plasma electrolytes concentration, organic and inorganic substances excretions
were similar to the study in part I. The crystal formation was also similar to the study
in part I. Additionally, the systolic blood pressure and plasma oxalate concentrations
were drastically elevated in hyperoxaluric group. Hypertension is the one of many risk
factors in kidney stone formation (Borghi et al., 1999) while increase in blood pressure
after CaOx formation could be due to post-glomerular obstruction, crystal aggregation
leading to tubuloglomerular feedback (TGF). The crystal in tubule of nephron could
be directly obstructed or disturbed the flow of ultrafiltrate. Study by using
computational simulation of renal function in the Randall’s plugs and calcium oxalate
crystalluria found that the plasma oxalate levels at 2.75 pmol/l influenced productivity
of CaOx crystal precipitation at the end of the descending limb of the loop of Henle.

Besides, the plasma oxalate at 1.4 pmol/l achieved the empirical thermodynamic
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formation product leading to precipitation of CaOx in the collecting duct (Robertson,
2015). Importantly, the plasma oxalate levels in hyperoxaluric rats in our experiment
exerted concentration over 200 umol/l. It’s closely related in crystalluria in group 2.
The TGF was activated for control of NaCl and volume in tubular compartment of the
nephron resulting in secretion of adenosine and increased in calcium ion levels

subsequently constriction of vascular smooth muscle in afferent arteriole.

Moreover, it was found that CaOx stone activated renin-angiotensin system
resulting in over production of angiotensin type II (A 1) and vasoconstriction
subsequently increased blood pressure via NADPH oxidase (Umekawa et al., 2004; Tsuiji
et al., 2016). Many previous studies reviewed that angiotensin type 1 receptor blocker
(AT1) administration in CaOx stone were alleviated CaOx crystal deposition in kidney
tissue of EG induced CaOx rats’ model (Yoshioka et al., 2011). The kidney lesions after
supplement with candesartan (angiotensin Il receptor blocker) were also improved
(Umekawa et al.,, 2004). The CaOx crystals could activate inflammatory cytokines

(Mulay et al,, 2013) and RAAS system.

In addition to the results of PMDA and UTAS which were similar to the results

in part |, the kidney oxidative stress status was determined.

The enzymatic antioxidant activity in the kidney tissue of the present study
revelaed that kidney SOD was drastically elevated in contrary to the kidney reduced

glutathione in hyperoxaluric rats while catalase activity was unchanged among groups.
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It might be implied that ROS, superoxide anion (O,) and hydrogen peroxide (H,0,), in
hyperoxaluria were overwhelmed which scavenged by using SOD, and subsequently

with catalase and glutathione peroxidase, respectively.

The vitamin E or alpha-tocopherol has been designated an important role in
kidney injury and others redox imbalance disease for many years ago according to its
highly potent free radical scavenger fat soluble vitamin which controlling many cellular
signaling pathways. Plasma concentration of vitamin E and vitamin A dropped in
urolithiasis patients was contrary to plasma malondialdehyde levels (Anbazhagan et
al., 1999; Kato et al., 2007). Administration of vitamin E orally (200 mg daily for 90 days)

could improve oxidative status.

However, our study found that supplement isolated of vitamin E could not
restored a kidney reduced GSH levels but vitamin E treated group had near-normal
kidney morphology. The study of hyperoxaluric rats induced by EG for 42 days’
duration showed that vitamin E could not eliminate the oxidative stress as shown by

higher urinary TBAR and MDA especially at 21 days (Huang et al., 2006).

Vitamin C, ascorbic acid, is a highly potent water-soluble antioxidant. Previous
study demonstrated that vitamin C was highly effective agents for renal damage with
reduced renal histopathologic lesion and oxidative stress especially in model of

ischemic reperfusion injury (IRI) in nephrectomized rats (Kadkhodaee et al., 2005).
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In IRl model, the renoprotective of vitamin C was realized at the dose of 250
me/kg while dose up to 1000 meg/kg could produce higher lipid oxidation with
subsequent hepatic injury. The renoprotective effects of high dose of vitamin C at 1
g/kg/day by gavage were demonstrated in short term 24 hr study of gentamicin-
induced nephrotoxicity (Moreira et al., 2014). On the contrary, it was reported that
metabolic waste of vitamin C is oxalate. Using vitamin C for prevention of ROS in
hyperoxaluria or CaOx stone was controversial. The association between ascorbate
ingestion and stone formation were investigated in the previous studies (Chalmers et

al., 1986; Curhan et al.,, 1997; Gerster, 1997; Auer et al., 1998).

Moreover, rats in group 4 showed the more balance redox homeostasis than
rats in group 2 and improved both Klotho mRNA expression and protein levels with
lower score lesion from pathologic study in the kidney tissue. It was implied that reno-
protective role of vitamin C could be supported according to renal handling of oxalate

and the other promoters and inhibitors of CaOx crystal formation.

Unaltered BUN and creatinine was also found after using multi-doses of lower
concentrations of vitamin C and E (250 mg/kg each) in cisplatin model whereas the
renal GSH and MDA were also reversed (Ajith et al., 2009). Moreover, beneficial effects
of co-supplement of vitamin C and E were found in gentamicin induced nephrotoxicity
in which GFR and GSH level were preserved while enhanced urinary enzyme activity

was prevented (Kadkhodaee et al., 2005). It was postulated that the combination may
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be useful in model of renal impairment mediated via ROS scavenging mechanism. On
the other hands, the levels of kidney reduced glutathione in group 5 of the present
study were higher than group 3 and group 4 which could be due to the synergistic

effects of Vit E and Vit C.

Study in oxalate induced oxidative stress in LLC-PK1 kidney cell line,
combination of vitamin E and vitamin C was more remarkable protection than isolated-
supplement (Thamilselvan et al., 2014). We confirmed from our results that vitamin E
and C in combination had higher protective effects compared with giving in isolation
especially urine oxalate excretion, risk indices, kidney reduced GSH, kidney SOD

activity, Klotho protein levels (plasma, urine and kidney tissue) and kidney morphology.

Histopathology results demonstrated that the lesion was mainly seen at the
proximal tubule. No dramatic lesion was detected at the glomerular part corresponding
to less blood flow or high tubular pressure rather than pathology at glomerular
filtration barrier similar to the study in part I. Moderate to severe of tubular cell
flattening and tubular dilation were shown in group 2 and recovery after receveing Vit
E and/or Vit C. The histopathologic also confirmed that kidney of rats in group 5 had

the lowest lesions compared with other groups.

This is the first study to discover weather hyperoxaluria condition affected
Klotho mRNA expression, protein levels and protein expression. We hypothesized that

Klotho protein plays an important role in CaOx stone formation and recurrence. The
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overwhelming of ROS from hyperoxaluria affected Klotho protein and supplement of
vitamin E could be completely protected soluble Klotho protein both in urine and

plasma and kidney Klotho protein.

The protein expression of Klotho in the kidney tissues showed drastically
reduction in group 2 and recovery after receveing Vit E and/or Vit C There are many
factors involved protein levels including transcription rate, nuclear export, mRNA
localization, transcript stability, translational regulation and protein degradation while
protein activity may be affected by posttranslational modifications, slycosylation,
nitrosylation, phosphorylation and proteolytic cleavage. Until now many studies
revealed the direct and indirect effects of ROS damaged biomolecules by involving
the structure, function, half-life or bioavailability. We now know that there are
overproduction of ROS or toxic species in aging and senescence (Hamilton et al., 2001,
Borel et al.,, 2013) and not only mutant klotho (Kuro-o et al.,, 1997) but also in
hyperoxaluria and CaOx urolithiasis as shown by abnormality expression of Klotho
gene. The damage and injury of kidney overproducted ROS which could be directly
destroyed the Klotho protein not only soluble form in plasma and urine but also
Klotho protein in kidney tissues. Moreover, the overwhelming of ROS could be affected

indirectly to the half-life or structural change of the Klotho protein.

The mRNA expression showed contradiction results which was elevated in

group 2. and reduced after supplement with Vit E and/or Vit C. The control of mRNA
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expression could be denoted the important process of expression of the gene. There
are many factors which plays a vital role in the difference mechanisms such as
transcription control, RNA processing, RNA transport and localization, mRNA
degradation or mRNA and protein interaction. Nevertheless, the expression of mRNA
Klotho protein in kidney injury and impairment was inconsistent since it was reduced
in IRl rat model while it was elevated in CDDP induced kidney injury (Kim et al., 2016).
Moreover, Klotho mRNA expression were down regulated in CKD patient’s due to

suppression by uremic toxin (Sun et al., 2012).

It is evidence suggesting that mRNA expression and Klotho protein production
might be disturbed by ROS-induced endoplasmic reticulum stress (ER stress) (Banerjee
et al,, 2013) and ROS-damaged renal tubular cells which is the productive source of
Klotho protein (Kuro-o et al,, 1997). Additionally, the feedback mechanism after
reduction of Klotho protein levels for up-regulation of Klotho mRNA expression by
using fibroblast growth factor receptor 23 (FGF23) could be diminished due to it was
found that acute phase of inflammation in CKD patients with sepsis blocked FGF 23

(Dounousi et al., 2016)

Moreover, rats in group 3 -5 showed the more balance redox homeostasis than
rats in group 2 with improved both Klotho mRNA expression and protein levels with

lower score lesion from pathologic study in kidney tissue. It was implied that Vit E
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and/or Vit C could protect renal handling of oxalate and the other promoters and

inhibitors of CaOx crystal formation.

There is strong correlation between positive area analysis of kidney Klotho
protein, reduced GSH, SOD and the lesion score in the kidney tissue from histology
study. However, the soluble form in urine and plasma had no relation with other
parameters. This could be results of many factors including dose and duration of the
study, model of HLP induced hyperoxaluria and half-life and stability of the soluble

Klotho protein.

Limitation of the study

In the present study, we do not separate soluble form of KL1 and KL2 which
has been identified earlier (Hu et al., 2015). Additionally, using Tiselius index for
prediction of urinary supersaturation in hyperoxaluric rat model should be consider

more than using the ratio between oxalate and citrate.
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CHAPTER VI

SUMMARY

In this present study, the administration of hydroxy-L-proline elevated the
levels of oxalate in plasma and urine. Consequently, hyperoxaluria induced
nephropathy by reduced glomerular filtration rate, reduced water and sodium
reabsorption at the proximal tubule, enhanced CaOx crystal formation and increased

oxidative stress. The administration of Vit E and/or Vit C could reverse these effects

In addition, kidney oxidative stress parameters were increased in hyperoxluric
rats which could also be alleviated by administration of antioxidants. The results were
agreed with renal histopathological data in which Vit E and/or Vit C improve renal
tubular lesions caused by oxalate. The kidney protein Klotho expression was reduced
while mRNA expression was enhanced in hyperoxaluric rats and these changes were
improved after receiving antioxidants. Since there are strong correlations between
oxidative stress parameters and either renal functions/structure or kidney Klotho
protein expression, it is suggested that oxalate promoted oxidative stress which
eventually reduced renal function and Klotho protein levels. By giving antioxidants, Vit

E, Vit C or its combination, can alleviate renal impairment cause by hyperoxaluria.
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t Oxalate J Klotho protein
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Vitamin C
IRenal tubular lesions »  J6FR
Figure 6-1 Interplay between oxalate, ROS, renal function and Klotho protein. The

supplement of Vit E and/or Vit C affects the relationships by suppress ROS

formation.
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ADDENDUM

Some data in part | of this study were published in The Journal of Veterinary
Medical Science, issue 79, volume 5, page 896-903. Furthermore, some data in part Il
of this study were also submitted to The Journal of Veterinary Medical Science.

Some data in part Il of this study was presented by oral and poster
presentations in Chulalongkorn University Veterinary Conference 2017 at Queen Sirikit
Convention Center, Bangkok, Thailand between 22-24 March 2017 entitle “Protective
effects of vitamin E on oxidative stress, risk indices and Klotho protein in hyperoxaluric

rats”.



147

REFERENCES

Aebi H, Suter H and Feinstein RN 1968. Activity and stability of catalase in blood and
tissues of normal and acatalasemic mice. Biochem Genet. 2(3): 245-251.

Ajith TA, Abhishek G, Roshny D and Sudheesh NP 2009. Co-supplementation of single
and multi doses of vitamins C and E ameliorates cisplatin-induced acute renal
failure in mice. Exp Toxicol Pathol. 61(6): 565-571.

Akimoto T, Yoshizawa H, Watanabe Y, Numata A, Yamazaki T, Takeshima E, lwazu K,
Komada T, Otani N, Morishita Y, Ito C, Shiizaki K, Ando Y, Muto S, Kuro-o M and
Kusano E 2012. Characteristics of urinary and serum soluble Klotho protein in
patients with different degrees of chronic kidney disease. BMC Nephrol. 13: 155.

Alcaraz A, lyu D, Atucha NM, Garcia-Estan J and Ortiz MC 2007. Vitamin E
supplementation reverses renal altered vascular reactivity in chronic bile duct-
ligated rats. Am J Physiol Regul Integr Comp Physiol. 292(4): R1486-1493.

Anbazhagan M, Hariprasad C, Samudram P, Latha E, Latha M and Selvam R 1999. Effect
of oral supplementation of vitamin E on urinary risk factors in patients with
hyperoxaluria. J Clin Biochem Nutr. 27(1): 37-47.

Atasayar S, Gurer-Orhan H, Orhan H, Gurel B, Girgin G and Ozgunes H 2009. Preventive
effect of aminoguanidine compared to vitamin E and C on cisplatin-induced

nephrotoxicity in rats. Exp Toxicol Pathol. 61(1): 23-32.



148

Attia DM, Verhagen AM, Stroes ES, van Faassen EE, Grone HJ, De Kimpe SJ, Koomans
HA, Braam B and Joles JA 2001. Vitamin E alleviates renal injury, but not
hypertension, during chronic nitric oxide synthase inhibition in rats. J Am Soc
Nephrol. 12(12): 2585-2593.

Auer BL, Auer D and Rodgers AL 1998. Relative hyperoxaluria, crystalluria and
haematuria after megadose ingestion of vitamin C. Eur J Clin Invest. 28(9): 695-
700.

Bacchetta J, Dubourg L, Juillard L and Cochat P 2009. Non-drug-induced nephrotoxicity.
Pediatr Nephrol. 24(12): 2291-2300.

Banhegyi G, Braun L, Csala M, Puskas F and Mandl J 1997. Ascorbate metabolism and
its regulation in animals. Free Radic Biol Med. 23(5): 793-803.

Bardowell SA, Ding X and Parker RS 2012. Disruption of P450-mediated vitamin E
hydroxylase activities alters vitamin E status in tocopherol supplemented mice
and reveals extra-hepatic vitamin E metabolism. J Lipid Res. 53(12): 2667-2676.

Baxmann AC, De OGMC and Heilberg IP 2003. Effect of vitamin C supplements on
urinary oxalate and pH in calcium stone-forming patients. Kidney Int. 63(3):
1066-1071.

Beutler E, Duron O and Kelly BM 1963. Improved method for the determination of
blood slutathione. J Lab Clin Med. 61: 882-888.

Boer P, van Leersum L, Hene RJ and Mees EJ 1984. Plasma oxalate concentration in

chronic renal disease. Am J Kidney Dis. 4(2): 118-122.



149

Borel P, Preveraud D and Desmarchelier C 2013. Bioavailability of vitamin E in humans:
an update. Nutr Rev. 71(6): 319-331.

Borghi L, Guerra A, Meschi T, Briganti A, Schianchi T, Allegri F and Novarini A 1999.
Relationship between supersaturation and calcium oxalate crystallization in
normals and idiopathic calcium oxalate stone formers. Kidney Int. 55(3): 1041-
1050.

Braun L, Csala M, Poussu A, Garzo T, Mandl J and Banhegyi G 1996. Glutathione
depletion induces glycogenolysis dependent ascorbate synthesis in isolated
murine hepatocytes. FEBS Lett. 388(2-3): 173-176.

Brun C 1951. A rapid method for the determination of para-aminohippuric acid in
kidney function tests. J Lab Clin Med. 37(6): 955-958.

Castillo-Martin M, Bonet S, Morato R and Yeste M 2014. Supplementing culture and
vitrification-warming media with l-ascorbic acid enhances survival rates and
redox status of IVP porcine blastocysts via induction of GPX1 and SOD1
expression. Cryobiology.

Cha SK, Hu MC, Kurosu H, Kuro-o M, Moe O and Huang CL 2009. Regulation of renal
outer medullary potassium channel and renal K(+) excretion by Klotho. Mol
Pharmacol. 76(1): 38-46.

Chalmers AH, Cowley DM and Brown JM 1986. A possible etiological role for ascorbate

in calculi formation. Clin Chem. 32(2): 333-336.



150

Chevalier RL 2016. The proximal tubule is the primary target of injury and progression
of kidney disease: role of the glomerulotubular junction. Am J Physiol Renal
Physiol. 311(1): F145-161.

Chrzczanowicz J, Gawron A, Zwolinska A, de Graft-Johnson J, Krajewski W, Krol M,
Markowski J, Kostka T and Nowak D 2008. Simple method for determining
human serum 2,2-diphenyl-1-picryl-hydrazyl (DPPH) radical scavenging activity
- possible application in clinical studies on dietary antioxidants. Clin Chem Lab
Med. 46(3): 342-349.

Coulter-Mackie MB and Lian Q 2006. Consequences of missense mutations for
dimerization and turnover of alanine:glyoxylate aminotransferase: study of a
spectrum of mutations. Mol Genet Metab. 89(4): 349-359.

Curhan GC, Willett WC, Speizer FE and Stampfer MJ 1999. Intake of vitamins B6 and C
and the risk of kidney stones in women. J Am Soc Nephrol. 10(4): 840-845.

Dalton G, An SW, Al-Juboori SI, Nischan N, Yoon J, Dobrinskikh E, Hilgemann DW, Xie J,
Luby-Phelps K, Kohler JJ, Birnbaumer L and Huang CL 2017. Soluble klotho
binds monosialoganglioside to regulate membrane microdomains and growth
factor signaling. Proc Natl Acad Sci 114(4): 752-757.

Delanghe JR, Langlois MR, De Buyzere ML, Na N, Ouyang J, Speeckaert MM and Torck
MA 2011. Vitamin C deficiency: more than just a nutritional disorder. Genes

Nutr. 6(4): 341-346.



151

Du J, Cullen JJ and Buettner GR 2012. Ascorbic acid: chemistry, biology and the
treatment of cancer. Biochim Biophys Acta. 1826(2): 443-457.

El-Zoghby ZM, Lieske JC, Foley RN, Bergstralh EJ, Li X, Melton LJ, 3rd, Krambeck AE
and Rule AD 2012. Urolithiasis and the risk of ESRD. Clin J Am Soc Nephrol. 7(9):
1409-1415.

Emamghorashi F, Owji SM and Motamedifar M 2011. Evaluation of Effectiveness of
Vitamins C and E on Prevention of Renal Scar due to Pyelonephritis in Rat. Adv
Urol. 2011: 489496.

Emmett M, Guirl MJ, Santa Ana CA, Porter JL, Neimark S, Hofmann AF and Fordtran JS
2003. Conjugated bile acid replacement therapy reduces urinary oxalate
excretion in short bowel syndrome. Am J Kidney Dis. 41(1): 230-237.

Evans HM 1962. The Pioneer History of Vitamin E. Vitamn Horm. 20: 379-387.

Evans HM and Bishop KS 1922. On the existence of a hitherto unrecognized dietary
factor essential for reproduction Science. 56(1458): 650-651.

Farrow EG and White KE 2010. Recent advances in renal phosphate handling. Nat Rev
Nephrol. 6(4): 207-217.

Fishman Al, Green D, Lynch A, Choudhury M, Eshghi M and Konno S 2013. Preventive
effect of specific antioxidant on oxidative renal cell injury associated with renal

crystal formation. Urology. 82(2): 489 e481-487.



152

Freel RW and Hatch M 2012. Hyperoxaluric rats do not exhibit alterations in renal
expression patterns of Slc26al (SAT1) mRNA or protein. Urol Res. 40(6): 647-
654.

Frick KK, Asplin JR, Favus MJ, Culbertson C, Krieger NS and Bushinsky DA 2013. Increased
biological response to 1,25(0OH)(2)D(3) in genetic hypercalciuric stone-forming
rats. Am J Physiol Renal Physiol. 304(6): F718-726.

Garcia A, Muros M and Barbas C 2001. Measurement of nephrolithiasis urinary markers
by capillary electrophoresis. J Chromatogr B Biomed Sci Appl. 755(1-2): 287-
295.

Gerster H 1997. No contribution of ascorbic acid to renal calcium oxalate stones. Ann
Nutr Metab. 41(5): 269-282.

Girotti AW 1985. Mechanisms of lipid peroxidation. J Free Radic Biol Med. 1(2): 87-95.

Gobe GC and Johnson DW 2007. Distal tubular epithelial cells of the kidney: Potential
support for proximal tubular cell survival after renal injury. Int J Biochem Cell
Biol. 39(9): 1551-1561.

Green D, O'Driscoll G, Rankin JM, Maiorana AJ and Taylor RR 1998. Beneficial effect of
vitamin E administration on nitric oxide function in subjects with
hypercholesterolaemia. Clin Sci (Lond). 95(3): 361-367.

Grollman AP, Walker WG, Harrison HC and Harrison HE 1963. Site of reabsorption of

citrate and calcium in the renal tubule of the dog Am J Physiol. 205: 697-701.



153

Gurm H, Sheta MA, Nivera N and Tunkel A 2012. Vitamin C-induced oxalate
nephropathy: a case report. J Community Hosp Intern Med Perspect. 2(2).

Hamilton ML, Van Remmen H, Drake JA, Yang H, Guo ZM, Kewitt K, Walter CA and
Richardson A 2001. Does oxidative damage to DNA increase with age? Proc Natl
Acad Sci U S A. 98(18): 10469-10474.

Hamm LL 1990. Renal handling of citrate. Kidney Int. 38(4): 728-735.

Hatch M and Freel RW 2003. Renal and intestinal handling of oxalate following oxalate
loading in rats. Am J Nephrol. 23(1): 18-26.

Hayslett JP and Kashgarian M 1979. A micropuncture study of the renal handling of
lithium. Pflugers Arch. 380(2): 159-163.

Herrera E and Barbas C 2001. Vitamin E: action, metabolism and perspectives. J Physiol
Biochem. 57(1): 43-56.

Hirose M, Yasui T, Okada A, Hamamoto S, Shimizu H, Itoh Y, Tozawa K and Kohri K 2010.
Renal tubular epithelial cell injury and oxidative stress induce calcium oxalate
crystal formation in mouse kidney. Int J Urol. 17(1): 83-92.

Holmes RP and Assimos DG 1998. Glyoxylate synthesis, and its modulation and
influence on oxalate synthesis. J Urol. 160(5): 1617-1624.

Hu MC and Moe OW 2012. Klotho as a potential biomarker and therapy for acute

kidney injury. Nat Rev Nephrol. 8(7): 423-429.



154

Hu MC, Shi M, Zhang J, Addo T, Cho HJ, Barker SL, Ravikumar P, Gillings N, Bian A, Sidhu
SS, Kuro-o M and Moe OW 2016. Renal Production, Uptake, and Handling of
Circulating alphaKlotho. J Am Soc Nephrol. 27(1): 79-90.

Hu MC, Shi M, Zhang J, Quinones H, Kuro-o M and Moe OW 2010. Klotho deficiency is
an early biomarker of renal ischemia-reperfusion injury and its replacement is
protective. Kidney Int. 78(12): 1240-1251.

Huang CL 2010. Regulation of ion channels by secreted Klotho: mechanisms and
implications. Kidney Int. 77(10): 855-860.

Huang HS, Chen J, Chen CF and Ma MC 2006. Vitamin E attenuates crystal formation in
rat kidneys: roles of renal tubular cell death and crystallization inhibitors.
Kidney Int. 70(4): 699-710.

Huang HS, Ma MC, Chen CF and Chen J 2003. Lipid peroxidation and its correlations
with urinary levels of oxalate, citric acid, and osteopontin in patients with renal
calcium oxalate stones. Urology. 62(6): 1123-1128.

Huang HS, Ma MC and Chen J 2009. Low-vitamin E diet exacerbates calcium oxalate
crystal formation via enhanced oxidative stress in rat hyperoxaluric kidney. Am
J Physiol Renal Physiol. 296(1): F34-45.

Huang HS, Ma MC, Chen J and Chen CF 2003. Changes in renal hemodynamics and
urodynamics in rats with chronic hyperoxaluria and after acute oxalate infusion:

role of free radicals. Neurourol Urodyn. 22(2): 176-182.



155

Jacob RA and Sotoudeh G 2002. Vitamin C function and status in chronic disease. Nutr
Clin Care. 5(2): 66-74.

Jaeger P and Robertson WG 2004. Role of dietary intake and intestinal absorption of
oxalate in calcium stone formation. Nephron Physiol. 98(2): p64-71.

Jiang J, Johnson LC, Knight J, Callahan MF, Riedel TJ, Holmes RP and Lowther WT 2012.
Metabolism of [13C5]hydroxyproline in vitro and in vivo: implications for
primary hyperoxaluria. Am J Physiol Gastrointest Liver Physiol. 302(6): G637-643.

Joshi S, Saylor BT, Wang W, Peck AB and Khan SR 2012. Apocynin-treatment reverses
hyperoxaluria induced changes in NADPH oxidase system expression in rat
kidneys: a transcriptional study. PloS one. 7(10): e47738.

Joshi S, Wang W, Peck AB and Khan SR 2015. Activation of the NLRP3 inflammasome
in association with calcium oxalate crystal induced reactive oxygen species in
kidneys. J Urol. 193(5): 1684-1691.

Kadkhodaee M, Khastar H, Faghihi M, Ghaznavi R and Zahmatkesh M 2005. Effects of
co-supplementation of vitamins E and C on gentamicin-induced nephrotoxicity
in rat. Exp Physiol. 90(4): 571-576.

Kato J, Ruram AA, Singh SS, Devi SB, Devi Tl and Singh WG 2007. Lipid peroxidation and
antioxidant vitamins in urolithasis. Indian J Clin Biochem. 22(1): 128-130.

Kavutcu M, Canbolat O, Ozturk S, Olcay E, Ulutepe S, Ekinci C, Gokhun IH and Durak |

1996. Reduced enzymatic antioxidant defense mechanism in kidney tissues



156

from gentamicin-treated guinea pigs: effects of vitamins E and C. Nephron. 72(2):
269-274.

Khan SR 2004. Role of renal epithelial cells in the initiation of calcium oxalate stones.
Nephron Exp Nephrol. 98(2): e55-60.

Khan SR 2013. Reactive oxygen species as the molecular modulators of calcium oxalate
kidney stone formation: evidence from clinical and experimental investigations.
J Urol. 189(3): 803-811.

Khan SR 2014. Reactive oxygen species, inflammation and calcium oxalate
nephrolithiasis. Transl Androl Urol. 3(3): 256-276.

Khan SR, Glenton PA and Byer KJ 2006. Modeling of hyperoxaluric calcium oxalate
nephrolithiasis: experimental induction of hyperoxaluria by hydroxy-L-proline.
Kidney Int. 70(5): 914-923.

Kim AJ, Ro H, Kim H, Chang JH, Lee HH, Chung W and Jung JY 2016. Klotho and
S100A8/A9 as Discriminative Markers between Pre-Renal and Intrinsic Acute
Kidney Injury. PloS one. 11(1): e0147255.

Kim JH, Hwang KH, Park KS, Kong ID and Cha SK 2015. Biological Role of Anti-aging
Protein Klotho. J Lifestyle Med. 5(1): 1-6.

Kiyama S, Yoshioka T, Burr IM, Kon V, Fogo A and Ichikawa | 1995. Strategic locus for
the activation of the superoxide dismutase gene in the nephron. Kidney Int.

47(2): 536-546.



157

Knight J, Jiang J, Assimos D and Holmes R 2006. Hydroxyproline ingestion and urinary
oxalate and glycolate excretion. Kidney Int. 70(11): 1929-1934.

Korkmaz A and Kolankaya D 2009. The protective effects of ascorbic acid against renal
ischemia-reperfusion injury in male rats. Ren Fail. 31(1): 36-43.

Kuro-o M, Matsumura Y, Aizawa H, Kawaguchi H, Suga T, Utsugi T, Ohyama Y,
Kurabayashi M, Kaname T, Kume E, Iwasaki H, lida A, Shiraki-lida T, Nishikawa S,
Nagai R and Nabeshima Y| 1997. Mutation of the mouse klotho gene leads to a
syndrome resembling ageing. Nature. 390(6655): 45-51.

Kuro OM 2011. Phosphate and Klotho. Kidney Int Suppl. (121): S20-23.

Kurosu H, Ogawa Y, Miyoshi M, Yamamoto M, Nandi A, Rosenblatt KP, Baum MG, Schiavi
S, Hu MC, Moe OW and Kuro-o M 2006. Regulation of fibroblast growth factor-
23 signaling by klotho. J Biol Chem. 281(10): 6120-6123.

Kurosu H, Yamamoto M, Clark JD, Pastor JV, Nandi A, Gurnani P, McGuinness OP,
Chikuda H, Yamasuchi M, Kawaguchi H, Shimomura |, Takayama Y, Herz J, Kahn
CR, Rosenblatt KP and Kuro-o M 2005. Suppression of aging in mice by the
hormone Klotho. Science. 309(5742): 1829-1833.

Lamarche J, Nair R, Peguero A and Courville C 2011. Vitamin C-induced oxalate
nephropathy. Int J Nephrol. 2011: 146927.

Lee YH, Huang WC, Chang LS, Chen MT and Huang JK 1992. Uninephrectomy enhances

urolithiasis in ethylene glycol treated rats. Kidney Int. 42(2): 292-299.



158

Levine M, Conry-Cantilena C, Wang Y, Welch RW, Washko PW, Dhariwal KR, Park JB,
Lazarev A, Graumlich JF, King J and Cantilena LR 1996. Vitamin C
pharmacokinetics in healthy volunteers: evidence for a recommended dietary
allowance. Proc Natl Acad Sci U S A. 93(8): 3704-3709.

Levine M, Padayatty SJ and Espey MG 2011. Vitamin C: a concentration-function
approach yields pharmacology and therapeutic discoveries. Adv Nutr. 2(2): 78-
88.

Li C, Li RW and Elsasser TH 2010. Alpha-Tocopherol Modulates Transcriptional Activities
that Affect Essential Biological Processes in Bovine Cells. Gene Regul Syst Bio.
4: 109-124.

Li Y and McMartin KE 2009. Strain differences in urinary factors that promote calcium
oxalate crystal formation in the kidneys of ethylene slycol-treated rats. Am J
Physiol Renal Physiol. 296(5): F1080-1087.

Linster CL and Van Schaftingen E 2007. Vitamin C. Biosynthesis, recycling and
degradation in mammals. FEBS J. 274(1): 1-22.

Longenecker HE, Fricke H and King C 1940. The effect of organic compounds upon
vitamin C synthesis in the rat J Biol Chem. 135(2): 497-510.

Lowry OH, Rosebrough NJ, Farr AL and Randall RJ 1951. Protein measurement with the

Folin phenol reagent. J Biol Chem. 193(1): 265-275.



159

Lykkesfeldt J 2002. Increased oxidative damage in vitamin C deficiency is accompanied
by induction of ascorbic acid recycling capacity in young but not mature guinea
pigs. Free Radic Res. 36(5): 567-574.

Ma MC, Chen YS and Huang HS 2013. Erythrocyte Oxidative Stress in Patients With
Calcium Oxalate Stones Correlates With Stone Size and Renal Tubular Damage.
Urology. 83(2): 510-517.

Malo C and Wilson JX 2000. Glucose modulates vitamin C transport in adult human
small intestinal brush border membrane vesicles. J Nutr. 130(1): 63-69.

Mandl J, Szarka A and Banhegyi G 2009. Vitamin C: update on physiology and
pharmacology. Br J Pharmacol. 157(7): 1097-1110.

Marengo SR and Romani AM 2008. Oxalate in renal stone disease: the terminal
metabolite that just won't go away. Nat Clin Pract Nephrol. 4(7): 368-377.

Markiewicz M, Panneerselvam K and Marks N 2016. Role of Klotho in migration and
proliferation of human dermal microvascular endothelial cells. Microvasc Res.
107: 76-82.

Martin M, Ferrier B and Roch-Ramel F 1983. Renal excretion of ascorbic acid in the rat:
a micropuncture study. Am J Physiol. 244(3): F335-341.

May JM 2000. How does ascorbic acid prevent endothelial dysfunction? Free Radic Biol
Med. 28(9): 1421-1429.

McCord JM and Fridovich | 1969. Superoxide dismutase. An enzymic function for

erythrocuprein (hemocuprein). J Biol Chem. 244(22): 6049-6055.



160

Minisola S, Rossi W, Pacitti MT, Scarnecchia L, Bigi F, Carnevale V and Mazzuoli G 1989.
Studies on citrate metabolism in normal subjects and kidney stone patients.
Miner Electrolyte Metab. 15(5): 303-308.

Moreira MA, Nascimento MA, Bozzo TA, Cintra A, da Silva SM, Dalboni MA, Mouro MG
and Higa EM 2014. Ascorbic acid reduces gentamicin-induced nephrotoxicity in
rats through the control of reactive oxygen species. Clin Nutr. 33(2): 296-301.

Morimoto H, Nakao K, Fukuoka K, Sarai A, Yano A, Kihara T, Fukuda S, Wada J and
Makino H 2005. Long-term use of vitamin E-coated polysulfone membrane
reduces oxidative stress markers in haemodialysis patients. Nephrol Dial
Transplant. 20(12): 2775-2782.

Mulay SR, Evan A and Anders HJ 2013. Molecular mechanisms of crystal-related kidney
inflammation and injury. Implications for cholesterol embolism, crystalline
nephropathies and kidney stone disease. Nephrol Dial Transplant.

Mustacich DJ, Bruno RS and Traber MG 2007. Vitamin E. Vitam Horm. 76: 1-21.

Naghii MR, Eskandari E, Mofid M, Jafari M and Asadi MH 2014. Antioxidant therapy
prevents ethylene glycol-induced renal calcium oxalate crystal deposition in
Wistar rats. Int Urol Nephrol.

Niki E, Kawakami A, Yamamoto Y and Kamiya Y 1985. Oxidation of lipids. VIII. Synergistic
inhibition of oxidation of phosphatidylcholine liposome in aqueous dispersion

by vitamin E and vitamin C. Bull Chem Soc Jpn. 58(7): 1971-1975.



161

Niki E, Noguchi N, Tsuchihashi H and Gotoh N 1995. Interaction among vitamin C,
vitamin E, and beta-carotene. Am J Clin Nutr. 62(6 Suppl): 1322S-1326S.

Ohana E, Shcheynikov N, Moe OW and Muallem S 2013. SLC26A6 and NaDC-1
transporters interact to regulate oxalate and citrate homeostasis. J Am Soc
Nephrol. 24(10): 1617-1626.

Ohkawa H, Ohishi N and Yagi K 1979. Assay for lipid peroxides in animal tissues by
thiobarbituric acid reaction. Anal Biochem. 95(2): 351-358.

Oreopoulos DG, Lindeman RD, VanderJagt DJ, Tzamaloukas AH, Bhagavan HN and Garry
PJ 1993. Renal excretion of ascorbic acid: effect of age and sex. J Am Coll Nutr.
12(5): 537-542.

Osswald H and Hautmann R 1979. Renal elimination kinetics and plasma half-life of
oxalate in man. Urol Int. 34(6): 440-450.

Pabla N and Dong Z 2008. Cisplatin nephrotoxicity: mechanisms and renoprotective
strategies. Kidney Int. 73(9): 994-1007.

Padayatty SJ, Sun AY, Chen Q, Espey MG, Drisko J and Levine M 2010. Vitamin C:
intravenous use by complementary and alternative medicine practitioners and
adverse effects. PloS one. 5(7): e11414.

Pope SA, Burtin GE, Clayton PT, Madge DJ and Muller DP 2001. New synthesis of (+/-)-
alpha-CMBHC and its confirmation as a metabolite of alpha-tocopherol (vitamin

E). Bioorg Med Chem. 9(5): 1337-1343.



162

Rashed T, Menon M and Thamilselvan S 2004. Molecular mechanism of oxalate-
induced free radical production and glutathione redox imbalance in renal
epithelial cells: effect of antioxidants. Am J Nephrol. 24(5): 557-568.

Razzaque MS 2009. The FGF23-Klotho axis: endocrine regulation of phosphate
homeostasis. Nat Rev Endocrinol. 5(11): 611-6109.

Reboul E and Borel P 2011. Proteins involved in uptake, intracellular transport and
basolateral secretion of fat-soluble vitamins and carotenoids by mammalian
enterocytes. Prog Lipid Res. 50(4): 388-402.

Rhoden EL, Pereira-Lima L, Teloken C, Lucas ML, Bello-Klein A and Rhoden CR 2001.
Beneficial effect of alpha-tocopherol in renal ischemia-reperfusion in rats. Jpn
J Pharmacol. 87(2): 164-166.

Riley JM, Kim H, Averch TD and Kim HJ 2013. Effect of magnesium on calcium and
oxalate ion binding. J Endourol. 27(12): 1487-1492.

Rimbach G, Minihane AM, Majewicz J, Fischer A, Pallauf J, Vireli F and Weinberg PD
2002. Regulation of cell signalling by vitamin E. Proc Nutr Soc. 61(4): 415-425.

Rivers JM 1989. Safety of high-level vitamin C ingestion. Int J Vitam Nutr Res Suppl. 30:
95-102.

Robertson WG 2015. Potential role of fluctuations in the composition of renal tubular
fluid through the nephron in the initiation of Randall's plugs and calcium
oxalate crystalluria in a computer model of renal function. Urolithiasis. 43 Suppl

1: 93-107.



163

Robijn S, Hoppe B, Vervaet BA, D'Haese PC and Verhulst A 2011. Hyperoxaluria: a gut-
kidney axis? Kidney Int. 80(11): 1146-1158.

Robitaille L, Mamer OA, Miller WH, Jr., Levine M, Assouline S, Melnychuk D, Rousseau
C and Hoffer LJ 2009. Oxalic acid excretion after intravenous ascorbic acid
administration. Metabolism. 58(2): 263-269.

Rodgers AL, Allie-Hamdulay S, Jackson G and Tiselius HG 2011. Simulating calcium salt
precipitation in the nephron using chemical speciation. Urol Res. 39(4): 245-251.

Rose RC 1986. Ascorbic acid transport in mammalian kidney. Am J Physiol. 250(4 Pt 2):
F627-632.

Rumsey SC and Levine M 1998. Absorption, transport, and disposition of ascorbic acid
in humans. J Nutr Biochem. 9(3): 116-130.

Saw NK, Rao PN and Kavanagh JP 2008. A nidus, crystalluria and aggregation: key
ingredients for stone enlargement. Urol Res. 36(1): 11-15.

Schmittgen TD and Livak KJ 2008. Analyzing real-time PCR data by the comparative
C(T) method. Nat Protoc. 3(6): 1101-1108.

Schmélz L, Birringer M, Lorkowski S and Wallert M 2016. Complexity of vitamin E
metabolism. World J Biol Chem. 7(1): 14-43.

Schramm A, Matusik P, Osmenda G and Guzik TJ 2012. Targeting NADPH oxidases in
vascular pharmacology. Vascul Pharmacol. 56(5-6): 216-231.

Schubert G 2006. Stone analysis. Urol Res. 34(2): 146-150.



164

Schultz M, Leist M, Petrzika M, Gassmann B and Brigelius-Flohe R 1995. Novel urinary
metabolite of alpha-tocopherol, 2,5,7,8-tetramethyl-2(2'-carboxyethyl)-6-
hydroxychroman, as an indicator of an adequate vitamin E supply? Am J Clin
Nutr. 62(6 Suppl): 1527s-1534s.

Schwille PO, Schmiedl A, Herrmann U, Manoharan M, Fan J, Sharma V and Gottlieb D
2000. Ascorbic acid in idiopathic recurrent calcium urolithiasis in humans--does
it have an abettor role in oxalate, and calcium oxalate crystallization? Urol Res.
28(3): 167-177.

Serbinova E, Kagan V, Han D and Packer L 1991. Free radical recycling and
intramembrane mobility in the antioxidant properties of alpha-tocopherol and
alpha-tocotrienol. Free Radic Biol Med. 10(5): 263-275.

Sharma G, Muller DP, O’Riordan SM, Bryan S, Dattani MT, Hindmarsh PC and Mills K
2013. Urinary conjugated Ol-tocopheronolactone—a biomarker of oxidative
stress in children with type 1 diabetes. Free Radic Biol Med. 55: 54-62.

Simpson DP 1967. Regulation of Renal Citrate Metabolism by Bicarbonate lon and pH:
Observations in Tissue Slices and Mitochondria. J Clin Invest. 46(2): 225-238.

Sithanukul S, Shayarattanasin P, Hiranpradith V, Chansaisakorn W, Trisiriroj M,
Komolvanich S, Satayatham S and Buranakarl C 2010. Blood Pressure, Urinary
Protein Creatinine Ratio and Oxidative Stress in Dogs with Urolithiasis. Thai J Vet

Med. 40(3): 8.



165

Sopjani M, Alesutan |, Dermaku-Sopjani M, Gu S, Zelenak C, Munoz C, Velic A, Foller M,
Rosenblatt KP, Kuro-o M and Lang F 2011. Regulation of the Na+/K+ ATPase by
Klotho. FEBS Lett. 585(12): 1759-1764.

Sugimoto T, Osswald H, Yamamoto K, Kanazawa T, limori H, Funae Y, Kamikawa S and
Kishimoto T 1993. Fate of circulating oxalate in rats. Eur Urol. 23(4): 485-489.

Sumitra K, Pragasam V, Sakthivel R, Kalaiselvi P and Varalakshmi P 2005. Beneficial
effect of vitamin E supplementation on the biochemical and kinetic properties
of Tamm-Horsfall glycoprotein in hypertensive and hyperoxaluric patients.
Nephrol Dial Transplant. 20(7): 1407-1415.

Sun CY, Chang SC and Wu MS 2012. Suppression of Klotho expression by protein-bound
uremic toxins is associated with increased DNA methyltransferase expression
and DNA hypermethylation. Kidney Int. 81(7): 640-650.

Suzuki YJ, Tsuchiya M, Wassall SR, Choo YM, Govil G, Kagan VE and Packer L 1993.
Structural and dynamic membrane properties of alpha-tocopherol and alpha-
tocotrienol: implication to the molecular mechanism of their antioxidant
potency. Biochemistry. 32(40): 10692-10699.

Taddei S, Virdis A, Ghiadoni L, Magagna A and Salvetti A 1998. Vitamin C improves
endothelium-dependent vasodilation by restoring nitric oxide activity in
essential hypertension. Circulation. 97(22): 2222-2229.

Tain YL, Freshour G, Dikalova A, Griendling K and Baylis C 2007. Vitamin E reduces

glomerulosclerosis, restores renal neuronal NOS, and suppresses oxidative



166

stress in the 5/6 nephrectomized rat. Am J Physiol Renal Physiol. 292(5): F1404-
1410.

Tasanarong A, Vohakiat A, Hutayanon P and Piyayotai D 2013. New strategy of alpha-
and gamma-tocopherol to prevent contrast-induced acute kidney injury in
chronic kidney disease patients undergoing elective coronary procedures.
Nephrol Dial Transplant. 28(2): 337-344.

Tawashi R, Cousineau M and Sharkawi M 1980. Calcium oxalate crystal formation in the
kidneys of rats injected with 4-hydroxy-L-proline. Urol Res. 8(2): 121-127.

Telci D, Dogan AU, Ozbek E, Polat EC, Simsek A, Cakir SS, Yeloglu HO and Sahin F 2011.
KLOTHO gene polymorphism of G395A is associated with kidney stones. Am J
Nephrol. 33(4): 337-343.

Thamilselvan S, Khan SR and Menon M 2003. Oxalate and calcium oxalate mediated
free radical toxicity in renal epithelial cells: effect of antioxidants. Urol Res.
31(1): 3-9.

Thamilselvan S and Menon M 2005. Vitamin E therapy prevents hyperoxaluria-induced
calcium oxalate crystal deposition in the kidney by improving renal tissue
antioxidant status. BJU Int. 96(1): 117-126.

Thamilselvan V, Menon M and Thamilselvan S 2014. Oxalate at physiological urine
concentrations induces oxidative injury in renal epithelial cells: Effect of alpha-

tocopherol and ascorbic acid. BJU Int.



167

Thomsen K and Shirley DG 1990. Analysis of the relation between lithium clearance
and sodium clearance in rats. Scand J Clin Lab Invest. 50(2): 209-215.

Thomsen K and Shirley DG 1997. The validity of lithium clearance as an index of sodium
and water delivery from the proximal tubules. Nephron. 77(2): 125-138.

Thomsen Kand Shirley DG 2006. A hypothesis linking sodium and lithium reabsorption
in the distal nephron. Nephrol Dial Transplant. 21(4): 869-880.

Thongboonkerd V, Semangoen T and Chutipongtanate S 2006. Factors determining
types and morphologies of calcium oxalate crystals: molar concentrations,
buffering, pH, stirring and temperature. Clin Chim Acta. 367(1-2): 120-131.

Thongchai P, Chaiyabutr N and Buranakarl C 2008. Renal Function and Oxidative Stress
following Gentamicin induced Renal Injury in Rats Treated with Erythropoietin,
Iron and Vitamin E. The Thai Journal of Veterinary Medicine. 38(2): 9.

Tian N, Thrasher KD, Gundy PD, Hughson MD and Manning RD, Jr. 2005. Antioxidant
treatment prevents renal damage and dysfunction and reduces arterial
pressure in salt-sensitive hypertension. Hypertension. 45(5): 934-939.

Tiselius HG, Ferraz RR and Heilberg IP 2003. An approximate estimate of the ion-activity
product of calcium oxalate in rat urine. Urol Res. 31(6): 410-413.

Toblli JE, Ferder L, Stella I, De Cavanaugh EM, Angerosa M and Inserra F 2002. Effects
of angiotensin Il subtype 1 receptor blockade by losartan on tubulointerstitial

lesions caused by hyperoxaluria. J Urol. 168(4 Pt 1): 1550-1555.



168

Torregrosa |, Montoliu C, Urios A, Gimenez-Garzo C, Tomas P, Solis MA, Ramos C, Juan
l, Puchades MJ, Saez G, Blasco ML and Miguel A 2015. Urinary Klotho measured
by ELISA as an early biomarker of acute kidney injury in patients after cardiac
surgery or coronary angiography. Nefrologia. 35(2): 172-178.

Tosukhowong P, Boonla C, Ratchanon S, Tanthanuch M, Poonpirome K, Supataravanich
P, Dissayabutra T and Tungsanga K 2007. Crystalline composition and etiologic
factors of kidney stone in Thailand: update 2007. Asian Biomed. 1(1): 87-95.

Traber MG 2007. Vitamin E regulatory mechanisms. Annu Rev Nutr. 27: 347-362.

Tsuji H, Wang W, Sunil J, Shimizu N, Yoshimura K, Uemura H, Peck AB and Khan SR
2016. Involvement of renin-angiotensin-aldosterone system in calcium oxalate
crystal induced activation of NADPH oxidase and renal cell injury. World J Urol.
34(1): 89-95.

Umekawa T, Hatanaka Y, Kurita T and Khan SR 2004. Effect of angiotensin Il receptor
blockage on osteopontin expression and calcium oxalate crystal deposition in
rat kidneys. J Am Soc Nephrol. 15(3): 635-644.

Urakawa I, Yamazaki Y, Shimada T, lijima K, Hasegawa H, Okawa K, Fujita T, Fukumoto
S and Yamashita T 2006. Klotho converts canonical FGF receptor into a specific
receptor for FGF23. Nature. 444(7120): 770-774.

Uribarri J, Oh MS and Carroll HJ 1989. The first kidney stone. Ann Intern Med. 111(12):

1006-1009.



169

Walser M 1961. lon association VI. Interactions between calcium, magnesium, inorganic
phosphate, citrate and protein in normal human plasma J Clin Invest. 40(4):
723-730.

Wang Y, Kuro-o M and Sun Z 2012. Klotho gene delivery suppresses Nox2 expression
and attenuates oxidative stress in rat aortic smooth muscle cells via the cAMP-
PKA pathway. Aging Cell. 11(3): 410-417.

Weening JJ, D'Agati VD, Schwartz MM, Seshan SV, Alpers CE, Appel GB, Balow JE, Bruijn
JA, Cook T, Ferrario F, Fogo AB, Ginzler EM, Hebert L, Hill G, Hill P, Jennette JC,
Kong NC, Lesavre P, Lockshin M, Looi LM, Makino H, Moura LA and Nagata M
2004. The classification of glomerulonephritis in systemic lupus erythematosus
revisited. Kidney Int. 65(2): 521-530.

Weidemann A, Bernhardt WM, Klanke B, Daniel C, Buchholz B, Campean V, Amann K,
Warnecke C, Wiesener MS, Eckardt KU and Willam C 2008. HIF activation
protects from acute kidney injury. J Am Soc Nephrol. 19(3): 486-494.

Wiessner JH, Garrett MR, Roman RJ and Mandel NS 2009. Dissecting the genetic basis
of kidney tubule response to hyperoxaluria using chromosome substitution
strains. Am J Physiol Renal Physiol. 297(2): F301-306.

Wilson JX 2002. The physiological role of dehydroascorbic acid. FEBS Lett. 527(1): 5-9.

Wilson JX 2005. Regulation of vitamin C transport. Annu Rev Nutr. 25: 105-125.



170

Wohlgemuth SE, Calvani R and Marzetti E 2014. The interplay between autophagy and
mitochondrial dysfunction in oxidative stress-induced cardiac aging and
pathology. J Mol Cell Cardiol.

Worcester E, Parks JH, Josephson MA, Thisted RA and Coe FL 2003. Causes and
consequences of kidney loss in patients with nephrolithiasis. Kidney Int. 64(6):
2204-2213.

Xu'Y and Sun Z 2015. Molecular basis of Klotho: from gene to function in aging. Endocr
Rev. 36(2): 174-193.

Yaich S, Chaabouni Y, Charfeddine K, Zaghdane S, Kharrat M, Kammoun K, Makni S,
Boudawara T and Hachicha J 2014. Secondary oxalosis due to excess vitamin C
intake: a cause of graft loss in a renal transplant recipient. Saudi J Kidney Dis
Transpl. 25(1): 113-116.

Yamasguchi S, Wiessner JH, Hasegawa AT, Hung LY, Mandel GS and Mandel NS 2005.
Study of a rat model for calcium oxalate crystal formation without severe renal
damage in selected conditions. Int J Urol. 12(3): 290-298.

Yamamoto M, Clark JD, Pastor JV, Gurnani P, Nandi A, Kurosu H, Miyoshi M, Ogawa Y,
Castrillon DH, Rosenblatt KP and Kuro-o M 2005. Regulation of oxidative stress
by the anti-aging hormone klotho. J Biol Chem. 280(45): 38029-38034.

Yoshioka |, Tsujihata M, Akanae W, Nonomura N and Okuyama A 2011. Angiotensin
type-1 receptor blocker candesartan inhibits calcium oxalate crystal deposition

in ethylene glycol-treated rat kidneys. Urology. 77(4): 1007 e1009-1007 e1014.



171

Young MK, Jr. and Raisz LG 1952. An anthrone procedure for determination of inulin in
biological fluids. Proc Soc Exp Biol Med. 80(4): 771-774.

Zhou L, Mo H, Miao J, Zhou D, Tan RJ, Hou FF and Liu Y 2015. Klotho Ameliorates
Kidney Injury and Fibrosis and Normalizes Blood Pressure by Targeting the
Renin-Angiotensin System. Am J Pathol. 185(12): 3211-3223.

Zingg JM 2007. Modulation of signal transduction by vitamin E. Mol Aspects Med. 28(5-
6): 481-506.

Zuo J, Khan A, Glenton PA and Khan SR 2011. Effect of NADPH oxidase inhibition on
the expression of kidney injury molecule and calcium oxalate crystal deposition
in hydroxy-L-proline-induced hyperoxaluria in the male Sprague-Dawley rats.

Nephrol Dial Transplant. 26(6): 1785-1796.



172

VITA

NAME: Orapun Jaturakan

DATE OF BIRTH: March 25, 1986

PLACE OF BIRTH: Kanchanaburi, Thailand

EDUCATION:

- Doctor of Veterinary Medicine, Faculty of Veterinary Science, Chulalongkorn University,
Thailand (2006-2012)

- PhD, Department of Physiology, Faculty of Veterinary Science, Chulalongkorn University,
Thailand (2012-2017)

RESEARCH GRANT:

The 100th Anniversary Chulalongkorn University Fund for Doctoral Scholarship
PUBLICATIONS:

- Jaturakan O, Buranakarl C, Dissayabutra T, Chaiyabutr N, Kijtawornrat A, and Rungsipipat A. Changes
of Klotho protein and Klotho mRNA expression in hydroxy-L-proline induced hyperoxaluric rat model.

Submitted to The Journal of Veterinary Medical Science.

- Jaturakan O, Dissayabutra T, Chaiyabutr N, Kijtawornrat A, Tosukhowong P, Rungsipipat A, Nhujak
T and Buranakarl C. 2017. Combination of vitamin E and vitamin C alleviates renal function in hyperoxaluric rats

via antioxidant activity. The Journal of Veterinary Medical Science. 79(5): 896-903.

- Jaturakan O, Vanichwatanaramlouk M, Kornkaew A, Trisiriroj M, Chansaisakorn W, Komolvanich S,
Tachampa K and Buranakarl C. 2013. SDS-PAGE electrophoresis for urinary protein analysis in dogs with chronic
kidney disease and urinary tract infection. The Thai Journal of Veterinary Medicine. 43(1): 75-83.

CONFERENCES / PRESENTATIONS:
Oral Presentation

- The 16th Chulalongkorn University Veterinary Conference 2017, entitle "Protective Effects of
Vitamin E on Oxidative Stress, Risk Indices and Klotho Protein in Hyperoxaluric Rats" 22-24 March 2017, Thailand.

Poster Presentation

- The 16th Chulalongkorn University Veterinary Conference 2017, entitle "Protective Effects of
Vitamin E on Oxidative Stress, Risk Indices and Klotho Protein in Hyperoxaluric Rats" 22-24 March 2017, Thailand.



	THAI ABSTRACT
	ENGLISH ABSTRACT
	ACKNOWLEDGEMENTS
	CONTENTS
	LISTS OF FIGURES
	LISTS OF TABLES
	LISTS OF ABBREVIATIONS
	CHAPTER I INTRODUCTION
	CHAPTER II  REVIEWS OF LITERATURE
	A. Calcium oxalate nephrolithiasis
	B. The physicochemical role of kidney stone formation
	C. Oxidative stress and redox cycle relating to CaOx
	D. CaOx therapy and recurrence rate
	E. Hydroxy-L-proline, ethylene glycol and animals model for the study of CaOx stone
	F. HLP and hyperoxaluria
	G. The concept of lithium clearance study
	H. Oxalate and renal handling of oxalate
	I. Renal handling of oxalate
	J. Citrate and renal handling of citrate
	K. Interaction between citrate and oxalate
	L. Vitamin E (alpha-tocopherol): nomenclature, chemical structure and functions
	M. Transport, absorption and cellular uptake of alpha-tocopherol
	N. Distribution of intracellular vitamin E
	O. Metabolism of vitamin E
	P. Bioavailability and plasma kinetics of vitamin E
	Q. Cellular signaling modulations activity and gene expression control by vitamin E
	R. Vitamin E and renal injury
	S. Vitamin E, hyperoxaluria and CaOx nephrolithiasis
	T. Vitamin C (ascorbic acid): nomenclature, chemical structure and functions
	U. Antioxidant activity of vitamin C
	V. Transport, absorption and cellular uptake of vitamin C
	W. Vitamin C recycling
	X. Renal excretion of vitamin C
	Y. Vitamin C, hyperoxaluria and CaOX nephrolithiasis
	Z. The combination of vitamin E and vitamin C and the role of antioxidants
	AA. The action of combination of vitamin E and vitamin C
	AB. Usage of combined vitamin E and vitamin C in kidney injury condition
	AC. Klotho protein: generation, structure, classification and distribution
	AD. Renal handling of soluble Klotho
	AE. Klothoprotein and oxidative stress
	AF. Klotho protein, hyperoxaluria and CaOx nephrolithiasis

	CHAPTER III  MATERIALS AND METHODS
	1. Approvals
	2. Animal managements and experimental designs
	3. Drugs, infusion solutions and chemical reagents
	4. Experimental protocol
	4.1 Study part I
	4.1.1 Experimental protocol for renal hemodynamic study

	4.2 Study part II
	4.2.1 Experimental protocol for kidney Klotho protein and kidney oxidative stress


	5. Analytical procedures for determination of urine, plasma and kidney tissue samples
	6. Urinalysis study
	7. Determination of urine, plasma and kidney MDA
	8. Determination of urine TAS
	9. Determination of urine and plasma Li, Ca, Mg and Zn concentration
	10. Determination of urine and plasma oxalate and citrate concentrations
	11. Determination of urine protein concentrations
	12. Determination of urine and plasma Klotho protein concentrations
	13. Determination of kidney reduced GSH concentrations
	14. Determination of kidney catalase activity
	15. Determination of kidney SOD activity
	16. Procedure for kidney histopathology investigation
	17. Procedure for kidney Klotho protein expression evaluation
	18. Procedure for kidney Klotho mRNA expression evaluation
	19. Calculation
	20. Statistical analysis

	CHAPTER IV  RESULTS
	1. Study part I
	A. General parameters (BW, food intake, water intake and blood chemistry)
	Body weight
	Food and water intake
	Plasma creatinine and BUN
	Hematocrit and blood pressure

	B. Renal hemodynamic parameters from renal clearance study
	C. Tubular reabsorption of water and sodium from lithium clearance study
	D. Plasma electrolytes concentrations
	E. Renal handling of organic and inorganic substances
	Renal handling of calcium and magnesium
	Renal handling of oxalate and citrate
	Renal handling of zinc

	F. Urinalysis results
	G. Oxidative stress parameters in urine and plasma
	H. Histopathology results
	I. The correlation between renal function parameters and oxidative stress

	2. Study part II
	A. General parameters (BW, food intake, water intake and blood chemistry)
	Body weight
	Food and water intake
	Plasma electrolytes concentration and blood pressure

	B. Renal function parameters
	Plasma creatinine and BUN
	Renal handling of organic and inorganic substances

	C. Urinalysis results
	D. oxidative stress parameters in urine, plasma and kidney tissues
	E. Soluble Klotho protein in urine and plasma
	F. Histopathology and Immunohistochemistry results
	Histopathology results
	Immunohistochemistry results of kidney Klotho protein

	G. The mRNA expression of Klotho gene by using real-time PCR
	H. The correlation between renal lesions score, Klotho protein and oxidative stress status


	CHAPTER V DISCUSSION
	Limitation of the study

	CHAPTER VI SUMMARY
	ADDENDUM
	REFERENCES
	VITA

