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ABSTRACT: OCTNZ is a transport protein and a member of a superfamily of organic 

cation transporters and has been shown to transport a variety of substrates, including 

camitine. The transport of the substrate is unique among this family of transport proteins 

as it is sodium-dependant, and it has been shown that this transporter is a physiologically 

relevant camitine transporter, as naturally occurring mutations in the gene encoding this 

transporter result in the clinical manifestation of the syndrome known as primary 

camitine deficiency. 

With the acceptance of OCTNZ's physiological role in camitine homeostasis, 

further scientific inquiries need to be made to definitively show that OCTN2 is a 

molecular mechanism that underlies many of the observations made in the field of 

camitine research in past century. Multiple investigators have reported the effect and 

relationship between androgen levels and carnitine transport, but until the discovery of 

OCTN2 and its role in camitine homeostasis, the effect of androgens on the molecular 

mechanism responsible for these observations could not be proven. 

The results of the research described here should provide conclusive evidence that 

androgen levels regulate levels of OCTNZ expr!lSsion in both tissues of the male rat and 

in a human cell line, through either a direct or indirect mechanism, and that the effect on 

the regulation of expression is consistent with transport data :from previous researchers. 



© 

Russell S. Timm 

All Rights Reserved 



v 

ACKNOWLEDGEMENTS 

I would like to thank my advisor Dr. Lee Carter, and the other members of my 

COlJllllittee, Dr. Vadivel Ganapathy, Dr. James Carroll, Dr. Swami Mruthint~ Dr. Tom 

Abney, for help, guidance, and most of all tolerance ·of a student who rarely got things to 

work. I would like to thank my readers, Dr. Puttur Prasad and Dr. David Lapp, for their 

timely assistance in reviewing this manuscript. I especially give .additional note to Dr. 

Prasad, who gave me more assistance than I can probably remember when he was never 

under any obligation to do so. I would like to thank·Dr. Tom Mills and Dr. Iqbal Khan for 

their cooperation and aid. I would like to thank some fellow former graduate students and 
.. 

technicians from whom I learned much and to whom I wish success in their future 

endeavors: Wei Huang, Sc;ott Marty, Andy Clark, Sue Nozell, Xiang Wu, Panket Seth, 

Doug Williams, and Ramesh Kekuda. 

Most of all, I would like to thank my parents, Frank and Nancy, who have always 

supported me when I have needed it, which is more often than I have liked. 



VI 

TABLE.OF CONTENTS 
' . 

ACKNOWLEDGEMENTS ........................................................................ iv 

TABLE OF CONTENTS ............................................................................ v 

LIST OF FIGURES ................ · ................................................................ .ix 

LIST OF TABLES .................................................................................... x 

ABBREVIATIONS ................................................................................. xi 

INTRODUCTION .................................................................................... 1 

A A Brief History of Camitine ............................................................... 1 

B. Physiological Roles of Carnitine .......................................................... 1 

C. Carnitine Transport in Biological Systems ............................................... 2 

(a) Heart and Skeletal Muscle ........................................................ .4 

(b) Kidney ............................................................................... .4 

(c) Epididymis .......................................................................... 5 

D. The Organic Cation Transporter Super-family .......................................... 6 

E. Organic Cation Transporter Novel2 (OCTN2) .......................................... 7 

(a) Substrates ............................................................................ 7 

(b) Expression Studies .................................................................. 8 

(c) Physiological relevance of OCTN2 as a carnitine transporter ............... 12 

F. Androgens and Carnitine ................................................................... 15 



vii 

G. Specific Aims of the Project .............................................................. 17 

(a) Investigate whether or not OCTN2 messenger RNA is present in the 

epididymis and investigate whether any differences exist between 

expression levels of OCTN2 in different regions of the epididymis ........ 17 

(b) Examine the effects of castration and subsequent testosterone replacement 

therapy on the expression ofOCTN2 in tissues of the male rat ............. 18 

(c) Investigate the effect of androgen removal and replacement on carnitine 

transport and OCTN2 messenger RNA levels in the HPCT cell line ...... 19 

MATERIALS AND METIIODS .................................................................. 20 

Materials ............................................................ '·· ................................ 20 

Methods ............................................................................................... 22 

A. Experimental manipulations of the animal model.. ................................... 22 

B. Experimental manipulations oftheHPCT cell line .................................... 29 

C. Transport Study Techniques .............................................................. 30 

RESULTS ............................................................................................ 32 

A. Expression ofOCTN2 in the epididymis ............................................... .32 

B. Effect of castration and testosterone therapy on OCTN2 expression in tissues of 

the male rat ................................................................................. .35 

I. OCTN2 mRNA in the epididymis ............................................... 35 

2. OCTN2 mRNA in the heart ...................................................... 35 

3. OCTN2 mRNA in the kidney .................................................... 36 

4. OCTN2 mRNA in skeletal muscle ............................................. 36 



viii 

C. Effect of androgens on camitine transport and expression levels of OCTN2 in the 

·human kidney cell line HPCT ........................................................... .41 

I. Effect of varying testosterone concentration on camitine uptake .......... .43 

2. Time course of camitine uptake ................................................ .43 

D. Effect of androgens on the presence ofOCTN2 mRNA in HPCT cells ............ .45 

DISCUSSION ...................................................................................... .47 

S~¥ ......................................................................................... .53 

BffiLIOGRAPHY ................................................................................... 54 



ix 

FIGURES 

Figure Page 

I. Biosynthetic pathway of camitine in mammalian organisms .............................. . .3 

2. Expression ofOCIN2 in the caput and caudal sub-regions of the epididymis ...... ..... 33 

3. Effect of androgen removal and testosterone replacement on the expression levels of 

OCIN2 in the epididymis ............................................................ .............. .34 

4. Effect of androgen removal and testosterone replacement on the expression levels of 

OCIN2 in the heart ........................................................................ ......... 37 

5. Effect of androgen removal and testosterone replacement on the expression levels of 

OCIN2 in the kidney ................................................... ............................ .38 

6. Effect of androgen removal and testosterone replacement on the expression levels of 

OCIN2 in skeletal muscle ................................... : ...................................... 39 

7. Comparison of expression levels of OCIN2 in various tissues after castration and 

subsequent testosterone therapy ............................................................ ..... .40 

8. Effect of varying levels of testosterone on fH] camitine transport .................. .... .42 

9. Time course of fH] camitine transport in HPCT cells treated with and without 

testosterone ......... .................................................................................. 44 

10. Effect of testosterone on the expression ofOCIN2 inHPCTce/ls ... ................... .46 



X 

TABLES 

Table Page 

I. Potential substrates and inhibitors ofL-Carnitine transport by OCTN2 ................... 10 



eDNA 

dCTP 

DEPC 

DNA 

EDTA 

EtBr 

EtOH 

FBS 

FNC 

GAPDH 

HEPES 

HKPT 

hOCTN2 

HPCT 

KSFM 

MOPS 

mRNA 

OCTI 

OCT2 

OCTI 

ABBREVIATIONS 

Complimentary deoxyribonucleic acid 

Deoxycytidinetriphosphate 

Diethylpyrocarbonate 

Deoxyribonucleic acid 

Ethylenediamine tetraacetic acid 

Ethidium bromide 

Ethyl alcohol 

Fetal bovine serum 

Fibronectin!Collagen 

Glyceraldehyde 3-phosphate dehydrogenase 

N-(2-hydroxyethyl)piperazine-N' -ethanesulfonic acid 

Human kidney proximal tubular 

Human organic cation transporter novel 2 

Human proximal convoluted tubule 

Keratinocyte serum free media 

3-( 4-morpholino )propanesulfonic acid 

Messenger ribonucleic acid 

Organic cation transporter 1 

Organic cation transporter 2 

Organic cation transporter 3 

xi 



OCTNI 

OCTN2 

OCTN3 

PBS 

RNA 

.r()CTN2 

SAPMP 

SDS 

sse 

TAE 

TRIZMA 

Organic cation transporter novel I 

Organic cation transporter novel 2 

Organic cation tranSporter novel 3 

Phosphate buffered saline 

Ribonucleic acid 

Rat organic cation transporter novel 2 

Streptavidin magnasphere paramagnetic particles 

Sodium dodecyl sulfate 

3 M Sodium chloride I 0.3 M sodium citrate 

Tris/ Acetic acid/EDT A 

Tris(hydroxymethyl)aminomethane 

Xll 



L INTRODUCTION 

A. A Brief History of Carnitine 

Camitine (3-hydroxy-4-trimethylaminobutyrate) is a polar, water-soluble 

compound of low molecular weight that is found in most living organisms. Camitine was 

first discovered in 1905, and its chemical structure elucidated in 1927 (1). qver the next 

century following its discovery, investigations focused on a wide-variety of topics. These 

included: physiological roles, synthesis, metabolism, nutrition, the relationship between 

camitine and various disease states, the relationship between camitine and other 

compounds, levels in different organisms and tissues, and mechanisms of transport, 

among others. Although by the tum of the century many questions had been answered, 

others yet remained and most areas are still being explored to this day. 

B. Physiological Roles of Carnitine 

Camitine plays several important physiological and metabolic roles. The first 

function of camitine to be discovered was its involvement in the 13-oxidation of long

chain fatty acids (1 ). Camitine is an integral part of this process, as LCF A can only cross 

the mitochondrial membrane as acyl-camitines. LCF A are conjugated to camitine in the 

cytosol, transported across the mitochondrial membrane, and de-conjugated in the 

mitochondria using a multi-enzyme system of several transferases and a translocase (2). 

Camitine is also used by the body to eliminate excess organic acids (as acyl

camitines ), such as those produced by certain antibiotics (e.g. valproate ), and those 

I 
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produced by organic acidurias (e.g. propionic acidemia) (1). Unlike their corresponding 

acyl-CoAs, these acyl-carnitine conjugates may fr~ly cross the cell membrane and may 

be transported cell through the blood to the kidney, where they are eliminated in the urine 

(3). Carnitine also acts to free up Coenzyme A in conditions where excess organic acids 

would create a large amount of acyl-CoA conjugates, limiting the cellular pool of free 

Co A and creating potential problems with the cell's metabolic functions. 

Carnitine also plays a role in mammalian reproduction. It has been shown that 

carnitine levels are very high in mammalian epididymal fluid and sperm ( 4-7), indicating 

an important role for this compound in epididymal function or sperm maturation. Acetyl

carnitine stimulates the motility of spermatozoa with low motility (8), and it is generally 

accepted that acetyl-carnitine acts as an energy-reserve for spermatozoa in substrate-poor 

environments (9). Biochemically, it is speculated that acetyl-carnitine does this by 

donating acetyl groups to a limited pool of CoA for subsequent oxidation in the Krebs 

Cycle. 

C. Camitine Transport in Biological Systems 

Among the areas of investigation in the field of carnitine research were those that 

looked into mechanisms of carnitine transport in various tissues of a variety of species. 

With the exception of the intestine and liver, which contain -y-butyrobetaine hydroxylase, 

all other tissues must obtain carnitine via the blood stream (See Figure 1 ). Given that the 

concentration of carnitine in the blood is much lower than in tissues, some type of active 

transport system is required. Not only do differences between species exist, but also there 

exist important differences in different tissues, which usually can be correlated with the 



Figure 1. Biosynthetic pathway of carnitine in mammalian organisms. 
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function of carnitine in that type of cell. Such differences can also be reflected in 

carnitine transport within these systems. 

(a) Heart and Skeletal Muscle 

Together, the heart and skeletal muscle contain between 95 to 98% of the total 

body pool of carnitine; the actual percentage varies by individual and depends upon a 

host of factors, including diet and disease. Transport studies have been done in the 

perfused rat heart (I0-13), a human heart cell line (I4-I9), isolated rat heart myocytes 

(20), rat skeletal muscle (2I,22), h1:1man skeletal muscle cells (23), and rat sarcolemmal 

vesicles (24). In totality, this body of research indicates that there are two components of 

carnitine transport in these tissues. One is a saturable process mediated by one or more 

Na+ dependant high affinity transport mechanisms (with a KT between 1.5 and 83 !1M) 

and the other a passive diffusion process. Given that the physiological concentration of 

carnitine in these tissues is approximately 50 times that of the plasma, it should not be 

surprising that almost 80% of carnitine uptake relies upon this carrier mediated process 

(II). 

(b) Kidney 

The kidney is much different in respect to carnitine homeostasis than the 

aforementioned tissues. Although this tissue contains less than 5% of the total body pool 

of carnitine, it exhibits a high rate of turnover and is critical to carnitine biosynthesis and 

reabsorption. Studies have been done in rat kidney cortex slices (25-28), brush border 

membrane vesicles (29), and perfused tubules (30). These studies show that the kidney 
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also relies upon aNa+ dependent high-affmity system (with a KT between 17.4 and 110 

J,LM) to transport camitine. 

(c) Epididymis 

With the exception of spermatozoa, the epididymis contains the highest levels of 

camitine found in any animal models studied, with levels ranging from 4.06 to 63 mM 

(6,7) in the lumen of the cauda. With the discovery that the epididymis lacked any 

significant r-butyrobetaine hydroxylase activity (the enzyme responsible for converting 

r-butyrobetaine to camitine) (31), and that the concentration within epididymal cells was 

only around 2 mM (32), it was clear that the epididymis would require some sort of 

active transport process to concentrate camitine from the blood to attain such levels. 

Subsequent research focused on identifying the kinetics of carnitine transport in 

the epididymis, and a saturable transport process (with a KT between 25 and 116 J,LM) was 

identified (33, 34). Although the process was sodium-independent, a Na+ dependent 

component could not be ruled out. 

In addition, it was also observed that regional differences existed between the 

caput and caudal regions of the epididymis. Although the cauda contained a higher 

concentration of camitine than the caput, it transported camitine at a much slower rate. 

Later it was shown that while the caput relied upon the aforementioned saturable 

transport system, the cauda appeared to rely upon some type of diffusive process to 

accumulate high levels of carnitine (34). 

During all of this research, the identity of the molecular mechanism(s) responsible 

for the transport of camitine remained unknown. 
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B. The Organic Cation Transporter Super-family 

Among the plethora of known proteins is a geoe family of related cationic 

transporters that serve tp mediate the flow of many organic cations into and ont of cells. 

Currently, there are six members of this family: OCT (Organic Cation Transporter) 1-3, 

and OCTN (Organic Cation Transporter Novel) 1-3. Members are separated into the two 

subgroups based upon differences in structural similarity and expression patterns. The 

OCT transporters have expression patterns that are limited to those tissues that handle 

drugs, xenobiotics, and other exogenous compounds, including the intestine, kidney, 

liver, and placenta. Although OCTN3 is primarily restricted to the testes, OCTN1 and 

OCTN2 are expressed ubiquitously, though at varying levels in different tissues and in 

different organisms studied ( 69). 

Although each member of the family has a wide-variety of chemically unrelated 

substrates, these substrates are usually an amino compound with a positive charge on the 

amine nitrogeo at physiological pH. The OCT subgroup differs from the OCTN subgroup 

in that the former will only transport substarices with a positive charge, while the latter 

will also transport some zwitterionic compounds. All members of the gene family are 

poteotial sensitive, and rely upon membrane potential as a driving force to transport their 

substrates. 

Even though distinct differences exist between the two subgroups, this family of 

transporters has several structural features that are conserved among all members in all 

species studied to date. These proteins are betweeo 550 and 600 amino acids in length, 

and hydrophobicity plots predict that all members have 12 a-helical membrane spanning 

domains. All members have a large hydrophilic region between the first and second 
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transmembrane-spanning domains, and these contain two to five potential N

glycosylation sites. There are 92 conserved amino acids among the family of proteins, 

many of which are probably vital to maintaining proper secondary structure. All proteins 

also possess three to six potential protein kinase C phosphorylation sites (35). 

E. The Organic Cation Transporter Novel2 (OCTN2) 

OCTN2, a member of the aforementioned family of cation transporters, is widely 

expressed in mammalian tissues (36,37). The gene locus for this transporter was 

identified in mouse as early as 1995 (38), and the mouse proved invaluable in definitively 

elucidating the role of0CTN2 as related to carnitine, in marmnals. 

(a) Substrates 

OCTN2 was first reported as being cloned from a human placental cell line in 

1998 (39). Nearly a dozen cationic compounds were tested as substrates in this report, 

among them the prototype of cations, that being TEA Several months later, a different 

group of investigators reported that OCTN2 had also been identified from a human 

kidney eDNA library and that OCTN2 acted as a sodium dependent high affinity 

carnitine transporter ( 40). In addition, several structural analogs of carnitine were shown 

to inhibit [~ carnitine transport. This was truly a novel discovery, as this was the frrst 

member of the OCT family of transporters shown as a sodium-coupled transporter. 

Subsequently, the rat homologue of OCTN2, CTI, was identified (36), though it was not 

initially considered such. This is because although they shared considerable structural 

similarity (87%), their functional characteristics were distinct. Notably, CTI showed no 



. - -· . 

8 

significant uptake of TEA, although this was disputed in a subsequent investigation (3 7). 

Not only did rOC1N2/CTI transport TEA but transport was inhibited nearly 50% by 140 

mM [Na"'] and severely ablated by 500 !JM carnitine in the presence of sodium. In both 

studies, the sodium dependent transport of carnitine exhibited a similar Ki. 

With increasing interest in the role of OC1N2 as a carnitine transporter, more 

studies followed with more . comprehensive investigation into a wide-variety of 

xenobiotics and acyl-carnitine derivatives and their effect on carnitine transport (41- 44). 

A comprehensive list of the substrates of OC1N2 and their effect, if any, on carnitine 

transport is given in Table 1. These studies further confirmed the possibility that OC1N2 

might be the molecular mechanism behind observations made in earlier decades. OC1N2 

transported carnitine in a sodium-dependent manner with a range ofKTs (4.34-25 !JM) 

that are consistent with the earlier body of literature in the field (1.5-300 flM), and 

inhibitors of carnitine transport are consistent in both bodies ofliterature. 

(b) Expression studies 

Early studies on OC1N2 examined the expression pattern in various tissues in 

both human (39,40) and rat (36,37). In the human, OC1N2 mRNA is easily detectable in 

the heart, placenta, skeletal muscle, kidney, pancreas, and prostate. In addition, there are 

less easily detectable levels of expression in the brain, lung, and liver (though the 

hybridization signals appear stronger in fetal tissues ( 40), indicating that OC1N2 may 

play a role in these tissues in the early stages of human development that it does not later 

on). 
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OCTN2 is only weakly expressed in peripheral blood leukocytes, colon, small 

intestine, uterus, testes, thymus, spleen, bone marrow, adrenal gland, trachea, lymph 

nodes, spinal cord, thyroid, and the stomach ( 40). Among all these tissues, the kidney is 

unique in that it displays two distinct hybridization signals {39). 

Several cell lines derived from human tissues also express OCTN2 at detectable 

levels. These include HKPTIHPCT, Caco-2, HT-29, JAR, BeWo, HeLa, MCF-7 (39), 

0361, A549, SW480, Raji, MOLT-4, K-562, and HL-60 (40). 

In the rat, a different expression pattern is noticeable (37). The kidney, testes, and 

colon exhibit high levels of expression of OCTN2 mRNA. In addition, the testes also 

appear to have two distinct transcripts, though the second one is smaller (2.4 kB) than the 

3.2 kB transcript associated with the OCTN2 gene. This is not the same variant transcript 

observed in the kidney. 

Notably, the heart and skeletal muscle have low levels of transcript that are barely 

detectable (as do the lung and the spleen). This difference between the human and the rat 

in these tissues is interesting, as both mammals contain high levels of carnitine relative to 

their plasma concentration. Whether or not this level of expression can be directly 

correlated to the physiological relevance ofOCTN2 in the rat remains to be seen. For that 

matter, the question still remained: Is OCTN2 a physiologically relevant carnitine 

transporter? 



Table 1:. Potential substrates and inhibitors of L-Carnitine transport by OCTN2. 

This is a detailed list of all published substrates that have been investigated as possible 

inhibitors. of L-camitine transport by OCTN2 in a variety of cell lines and Xenopus 

oocytes. The substrate's name or abbreviation is given ftrst, followed by one or more 

relative concentrations of said substrate with respect to the concentration of labeled 

camitine reported in one or more references. Negative numbers (-) indicate a stimulation 

of camitine. transport, rather than inhibition. Substrates in blue indicate compounds that 

are structural analogs of camitine and were known to be competitive inhibitors ofNa+

dependent, high affinity camitine transport prior to the discovery of OCTN2. 



10 

Substrate [Substrate]/[Camitiu!l] % Inb. ofLC TrauSJ!Ort men 
a-ketoglutarate 50,000 8 (41) 
Acetyl-D,L-carnitine 500-25,000 40-99 (36,37,41,42,44) 
Actinomycin-D 10,000 31 (41) 
Alanine 25,000 -4 (44) 
Aldosterone 50,000 63 (41) 
Ampicillin 100,000 9 (43) 
Arginine 50,000 0 (41) 
AZT 5,000-50,000 4-5 (41) 
B-hydroxybutyrate 5,000-50,000 -40-5 (40) 
Betaine 10-25,000 49-90 (36,37,42,44) 
r-Aminobutyrate 25,000 -11 (44) 
r-Butyrobetaine 500-12,500 65->95 (36,40) 
Butyrylcarnitine 500-5000 60-90 (41) 
Cephaloridine 50,000-100,000 39-90 (41) 
Cefadroxil 100,000 7 (43) 
Cefdinir 100,000 11 (43) 
Cefepime 100,000 81 (43) 
Cefixime 100,000 7 (43) 
Cefluprenam 100,000 42 (43) 
.Cefoselis 100,000 40 (43) 
Ceftazidime 50,000-100,000 15-19 (41;43) 
Cefsulodin 50,000 68 (41) 
Cephaloglycin 50,000 -7 (41) 
Cephalotin 50,000 -9 (41) 
Cephalexin 50,000-100,000 <1-12 (41,43) 
Cephradine 50,000-100,000 -2-24 (41,43) 
Choline 5,000-80,000 5-76 (36,37,40) 
Cimetidine 50,000-80,000 34-81 (37,41) 
Clonidine 50,000 33 (41) 
Corticosterone 50,000 91 (41) 
Creatine 50,000 8 (41) 
Creatinine 50,000 9 (41) 
Cyclacillin 100,000 33 (43) 
Cysteine 10 95 (42) 
D-camitine 500-25,000 22_5-90 (37,40,44) 
Emitine 10-50,000 32-84 (41,42) 
Furosemide 50,000 6 (41) 
GABA 12,500-50,000 0-7.5 (36,40) 
Glibenclamide 2,000 64 (44) 
Glipizide 2,000 14 (44) 
Glycine 12,500 -30 (36) 
Glycine betaine 500-50,000 15-80 (40) 
Glycylsarcosine 50,000 0 (41) 
Grepatloxacin 50,000 32 (41) 
Guanidine 50,000 <1 (41) 
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Substrate (Substrate)/[Caruitine) % lnb. ofLC Transl!ort men 
Hexanoylcarnitine 500-5000 75-95 (41) 
Hypotaurine 12,500 0 (36) 
L-camosine 50,000 2 (41) 
Lauroylcamitine 500-5000 90-100 (41) 
Leucine 12,500 0 (36) 
Lomefloxacin 50,000 12 (41) 
Lysine 12,500-50,000 -1-15 (36,40,44) 
.MPP 50,000 31 (41) 
MPTP 80,000 96 (37) 
Nicotinate 50,000 6 (41) 
Nicotine 50,000 18 (41) 
NMN 50,000 -3 (41) 
Norfloxacin 50,000 -6 (41) 
Octanoylcamitine 500-12,500 75->95 (36,41) 
Otloxacin 50,000 25 (41) 
PAH 50,000 -5 . ,(41) 
Palmitoylcarnitine 500-25,000 90-100 (37,41,44) 
Penacillin 100,000 11 (43) 
Piva1ate 10-50,000 0-2 (41,42) 
Probenacid 50,000 23 (41) 
Procanimide 50,000 . 35 (41) 
Proline 25,000 -5 (41) 
Propionylcamitine 500-25,000 65-100 (37,41,44) 
Pyrilamine 50,000 62 (41) 
Quinidine 10-50,000 80-91 (41,43) 
Quinine 50,000 93 (41) 
S-MM sulfonium 50,000 92 (41) 
Spartloxacin 50,000 2 (41) 
Stearoylcarnitine 25,000 52 (44) 
Taurine 12,500-50,000 10-17.5 (36,40) 
TEA 50,000-80,000 47-96 (37,41) 
Tolbutamide 2,000 -7 (44) 
Trimethyllysine 5,000-50,000 17-31 (36,41) 
Valproate 50,000 18 (41) 
Verapamil 50,000 98 (41) 
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(c) Physiological relevance of OCTN2 as a camitine transporter 

Many studies have looked at the substrate affinity and the expression patterns of 

OCTN2 in a variety of mammalian species. However, the picture was far from being 

conclusive just based upon these criteria. It was clear that OCTN2 transports carnitine in 

a high-affinity, sodium-dependent manner and that many substances could competitively 

interfere with this transport. OCTN2 was also expressed in tissues that possess roles in 

carnitine homeostasis and have a need for a high-affinity concentrating mechanism to 

accumulate high levels of carnitine against a gradient. However, one might have expected 

the expression patterns to be more consistent among the models studied if OCTN2 was 

primarily responsible for carnitine homeostasis in mammals and other organisms. 

Therefore, some direct evidence of physiological relevance was needed. 

Thejvs (or juvenile visceral steatosis) mouse was first discovered by Koizumi, et 

a/. in 1988 (45). The mouse had several metabolic-related problems, exhibiting a Reye

like syndrome with fatty invasion of the liver, retarded growth, hyperammonemia, and 

hypoglycemia Three years later, Kuwajima, eta/. showed that these mice had a carnitine 

deficiency (46), and in the subsequent year the same group showed that these symptoms 

disappeared with carnitine treatment (47). In 1994, several of these same researchers 

showed that this defect was most likely in renal re-absorption of carnitine (27) and that 

thejvs mouse had abnormal expression of several genes (48). In 1995, thejvs gene was 

mapped to mouse chromosome 11 (38), and in the next year the location of the jvs gene 

was further narrowed down to a 1.6 eM region on that same chromosome (49). Also in 

1996, transport studies done in the jvs mouse fibroblasts found that high affmity transport 
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of carnitine at physiological concentrations was less than 20% of that of control mice, 

indicating that thejvs mouse suffered from primary carnitine deficiency (50). 

Camitine deficiency is a condition in humans and other mammals that may be 

either acquired or genetic in basis. Camitine deficiency is broken in to two types, primary 

and secondary. Primary carnitine deficiency is a genetic defect in the absorption of 

carnitine, and is generally considered to be a defect in one or more transport proteins, 

though this has not been proven to be the exclusive cause (3). Secondary carnitine 

deficiency may be caused by several conditions, both genetic and acquired in nature. 

These include inborn errors of f3-oxidation and organic acidurias, both of which result in 

the loss of large amounts of acyl-carnitines in the urine. Primary carnitine deficiency is 

further subdivided into two types, systemic and myopathic. Primary systemic carnitine 

deficiency is a rare autosomal recessive disorder that manifests early in life, and results in 

low levels of carnitine in both tissues and plasma. The clinical presentation is very 

similar in humans to the presentation in the jvs mouse, an enlarged heart and progressive 

myopathy, which usually results in heart failure. There are also reoccurring epidoes -of 

. ' 
hyperammonemia and hypoglycemia (1}, the latter of which can also prove to be fatal. 

Camitine levels in all tissues are markedly low. This disorder is treatable with orally 

administered pharmacological doses of carnitine that are transported by passive diffusion, 

rather than relying on the defective high-affinity transporter (1 ). 

Myopathic primary carnitine deficiency is less well understood, as patients have 

normal plasma and hepatic carnitine levels, but have levels in muscle that range as low as 

5% of those found in normal patients. This condition is much less responsive to oral 
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administration of carnitine. This disease is considered to be a defect in carnitine transport 

into muscle, though a molecular mechanism is yet to be shown (1). 

The causes of secondary carnitine deficiency are broader and usually treatable 

witb orally administered pharmacological doses of carnitine. Conditions that cause 

inadequate carnitine intake (e.g. deficient diets), increased camitine requirement (e.g. 

pregnancy), and increased carnitine loss (e.g. treatment with xenobiotics) all fall into this 

category. Most often, secondary carnitine deficiency leads to episodes of muscle 

weakness and fatigue, with rarer instances of Reye-like syndrome, hyperammonemia, 

hypoglycemia, hypoketonemia, and encephalopathy (1). 

In 1997, Hashimoto, et al. (51) showed tbat the defect in thejvs mouse was in a 

high affinity carnitine transporter, though this did not get reported until1998, two weeks 

before OCTN2 was publicly reported (39). This defect was also gene-dose dependent, as 

heterozygous mice expressed a decreased number of transporter molecules. 

Later in that same year, when OCTN2 was shown to be a high-affinity carnitine 

co-transporter, it was postulated tbat OCTN2 played a physiological role in maintaining a 

steady state of tissue and plasma levels of carnitine, and a defect in tbis gene was 

responsible for primary carnitine deficiency. However, proving this definitively remained 

to be done ( 41 ). This same year otber investigators had localized tbe gene responsible for 

systemic carnitine deficiency to human chromosome 5q (52), and it appeared that it was a 

matter of time before these separate lines of investigation would meet tbeir inevitable 

conclusion. 

In late 1998, Lu, et al. (53) investigated the possibility of mutations in octn2 in 

the jvs mouse, and found a missense mutation (L352R). They postulated that since this 
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altered the charge of the amino acid in its sixth transmembrane domain, it adversely 

affected the protein's ability to transport camitine. Around the same time, Lamonwah, et 

a/. (54) reported that the human homologue of octn2 had been sequenced as part of the 

Human Genome Project and had been mapped to chromosome 5q3 L They also 

discovered a frameshift mutation in two unrelated patients suffering from primary 

camitine deficiency. Both of the patients were compound heterozygotes, with both alleles 

resulting in truncated proteins. Subsequent research has identified other types of 

mutations in this gene, providing definitive evidence of OCTN2's role in primary 

camitine deficiency and the molecular basis of this disease (55-61). 

F. Androgens and Camitine 

Several hormones have been studied in their relation to camitine accretion, loss, 

and transport. Among these are insulin, glucagon, and testosterone. Although the former 

two would also be interesting to investigate, the scope of this work primarily focuses on 

the latter, which is one of a class of hormones known as androgens. Androgens are a sub

class of steroid hormones responsible for the development of male secondary sex 

characteristics. This sub-class is comprised of three 19-carbon compounds, these being 

testosterone, its precursor, androstenedione, and its more biologically active form, 

dihydrotestosterone. Like all steroid hormones, these compounds are heterocyclic and 

ultimately synthesized from cholesterol. Steroids act to regulate gene transcription, in 

addition to interacting with several second-messenger systems within the cell. This 

genetic, also referred to as "classic", mechanism of steroid action involves several steps. 

First, the unbound steroid diffuses across the cell membrane and binds to its appropriate 
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receptor in the cytoplasm. Then the steroid-receptor complex undergoes conformational 

changes that enable the complex to bind to specific target sequences in the chromatin. 

The activated complex translocates to the nucleus where it interacts with the target 

sequences, usually referred to as steroid response elements (or SREs), or in this case, 

androgen response elements (or AREs). Usually these sequences are found upstream of 

the genes androgens or other steroids regulate. The activated receptor-complex then acts 

as a transcription factor to promote the synthesis of messenger RNAs, which in tum 

result in an increased level of the corresponding protein (70). 

Researchers have examined the effect of sex hormones on carnitine levels in 

tissues and fluids in many types of mammals. Marquis, et al. ( 4) first looked at the effect 

of castration and subsequent testosterone replacement on levels of carnitine and camitine 

acetyl-transferase in the reproductive tissues of the male rat. Their results indicated that 

the carnitine concentrations in the epididymis were under androgenic contro~ as 

castration reduced carnitine levels to near non-existence, while testosterone replacement 

restored them to 45% of control levels after 18 days. Subsequent studies by Brooks, et 

al. (6) and Bohmer, et al. (62), reported similar observations. Carter, et al. (63), 

investigated the effect of removing sex steroid hormones on carnitine concentrations in 

·various fluids and tissues. Among the findings were the observations that orchidectomy 

reduced the concentration of carnitine in the heart, but subsequent testosterone therapy 

failed to alter this. In the skeletal muscle, castration increased the concentration of 

carnitine, but here too testosterone therapy had no effect. The other significant 

observation was that castration increased urinary excretion of carnitine in male rats 3-

fold, and that testosterone therapy restored the level of carnitine excretion to that of 
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control levels. This finding implied that a major site of modulation of whole body 

camitine levels in male rats resided in sex steroid control of some type of molecular 

mechanism(s) in the kidney. 

Therefore, it is of great interest to explore the likely possibility that octn2 

expression is also affected by castration and subsequent testosterone replacement, and 

whether any effects can be directly correlated with observations made by previous 

researchers. 

The purpose of this thesis study is intended to investigate whether a difference in 

levels of octn2 expression is the molecular mechanism behind sex-steroid regulation of 

carnitine levels in tissues and fluids, and whether it can be inferred that sex hormones 

regulate the expression of octn2 in one or more mammalian tissues. 

G. Specific Aims of the Project 

(a) Investigate the expression of OCTN2 mRNA in the epididymis. H OCTN2 is 

expressed in the epididymis, divide the epididymis into both caput and caudal 

regions. Examine levels of OCTN2 mRNA in each of the two segments, and see if 

any differences correlate with previously published differences in carnitine uptake. 

Previous research done several decades ago has looked at levels of carnitine and 

camitine uptake in various parts of the epididymis, epididymal fluid, and sperm (4-9, 32, 

62, 63, 65, 66). This body of research has shown that there exists a carnitine gradient in 

the male reproductive tract of all mammals investigated, which increases in the order of 

plasma<epididymis <epididymal fluid<sperm. Given that the concentration of carnitine 

in spermatazoa is up to 2000 times the concentration of the blood, there is indisputable 

evidence that one or more molecularly uncharacterized camitine transporters are 
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responsible for maintaining this gradient. Given our understanding of OCTN2 as a high

affinity carnitine transporter, this transport protein is a likely candidate. Further 

~nfirming this likelihood, Toshimori, et a/. showed that jvs mice are infertile, due to 

epididymal deformation and obstructive azoospermia (64). One can speculate that the 

carnitine deficient state of jvs mice causes infertility, epididymal deformation, and 

obstructive azoospermia, and that OCTN2, if present in the epididymis and sperm, plays 

a role in this process. 

Previous studies have shown differences in rates of transport in different parts of 

epididymis, as first reported by Bohmer, et a/. (35), and epididymal sperm, as first 

reported by Casillas (8). Both the caput epididymis and sperm have higher rates of 

camitine transport than in the cauda, even though the caudal epididymis and caudal 

sperm have a much greater concentration of carnitine. Therefore, if OCTN2 is playing the 

postulated role in the epididymis, one would expect a difference in the 'level of 

expression. 

(b) Investigate the effect of castration on the expression of OCTN2 mRNA in 

tissues known to have high-afl"mity carnitine transport. Further, examine if 

subsequent testosterone replacement restores any loss of expression of OCTN2 

mRNA. 

The effects of castration and subsequent testosterone replacement on carnitine 

levels in various tissues and fluids have been previously investigated (3,5,28,34). This 

proposed experiment intends to confirm the suspected molecular mechanism behind those 

effects, and indirectly show regulation of the OCTN2 gene by testosterone. The exact 

mechanism of regulation (whether the gene is controlled by a steroid response element 
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{ SRE} present upstream of the gene or whether the gene is just one of many affected 

downstream of some other gene) will not be investigated. 

(c) Investigate the androgen-dependant regulation of OCTN2 expression using 

the androgen-responsive HPCT cells. 

This lruman kidney cell line will be used in these studies. OCTN2 is constitutively 

expressed in this cell line (3 7), and has been shown to transport carnitine in a sodium

dependant manner consistent with other cell lines (67). The influence of testosterone on 

OCTN2 expression in these cells will be investigated by treating the cells with this 

hormone and by monitoring Na+-dependant carnitine uptake. The hypothesis is that 

testosterone will up-regulate OCTN2 expression at physiological concentrations and that 

the up-regulation will be associated with increased steady-state levels of OCTN2 mRNA 

similar to what is seen in the rat. If the regulation involves gene-transcription, 

expectations are that a relatively longer treatment time (typically >4h) will be needed to 

detect the effect of testosterone. The influence of hormone treatment on steady-state 

levels of OCTN2 mRNA will be monitored by Northern blot analysis. 



II. MATERIALS AND METHODS 

Matel'ials 

Male Sprague-Dawley rats were purchased from Harlan (Indianapolis, IN). Anesthetic 

was purchased from the Medical College of Georgia Laboratory Animal Services 

(Augusta, GA). Com oil and X-ray film were purchased from Kodak (Rochester, NY). 

Testosterone powder was purchased from Steraloids, Inc (Newport, RI). Trizol reagent, 

KSFM media, KSFM media supplements, 1 kB RNA ladder, and penicillin/streptomycin 

were 1!11 purchased from Invitrogen (Carlsbad, CA). SDS, DEPC, chloroform, isopropyl 

alcohol, EDT A, sodium chloride, formaldehyde, the gel casting apparatus, ethidium 

bromic;le, formamide, glycerol, bromphenol blue, xylene cyanol FF, Whatman 3 MM 

paper, potassium chloride, sodium hydroxide, calcium chloride, and acetic acid were all 

purchased from Fisher (Atlanta, GA). Ethanol was purchased from AAPER Alcohol 

(Shelbyville, KY). The PolyAttract mRNA isolation kit, PST I, XBA I, Multizyme 

buffer, buffer H, and RNA ladder were all purchased from Promega (Madison, WI). 

Agarose, MOPS, sodium acetate, DNA Loading Dye, trypsin/EDT A solution, MgS04 • 

1H20, glucose, and sodium citrate were all purchased from Sigma (St. Louis, MS). 

HEPES and TRIZMA were purchased from USB (Cleveland, OH). PBS was purchased 

from VWR (Atlanta, GA). FBS was purchased from Cellgro (Herndon, VA). The QIAEX 

II DNA purification system was purchased from Qiagen (Valencia, CA). The nylon filter 

was pijrchased from Micron Separations, Inc. (Westborough, MA). The Ready-to-Go 

20 
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DNA @Ildom labeling kit and ProbeQuant GSO micro columns were purchased from 

Amersham Pharmacia Biotech (Piscataway, NJ). FNC coating mix and P48F culture 

media were purchased from BRFF (Ijamsville, MD). ExpressHyb was p_urchased from 

Clontech (Palo Alto, CA). eHJ carnitine and e2P] dCTP were purchased from Moravek 

Biochemicals (Brea, CA). Finally, rOCTN2 eDNA, GAPDH eDNA, and the HPCT cell 

line were donated by Dr. V. Ganapathy from the Medical College of Georgia (Augusta, 

GA). 



Methods 

A. Experimental manipulations of the animal model 

(a) Surgical and post-op~:rative methodology 
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Twelve male Sprague-Dawley rats of 12S-1SOg (approximately 6 weeks of age) 

were anesthetized with O.S mL of a mixture of Ketamine HCl (100 mg/mL), Xylazine 

HCl (20 mg/mL), and Acepromazine (10 mg/mL) in a 3:3:1 ratio and castrated by 

bilateral orchidectomy via two incisions made through the scrotum. The epididymis was 

left intact and staples closed the incisions. Twenty-four hours after surgery, six of the 

castratt:d rats were given sub dermal injections of SOO pL of corn oil containing 1 mg/mL 

testosterone, while six were left untreated. Injections continued daily at the same time 

.every-day for a period of seven days, at which point both experimental groups and six 

intact animals were sacrificed and tissues collected from them. These tissues were the 

heart, ~pididymis, kidney, and skeletal muscle taken from the hindleg. 

(b) RNA Isolation 

Tissues were pooled into two samples per group, placed into a SO mL centrifuge 

tube with 1 mL Trizol per gram of tissue, placed on ice, and homogenized with a 

Polytron homogenizer, as per the protocol provided by Gibco-BRL. Samples were then 

incubated at room temperature for S minutes. In between homogenizing _each sample the 

homogenizer was cleaned with 20% SDS, DEPC dH20, and 100% EtOH. After 

incubation, 200 pL of chloroform per mL Trizol was added to each tube and vortexed for 

fifteen seconds. After incubating at room temperature for S minutes, the samples were 

centrifuged for IS minutes at 12,000xg, 4 °C. After centrifugation, the upper aqueous 



phase was transferred to a new 50 mL tube and the RNA was precipitated by adding 500 

J.!L isopropyl alcohol per mL of Trizol and incubated at 4 oe for at least ten minutes. The 

samples were centrifuged·again for ten minutes at 12000xg, 4 oe. The pellet was air dried 

for 5 to 10 minutes and re-dissolved in 1 mL ofDEPe dH20 by incubation for 5 minutes 

at 60 °(:. The RNA concentration was determined using a 1/1 OOth dilution in DEPe dH20 

via a spectrophotometer. After the concentration of the samples were determined, 

samples were further divided into aliquots of 500 J.!L containing one mg of total RNA and 

frozen at -80 oe until being used in subsequent mRNA isolation. 

(c) Me~enger RNA Isolation 

Duplicate samples containing 1 mg of total RNA from each group were re

suspenl!_ed in DEPe dHzO to bring the total volume of each sample to 500 J.!L. The 

samples were then placed in a water bath at 65°e for 10 minutes. After being removed 

from the water bath, 3 J.!L ofthe Biotinylated-Oligo(dT) Probe and 167 J.!L of20X SSe 

was added to each sample. Samples were mixed gently and cooled until coming into 

thermal equilibrium with the ambient temperature of the room. 

As samples were cooling, the Poly ATtract mRNA isolation system was pre_pared. 

Streptavidin magnasphere paramagnetic particles (SA-PMPs) were re-suspended in a 1.5 

mL microcentrifuge tube by gently flicking the bottom of the tube until com_pletely 

dispersed and then captured by placing the tube in the magnetic stand. The supernatant 

was removed and the SA-PMPs were washed three times with 300 J.lL of SX sse, 

~pturing them each time using_ the magnetic stand and carefully removing the 

supernatant. The SA-PMPs were re-suspended in 150 J.!L of SX SSe. 
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Samples_ in thermal equilibrium were added to their respective microcentrifuge 

tube containing the washed SA-PMPs. Samples were incubated at room temperature for 

ten mi{!utes and gently_ mixing by_ inversion every one to two minutes. The SA-PMPs 

were again captured using the magnetic stand and the supernatant was carefully removed. 

The pa@cles were washed four times with 300 iJ.L of 1X SSC and then eluted with two 

150 iJ.L aliquots ofDEPC dH20 that had been heated to 60 °C. pellet. One mL of 100% 

EtOH was added to the combined eluates and the eluates were stored at -20 oc overnight. 

Samples were precipitated from the eluate solution by centrifugation for thirty minutes at 

15,000xg. Sami>les are re-suspended in 5 !J.L of DEPC dH20, measured 

spectrophotometrically, and corrected to bring the final concentration of the sample to 1 

(d) Formaldehyde Gel Electrophoresis 

In a 250 mL flask 0.6 g of agarose was added to 10 mL of Sx formaldehyde gel 

running buffer. The Sx running buffer had been prepared prior to the experiment and was 

comprised of0.1 MMOPS, SO mM sodium acetate, 0.0625 MEDTA, and adjusted to pH 

7.0 with 2N NaOH. The solution was filtered through a 0.2!llll filter and stored at room 

temperature.protected from light..Subsequently, 31.lmL ofDEPC dH20 was added to the 

flask. The solution was heated in a microwave for 45 seconds. Then 8.8 mL of 37% 

formal@hy_de was added to the flask and the contents mixed by hand. When the clear 

solution had cooled to ambient temperature, the contents were poured into the gel-cast 

apparatus and left to set for approximately thirty minutes. 
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Each experimental sample to be electropl10resed was comp_rised of 5 j.lg_mRNA in 

DEPC dH20, I IlL ofEtBr (lj.lg/ !!L), and IS uL of formaldehyde gel pre-loading buffer. 

The Pl"ll:ioading _buffer had been prepared J:lrlor to the experiment and was comprised of 

I2.9% Sx gel-running buffer, 22.6% formaldehyde, and 64.5% formamide. 

Samples were incubated in a water bath set at 65 °C for fifteen minutes. Samples 

were subsequently removed the samples and chilled at 4 oc for three minutes. To each 

sample was then added IO !IL_offormaldehy~e gel loading buffer. The formaldehyde gel 

running buffer had been prepared prior to the experiment and was comprised of 30% 

glycerQI, 13% 0.25 M EDT A, I3% bromphenol blue, 13% xylene cyanol FF, and 30% 

DEPC dH20. The gel was run without samples for five minutes in lx running buffer at 45 

mV, an._dthen samp!es were added and run for 4.5 hours at 45 mV. 5 j.lgof I kB RNA 

ladder was also run in a separate lane on the gel. After electrophoresis was complete, the 

gel was_removed from the gel-app;uatus. A p!10to record of the gel was made under an 

ultraviolet lamp. 

(e) No@.ern Blotting_ 

The gel was transferred from the gel apparatus to a dish, and any unused areas of 

the gel_ were removed With a razor blade. The bottom right corner of the gel was also 

removed to orient the gel during succeeding operations. The gel caster was inverted and 

envelop_ed with a piece of wet Whatman 3MM paper to form a support for the gel. The 

support was placed inside a large baking dish. The dish was filled with 20X SSC unti\ the 

level of the liquid was 0.5 inches-from the top of the support. The gel was centered on the 
. ' 

support in an inverted position and air bubbles between gel and support removed. The 
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edges Qfthe gel were covered with plastic film. A wet nylon filter approximately 1 mm 

wider and longer than the gel was placed on top of the gel. Two wet pieces of 3MM 

paper w_ere then placed on top 9fthe nylon filter and air bubbles were removed. A stack 

of paper towels five to eight em in height were placed atop the 3MM papers. A glass 

plate W!IS placed on top_ofthe stack and weighted down with a 500gweight. The transfer 

of RNA from the gel to the nylon filter was allowed to proceed for eighteen hours. The 

paper towels and the 3MM papers above the gel were removed. The g~l and the nylon 

filter were then removed, flipped while still maintaining contact with each other, and laid, 

gel sid~!!P, on a dry_ sheet of3MM paper. The position of the comb was marked on the 

filter with a pencil. The gel was peeled from the filter, examined under an ultraviolet light 

to ensure that the RNA had transferred, and then subsequently discarded. The nylon filter 

was soaked in IX SSC for five minutes at room temperature to remove any pieces of 

agaros~_sticking _to the nylon filter. The nylon filter was then removed from the solution 

and allowed to dry at room temperature. The dried filter was placed on a paper towel and 

subjected to ultraviolet crosslinking for two minutes. The filter was then covered with 

plastic film and stored at 8 oc for subsequent use. 

(t) Enzy_matic digestion 

In a microcentrifuge tube, 10 jJL of rOCTN2 eDNA (I }lg/jJL) in the pSPORT 

vector was added to 10 jJL ofBuffer H, 5 jJL of PST I, and 75 jJL of dH20. In a separate 

microcentrifuge tube, 20 jJL of GAPDH eDNA (I }lg/jJL), was added to 20 jJL of 

Multiz¥me Buffer, 5 jJL of Pst I (10 units/jJL) and 5 jJL ofxba I (10 units/jJL) and 150 jJL 

of dH20. Each plasmid was digested at 37 oc for two hours and after digestion 20 jJL of 
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6X DNA Loading Buffer was added to the digest. The DNA Loading Dye was made 

prior to the experiment and contained 0.25% Orange G Dye in 30% glycerol: 70% dH20. 

The digest was electrop!toresed in a I% agarose gel in IX TAE at 55 mV for two hours. 

The IX TAE solution had been prepared_prior to the experiment and contained 4.8 _g 

TRIZMA, 1.14 mL of glacial acetic acid, and 0. 75 g of EDT A per L of dH20. A I kB 

DNA ladder was used to determine the length of the bands in the gel hours. The 2.2 kB 

bandJn the lane containing the r0CTN2 digest and the 0.9 kB band in the lane containing 

the GAPDH digest were excised from the gel with a scalpel. The DNA-containing 

agaros(Lwas placed in a 1.5 mL microcentrifuge tube. The agarose samples were weighed 

and 3 volumes of Buffer QX I added to each sample. Buffer QIAEX II was resuspended 

by vortexing for 30 seconds, and 3 JlL buffer/llg DNA was added to each tube. Samples 

were incubated at 50 oc for ten minutes, vortexing every two minutes. Samples were then 

centril:4ged for 30 seconds at I4,000xG and the supernatant was removed. The pellet was 

washed once with 500 JlL of Buffer QX I and then washed twice with 500 JlL of Buffer 

PE. Til!: 11ellet was air dried for 30 minutes until white. The DNA was eluted by adding 

20 JlL of dH20 to the pellet, vortexing, and incubating the samples at 50 °C for five 

minutes. The samp}es were centrifuged at I4,000xg and the SUIJematant removed and 

collected. The elution step was repeated again and the eluates combined. A 5-J-!L sam_ple 

of eac4_eluate was run again to ensure that there was no contamination by other products 

of enzymatic digestion. 

(g) Random Labeling of Probe 

The probe was labeled and isolated as described in the protocol provided with the 

Ready-to-Go random labeling kit. Into a microcentrifuge tube was added IOO ng of the 
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eDNA insert as a template for the labeling reaction. Distilled H20 was added to the 

sample to bring the total volume of the contents of the tube to 45 !JL. The sample was 

boiled at 100 oc for 10 minutes, and then subsequently put on ice for 5 minutes. The 

sample was then removed from the microcentrifuge tube and added to the labelling bead 

reactio{l mixture and,vortexed. The sample was centrifuged at 10,000xg fur 30 seconds. 

Five J.1L of 32P dCTP was added to the sample and the sample was vortexed and 

centrifi,Jged again at 10,000xg for 30 seconds. The sample was incubated at 37 oc for 1 

hour, centrifuged again at 10,000xg for 30 seconds, and purified using a ProbeQuant G-

50 micro-column. The column had been prepared prior to this step by resuspending the 

resin via vortexing and removing excess fluid b_y centrifuging the column 735xg for 2 

minutes. The sample was applied to the top of the resin and then centrifuged again at 

735xg for 2 minutes. The eluate was collectedJU!d ihe .sample checked :via .aJadiation 

counter 

(h) RNA-Probe Hybridization 

The nylon membrane was incubated in a hybridization tube for 60 minutes at 68 oc in 

6 mL QfExpressHyb solution. The radiolabeled probe was denatured at 95 tolOO °C for 

five minutes and then chilled on ice for another five minutes. The ExpressH_yb was 

remov~ from the hybridization tube, and another 6 mL aliquot was added to the 

hybridization tube, and the radiolabeled probe added. The membrane was again incubated 

for one hour at 68 °C. After this incubation period, the ExpressHyb was removed and the 

membrane was washed in 2xSSC containing 0.5% SDS by incubating for 30 minutes at 

room temperature, changing_the solution every 10 minutes. The solution was removed 

after the final wash and replaced by a solution of 1xSSC containing 0.1% SDS. The 
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membrane was again incubated for 40 minutes at 68 °C, changing the solution every 20 

minutes. After the wash solution was removed for the final time, the membrane was 

remov~(j from the hybridization tube and allowed to air dry slightly. A radiation counter 

was used to determine whether the membrane had been sufficiently washed and/or if the 

probe l!ad sufficiently bound to it. Meeting both criteria, the membrane was covered in 

plastic film and placed in a cassette. X-ray film was placed above the membrane, and the 

film W)IS exposed for 48 hours at -80 °C. 

(i) Northern Blot Analysis 

The film was removed and developed. Examinin~ the film and confirming the 

presen~<_e. of both the OCTN2 and GAPDH bands, the membrane was again placed into a 

cassette and a phosphorimager screen was placed atop the membrane. After allowin~ for 

48 hours of exp_osure at room temperature, the screen was removed and analyzed using a 

phosphorimaging system. The membrane was then stripped in 500 mL of 0.5% SDS in 

dHzO ~y boiling at 100 °C for 10 minutes. 

B. Experimental manipulations of the HPCT cell line 

;HPCT cells were removed from storage in liq_uid nitrogen, thawed at room 

temperature, and added to 10 mL of supplemented KSFM culture media, which had been 

previously warmed to 37 °C. The KSFM media also contained 1% 

penicillin/streptomycin and 10% FBS. The cells were then added to a 75 cm2 culture 

flask, tvhich had already been coated with 1 mL of FNC coating mix. The cells were 

incubated for 24 hours at 37 °C, and then the media was removed and 20 mL ofKSFM 

media were added. The cells were incubated for another 2 days after which they were 
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examined for confluence under a light microscope. Confluent flasks were either 

subcultured or used in subsequent experiments. 

Subculturing involved removing the media and washing the cells with 5 mL of 1X 

PBS containing 0.01 M EDTA After 5 minutes, the PBS solution was removed and 3 mL 

oftrypsin/EDTA was added. Cells were allowed to incubate at room temperature until 

they came off the surface of the flask. This was ascertained by both visual inspection and 

under a light microscope. At this point, 20 mL of KSFM media was added to the flask, 

and the contents of the flask removed and split in to 2 new flasks. 

For the purposes of examining whether or not the HPCT cell line would express 

differing levels of OCTN2 under different treatments, confluent flasks were subjected to 

further incubation. The media in the flask was removed and 20 mL of KSFM media, 

P48F media w/ testosterone, or P48F media was added to the flask. The flask was 

allowed to incubate for 2 days at 37 oc, after which the media was removed and 5 mL of 

Trizol was added to the flask and then the lysed cells were subjected to the RNA 

experimental methods described above. 

C. Transport Study Techniques 

Cells were subcultured as described above with the exception that instead ofbeing 

added to a flask, they were instead added to a 12-well plate. Two mL of cells suspended 

in KSFM media were added to each wei~ which had been pretreated with 0.5 mL ofFNC 

coating mix. Cells were allowed to incubate for 24 hours at 37 °C at which point they 

were examined for confluence and the media removed. To confluent plates was added 2 

. mL of P48F culture media with testosterone or 2 mL of P48F. Plates were again 
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incubated for 2 days at 37 oc and tben transferred to a 37 °C water batb for experimental 

manbJulation. 

After sitting in the water bath for 10 minutes, the media was removed and 0.5 mL 

of 40 nM eHI~ carnitine in uptake buffer was added to each well. The uptake buffer had 

been prepared prior to the experiment and contained 140 mM NaCl, 5.4 mM KCI, 1.8 

mM C~Ch, 0.8 mM MgS04 • 1H20, 5mM glucose, and 25 mM HEPES, adjusted to pH 

7.5 with TRIZMA. The plates were allowed to incubate for a period of time as described 

in eaclt eJq!eriment and tben uptake was terminated by first removing the uptake buffer 

and tben washing each well with 3 mL of ice-cold uptake buffer twice. The contents of 

each w_ell was dissolved in 0.5 mL of 0.1 % SDS and tbe radioactivity in each well 

determined by liquid scintillation spectrometry. 



DI. RESULTS 

A. Expression of OCTN2 in the epididymis 

As described in the introduction, there is much evidence to indicate that OCTN2 is 

present in the epididymis of the rat, and if the expression of the transporter is proportional 

to carnitine levels and the uptake profile that was reported in the literature, that high 

levels of expression would be expected and that a difference should exist between 

expressiO!l patterns in the caudal and caput regions. The distinct regions of the epididymis 

were separated and processed as described in the Methods section. The results of the 

Northern blot are shown in Figure I. Although lacking the greatest resolution and clarity, 

the presence of OCTN2 mRNA in the case of the caput epididymis and the lack of 

OCTN!2 mRNA in the cauda is readily evident. This data is consistent with the lack of 

active transport in this area of the epididymis. This result correlates with my hypothesis 

and is g_ood evidence that OCTN2 is the molecular mechanism responsible for decades of 

carnitine-related observations reported in the literature over the past 4 decades with 

respect to this tissue in the rat. 

Having established the presence of OCTN2 in the epididymis and the differences 

in its sub-regions, I next looked at the effect of androgen removal and testosterone 

replacement upon the expression of this transporter in this same tissue. The results of the 
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Figure 2. OCTN2 mRNA in the caput and caudal sub-regions of the epididymis. 

Poly( At RNA (5 llg/lane) was prepared and size fractionated in a 1% a_garose _gel and 

probed simultaneously with radiolabeled rOCTN2 and GAPDH eDNA. The sizes of the 

bands were determined using an RNA ladder comprised of multiple standards that had 

been also size fractionated in an adjacent lane. Samples were run in duplicate. 
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Figure 3.. Effect of androgen removal and testosterone replacement on the 

expression of OCTN2 mRNA in the epidid_ymis. Poly(At RNA (5 Jl_g/lane) was 

prepared and size fractionated in a I% agarose gel and probed simultaneously with 
. 

radiolabeled rOCTN2 and GAPDH eDNA. The sizes of the bands were determined using 

an RNA ladder comprised of multiple. standards that had been also size fractionated in1!Il 

adjacent lane. Samples were run in duplicate. 
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B. Effect of castration and testosterone therapy on OC'J'N2 expression in tissues 

of the male rat. 

;, .. 

- ' 

(1) OCTN2 mRNA in the epididymis. 

Having established the presence of OCTN2 mRNA in the epididymis and the 

differences in its sub-regions, the effect of androgen removal and testosterone 

replacement on the expression of this transporter in this same tissue were examined. The 

results of the Northern blot are shown in Figure 2. It is readily observable that castration 

nearly ablates the expression of OCTN2 mRNA, though because of differing contrast, 

visual comparison is far from accurate and perhaps misleading. Upon analysis, it was 

realized that expression levels of OCTN2 mRNA after castration had dropped to less than 

one quarter of levels in control animals after just one week. Testosterone replacement 

only restored expression levels to slightly under half of that in the control animal. The 

quantification of the phosphorimaging results for all tissues are summarized in Figure 7. 

(2) OCTN2 mRNA in the heart 

The heart was the next tissue to be examined and the results of the Northern blot 

are shown in Figure 3. Upon subsequent phosphorimager analysis, it was shown that the 

effect of castration and testosterone therapy on OCTN2 messenger RNA levels was 

comparable to that seen in the epididymis. 
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(3) OCTN2 in the kidney. 

Next to be examined was the kidney, and the results of this Northern blot are 

shown in Figure 4. The results of the phosphorimager analysis showed that OCTN2 

expression kidney was significantly less affected by castration, as levels reached nearly 

two-thirds of that seen in control animals, and subsequent testosterone replacement 

restored expression to I 00% of that seen in controls. 

( 4) OCTN2 in skeletal muscle. 

Finally, expression levels in skeletal muscle were examined, and the results of this 

Northern blot are shown in Figure 5. Upon phosphorimager analysis, it appeared that 

skeletal muscle was the least affected by castration, as expression levels were 

approximately three-quarters of that seen in the control animals. Subsequent testosterone 

replacement appeared to have little effect on this loss of expression. 



Figure 4. Effect of androgen removal and testosterone replacement on the 

expression of OCTN2 mRNA in the heart. Poly( At RNA (5 J.lWJane) was prepared 

and size fractionated in a I% agarose gel and probed simultaneously with radio labeled 

rOCTN2 and GAPDH eDNA The sizes of the bands were determined using an RNA 

ladder comprised of multiple standards that had been also size fractionated in an lidjacent 

lane. Samples were run in duplicate. 
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Figure 5. Effect of androgen removal and testosterone replacement on the 

expression of OCTN2 mRNA in the kidne_y. Poly( At RNA (5 Jl_g/lane) was prepared 

and size fractionated in a 1% agarose gel and probed simultaneously with radiolabeled 

rOCTN2 and GAPDH eDNA The sizes of the bands were determined using an RNA 

ladder comprised of multiple standards that had been also size fractionated in an .adjacent 

lane. Samples were run in duplicate. 
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Figure 6. Effect of androgen removal and testosterone replacement on the 

expression of OCTN2 mRNA in skeletal muscle. Poly(At RNA (5 J!_g/lane) was 

prepared and size fractionated in a 1% agarose gel and probed simultaneously with 

radiolabeled rOCTN2 and GAPDH eDNA. The sizes of the bands were determined using 

an RNA. ladder comprised of multiple standards that had been also size fractionated in an 

adjacent lane. Samples were run in duplicate. 
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Figure 7. Comparison of expression of OCTN2 mRNA in various tisSiles after 

castration and castration with subsequent testosterone therapy. OCTN2 mRNA 

levels in epididymis, heart, kidney, and skeletal muscle were measured by 

phosphorimager analysis and normalized to GAPDH mRNA levels. Actual levels were 

not measured and results are given as a percentage of control expression levels. 
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C. Effect of androgens on carnitine transport and expression of OCTN2 mRNA 

in the human kidney ceO line HPCT. 

Having established a definitive relationship between the effect of castration and 

testosterone replacement on the expression level of OCTN2 mRNA in the male rat, the 

next set of experiments were embarked upon to see if this relationship existed in another 

manunalian organism that has received even more attention over decades of carnitine 

research, that being the human. 

With epididymal cell lines being unavailable,. a human prostate cancer cell line 

(PCA2B) was initially chosen, as it had previously been shown that high levels of 

OCTN2 mRNA existed in the rat prostate. Based on obServations and general trends 

regarding cell lines derived from human prostate, it was also likely that this cell line 

would be androgen sensitive and demonstrate the relationship between a loss of 

androgens and OCTN2 mRNA level that had been observed in the male rat. 

Uilfortunately, the cell line was not only androgen sensitive bnt also androgen dependent, 

and in P48F media w/o testosterone added to it, the cells died within 48 hours. Therefore, 

a new cell line had to be chosen. 

The HPCT cell line was chosen based on the fact that it was readily available, 

grew well, and was derived from a tissue (the 1Qdney) that could be compared to data 

obtained from the rat. It had also already been shown to express OCTN2 mRNA at fuirly 

high levels with respect to GAPDH mRNA It would have to be shown that the cell line 

was androgen sensitive yet not to the point of androgen dependence. The first experiment 

was performed to examine the effects of varying amounts of testosterone on carnitine 

transport as well establish an ideal testosterone concentration to use in subsequent 



Figure 8. Effect of varying_levels of testosterone on ell]_ carnitine transport. HPCT 

cells were grown to confluence and then treated with P48F media for 48 hours, either 

androgen free or with varying levels of added testosterone. Cells were incubated with 40 

nM [~ carnitine for one hour and results obtained via liquid scintillation spectrometry. 

Results displayed are the average of two experiments each containing 6 data points for 
' ' 

each group. 
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-{1) Effect.ofvarying-testosterone concentration on.carnitine uptake. 

The first eJ(periment-was performed to examine-the effects-of varying amounts of 

-testosterone on carnitine-transport as well establish ·an ideal testosterone-concentration to 

use in subsequent experiments to maximize the difference between treating the cells with 

androgen-free media and the exact same media containing testosterone. The results of 

this experiment are shown in Figure 7. It is clear that there is a distinct difference 

between all the groups that were treated with some level of testosterone as opposed to 

those cells that were not. Statistical analysis confirmed that this difference was significant 

at a 95% confidence leve~ and that while the cells treated with lxlO.., M and 1x10-s M 

testosterone were not significantly different from each other, cells treated with lx1 o-7 M 

testosterone exhibited the highest level of uptake and this was significantly different from 

all other groups at a 95% confidence level. 

(2) Time course of carnitine uptake 

The next experiment was performed to see if the observations of the previous 

experiment held true at a range of time points and whether or not the rate of carnitine 

uptake was linear over the range of time points chosen. The results of the experiment are 

displayed in Figure 8. Upon pooling the data, a linear regression was performed and 

resulted in a rate of 12.93 pmol carnitine/1 06 cells/min transported in cells treated with 

just P48F versus a rate of 40.06 pmol carnitine/1 06 cells/min transported in cells treated 

with P48F with 1xl0'7M testosterone, greater than a 3-fold increase. Although this latter 

rate is less than half of the average rate of94.96 pmol carnitine/106 cells/min seen in the 



Figure 9-Time course of eHl caruitiue transport in HPCT cells' treated with and 

without testosterone. HPCT cells were grown to confluence and then treated with P48F 

media for 48 hours, either androgen free or with lxl0-7 M testosterone. Cells were 

incubated with 40 nM carnitine at different time points anq results obtained via liquid 

scintillation spectrometry. Results displayed are an average of five experiments each 

containin_g 3 data points for each _group with an avera_ge standard error. A linear 

regression was also performed on the data and is included. 
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Figure 8, it is still more than 3-fold the rate of transport in cells that are treated without 

testosterone for a 48-hour period. 

D. Effect of androgens on the presence of OCTN2 mRNA in HPCT cells. 

In order to attempt to correlate the transport data from the HPCTl cells to levels 

of OCTN2 mRNA expression, as well as to compare and contrast against the data 

obtained from the rat kidney, mRNA from cells cultured in P48F with and without added 

lxl o-7 M testostero~e was isolated and subject to gel fractionation. The results of the 

Northern blot are shown in Figure 10. Upon subsequent phosphorimager analysis, it was 

shown that there was a loss of expression of OCTN2 in those cells treated with P48F 

without testosterone relative to expression levels in those cells that were treated with 

testosterone. After normalizing GAPDH levels and correcting for non-specific 

background radioactivity, cells that were treated without testosterone expressed 

approximately 60% of OCTN2 mRNA as compared with cells treated with testosterone, 

correlating well with the data collected from the rat (as seen in Figure 5). 



Figure 10. Effect of testosterone on the expression of OC1N2 in HPCT cells. 

Poly(At RNA (5. jlg/lane) was prepared and size fractionated in a 1% a,garose,gel and 

probed simultaneously with radiolabeled hOCTN2 mRNA and GAPDH eDNA. The sizes 

of the bands were determined using an RNA ladder comprised of multiple standards that 

had been also size fractionated in an adjacent lane. Samples were run in duplicate. 
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IV. DISCUSSION 

The results of the experiments described herein provide further evidence of 

OCTN2's role in carnitine ~meostasis and physiological relevance. Since 1965, when 

Marquis & Fritz (3) first demonstrated that there was a link between testosterone and 

carnitine, a siwficant amount of carnitine-related research has explored this topic. Only 

with the discovery of OCTN2 was it possible to investigate whether or not testosterone 

and other. androgens would have an effect on the molecular mechanism of high-affinity 

carnitine transport for which .several tissues rely upon to maintain carnitine 

conceQtnltions. 

One of the tissues that rely upon a high affinity transport system is the epididymis. 

In the flurry of OCTN2 related research since the realization of OCTN2's role as a 

physiological carnitine transporter, this tissue had surprisin~ly been ignored. Therefore, 

this was a target tissue of this study, and it came as no surprise when the results showed 

that expression levels were .quite high after correcting for GAPDH expression. This 

observ11..tion correlates well with the transp9rt data and carnitine levels published in earlier 

decades (4-9, 31-34, 62-66). Also the results demonstrating that expression ofOCTN2 in 

the rat epididymis was limited to the caput but non-detectable in the cauda correlates well 

with the observations ofBrooks and others (32, 34, 62, 65). This is also consistent with 
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the putative role of camitine as an acetyl reserve for spermatozoa in a location where 

spermatozoa first become motile. 

The androgen response seen in the heart was somewhat unel_{pected, but they were 

consistent with data presented by .Carter, et al. (66). Proportionally, the loss of OCTN2 

expression and failure to restore expression to control levels was significantly greater 

than p(evious data (66) would lead one to believe, assuming that OCTN2 was the primary 

mechanism for carnitine homeostasis in the heart, which may or may not be the case. 

Even .so, if OCTN2 has any significant role, this could have drastic implications. With 

high expression levels of 0CTN2 in the control rat, and castration reducing levels of 

expression to approximately one-quarter of control levels within one week, it would not 

be surprising to see castrated rats suffer adverse consequences in certain conditions. 

Combi.ni!lg this information with the fact that the heart relies upon high-affinity transport 

for as much as 80% of its carnitine, one can easily imagine a situation in which a 

castrat~ rat fed a camitine-free diet might end up in a similar predicament as the jvs 

mouse after a while; unable to utilize fats, relying primarily on glycolysis for energy, and 

eventually.dying of heart failure. 

Do these observations hold true for humans? Does a castrated male human exhibit 

lowered _levels of OCTN2 in both heart and rep.roductive tract? Could under 

circumstances of a low or carnitine-free diet this individual suffer from ~ymptoms 

recognizable as primary systemic camitine deficiency? It is known that some men who 

are treated with anti-androgens for prostate cancer to suffer complications that resemble 

camitine insufficiency. Whether or not there are other conditions that might be akin to 

this is unknown and remains to be proven. Unfortunately, a heart cell line has proven 
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elusive to establish and an androgen independent cell line from a male reproductive tissue 

will also probably remain unattainable. Also given the nature of ~e. questions, human 

subjects for a potential study _are not likely to volunteer unless already an aforementioned 

prostate cancer cell patient undergoi!lg som,e type of treatment.. Also inquestion is the 

relevanc_e of data obtained utilizing a -rat model when trying to draw conclusions about 

implications for humans. It has been shown that, in contrast to the rat, the human heart 

has a str.9nger level of exp~ession of OCTN2, and therefore how significant OCTN2 is in 

maintaining carnitine homeostasis in the human heart is unknown, though given that the 

most common <;ause of death in primary_ systemic carnitine deficiency is heart failure 

when untreated by therllpeutic doses of camitine administered ora!Jy, there is good reason 

to believe that OCTN2 does play an impqrtant role in some situations. Also, it remains to 

be determined what role, if any, OCTN2 plays'in primary myopathic carnitine deficien~y. 

As one would expect if this is transport related, the molecular mechanism(s) would be 

only present in skeletal muscle and heart, which is definitely not the case of OCTN2, 

thoughit.still may play a role in this disease. 

The data obtained from the skeletal muscle correlates decently with the camitine 

levels il! skeletal muscle before and after castration, both with and without testosterone 

therapy (66). Both carnitine levels and OCTN2 expression in skeletal muscle are not 

_greatly affected by castration or subsequent testosterone therapy. There is some variation, 

as the data in Carter, et al. (66) indicates that carnitine levels slig4tly rise in skeletal 

muscle, whereas OCTN2 levels drqp to about three quarters of normal. Again, although 

Vary and Neely (11) indicate that as much as 80% of carnitine transport relies upon a 
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high affinity carrier mediated process, the overall contribution of OCTN2 to .carnitine 

homeostasis in this tissue has not been ascertained. 

_The kidney data p~oved highly interesting when compared with urinary_ carnitine 

excretion data published _by Carter, et al. ( 66). In that reference, the authors concluded 

that the _kidney. ~as P!!rhaps the primary source of overall body_ carnitine homeostasis, as 

castration caused a 3-fold increase in urinary carnitine excretion in male rats, and 

subsequ_ent testosterone therapy nearly restored excretion to control levels. With the 

supposition that OCTN2 should be the primary molecular mechanism for carnitine re

absorption in the kidney, the data obtained from the Northern blot of OCTN2 mRNA 

correlates very well with this previous data and gives further evidence that OCTN2 is 

indeed the molecular mechanism that controls carnitine homeostasis in this organ. 

Trying to duplicate these observations in a human tissue proved challe_nging. First, 

treating_ a human model in a manner similar to the rat was impossible. A cell line was 

required, but also proved difficult. Although an epididymal cell line would have been 

optimal, none were available, and prostate cancer cell lines proved useless, as they were 

dependent upon androgens for survival. Heart cell lines have yet to be established, and a 

cell line in the skeletal muscle would prove oflittle use if it showed the same trend as the 

skeletal muscle in the rat. Human sperm would have also been a novel_ possibility, and it 

is highly likely_ that OCTN2 is expressed in sperm. Although mRNA transcrip~s have 

been detected in spermatozoa, the technical. problems proved to be too large to overcome 

However, many kidney. cell lines were available, and a distinct difference between the 

castrated animals and those subsequently treated with testosterone had been shown. The 
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cell line that was finally chosen had already been shown to express OCTN2 at fairly high 

levels and met other criteria that were necessW)' to do the experiments. 

;rhe initial experiment was done to optimize the amount of testosterone to treat the 

cells with. Although it could have been easily calculated so as to treat the cells with the 

exact same con_centration as the rats had been.exposed to, this may not have provided an 

ideal condition in which to optimize the differences seen in su~s~uent experiments. 

Also, iUs <lifficult to directly translate the experimental conditions of one system to the 

other. There are several considerations; different species, different model (whole animal 

vs. cell~ulture), and different length of time for exposure. It should also be noted that the 

concentration of testosterone used was 100 to 1,000 times that normally found in the 

kidney, but was well within the range that previous researchers had used based upon a 

literature search. 

The time course of carnitine transport in the two treatment groups showed a very 

significan~ difference over a linear range. Although there are other experiments that 

would need to be done to l4lly complement this data (such as kinetic ana1ysis and 

inhibitio~ studies), these experiments are not contained in the scope of this work. The 3-

fold difference between the two groups does correlate well with the data from Carter, et 

al. (66), but once again it becomes a q11estion of species, model, and experimental 

methodology. 

As noted in the results, the similari_ty in loss of expression of OCTN2 in the rat 

kidney after castration and HPCT cells is further proof that the rat is a good experimental 

model with which to do further studies in this area that have human relevance. Whether 

the same trends that have been observed for castration and subsequent testosterone 



52 

therapy. iJI the rat would hold up in other human cell lines derived from the other rat 

tissues used in this study (epididymis, heart, skeletal muscle) remains to be explored. In 

addition, the other possible area of interest is to explore other factors which have been 

reported by researchers to affect carnitine transport, such as dietary carnitine intake (68) 

or diptheriatoxin (15) .. Should these .be examined, it would not be at all surprising to find 

that OCTN2 is the molecular mechanism involved. 

Finally it may. be interesting to look at the effect of testosterone and other 

hormones on other members of the OC:T superfamily. OCTN2 is unique in its family with 

respect to sodium dep_endency_ for carnitine transport. Whether it is also unique in this 

regard remains to be explored. 



V. SUMMARY 

In conclusion, this bod_y of work has further added to the evidence that OCTN2 is 

a physiologically relevant carnitine transporter and is also at least one of the molecular 

mechanisms that underlies mi!Jl_y observations in carnitine transport related experiments 

reported over the past 50 years. This is the first confirmation that OCTN2 is expressed in 

the epididymis and in a manner consistent with the bod_y of knowledge in the area where 

the male mammalian reproductive tract and carnitine overlap. This work also fills in the 

missing piece between the effect of testosterone, androgen loss, and testosterone therap_y 

and the drop in carnitine levels in the male reproductive tract and elsewhere. This work 

provides suitable reconfirmation that both models used are fairly consistent with each 

other, and that the rat model may be used in further studies of which human relevance is a 

concern, be they studies on the effect of testosterone on other transporters or the effect of 

other h_orm.ones, compounds, and conditions on OCTN2 in both rat and human. Finally, 

this study is the first to show the direct effect of a hormone on the expression levels of 

OCTNQ. 
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