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Abstract

BACKGROUND & AIMS—Intestinal thiamin uptake process is vital for maintaining normal
body homeostasis of the vitamin; /n vitro studies suggest that both thiamin transporter-1 (THTR-1)
and -2 (THTR-2) are involved. Mutations in THTR-1 cause thiamin-responsive megaloblastic
anemia (TRMA), a tissue specific disease associated with diabetes mellitus, megaloblastic anemia,
and sensorineural deafness. However in patients with TRMA, plasma thiamin levels are within
normal range, indicating that THTR2 (or another carrier) could provide sufficient intestinal
thiamin absorption. We tested this possibility and examined the role of THTR-2 in uptake of
thiamin in the intestine of mice.

METHODS—THTR-2 deficient mice were generated by SLC19A3 gene knockout and used to
examine intestinal uptake of thiamin /n vitro (isolated cells) and in vivo (intact intestinal loops).
We also examined intestinal thiamin uptake in THTR-1 deficient mice.

RESULTS—Intestine of THTR-2 deficient mice had reduced uptake of thiamin compared to
those of wild —type littermate mice (p<0.01); this reduction was associated with a decrease
(p<0.01) in blood thiamin levels in THTR-2 deficient mice. However, intestinal uptake of thiamin
in THTR-1 deficient mice was not significantly different from that of wild-type littermate animals.
Level of expression of THTR-1 was not altered in the intestine of THTR-2 deficient mice, but
level of expression of THTR-2 was up-regulated in the intestine of THTR-1 deficient mice.

CONCLUSION—THTR-2 is required for normal uptake of thiamin in the intestine and can

fulfill normal levels of uptake in conditions associated with THTR-1 dysfunction.
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Introduction

Vitamin B (thiamin) is essential for survival of humans and other mammals. Thiamin plays
a fundamental role in metabolism and energy production as the coenzyme thiamin
pyrophosphate; a metabolite required for normal cellular functions, growth and development
(1). Further, thiamin plays a role in reducing cellular oxidative stress via its role in bridging
the glycolytic and the pentose phosphate metabolic pathways (2: 3). Insufficient amounts of
dietary thiamin can lead to a variety of clinical abnormalities that include neurological and
cardiovascular disorders (1' 4' 5). An inability to synthesize thiamin has generated, in
mammals, a reliance on the intestinal epithelium to maintain normal thiamin body
homeostasis. Using a variety of human and animal intestinal preparations, the process of
intestinal thiamin uptake was shown to occur via a specialized carrier-mediated mechanism
(reviewed in 6). Other studies have shown that both thiamin transporters-1 and -2 (THTR-1
and THTR-2) are expressed in human and mouse intestine at the protein and mRNA levels
(6 ~ 8). Further, recent /n vitro investigations utilizing a gene-silencing approach (i.e., gene-
specific sSiRNA) in cultured human-derived intestinal epithelial Caco-2 cells have shown that
both THTR-1 and THTR-2 are involved in thiamin uptake across the apical membrane
domain and that together they account for total carrier-mediated uptake of the vitamin (7).
However, confirmation of these findings in a more physiologically relevant setting is
currently lacking.

The autosomal recessive disorder thiamin-responsive megaloblastic anemia (TRMA) is
caused by mutations in THTR-1 (9711). TRMA is associated with megaloblastic anemia,
diabetes mellitus, and auditory deafness that develop as a result of the localized thiamin
deficiency that occurs in affected tissues (9711). However, plasma level of thiamin in TRMA
patients remains within the normal range (12), suggesting that THTR-2 (or another as yet
unidentified carrier) could provide sufficient intestinal thiamin uptake in THTR-1 deficiency.
These observations were reproduced experimentally in THTR-1 deficient mice (13 14). Our
aims in this study are to examine the role of THTR-2 in intestinal thiamin uptake in a
physiologically relevant setting and to test the possibility that this transporter can provide
sufficient intestinal thiamin uptake in the absence of functional THTR-1. To do this, we
generated a THTR-2-deficient mouse model and examined the effect of knocking out the
SLC19A3gene (the gene that encodes THTR-2) on intestinal thiamin uptake. We also
obtained THTR-1 deficient mice (13) and investigated the impact of knocking out the
SLC19A2 gene on intestinal thiamin uptake. Our results showed that intestinal thiamin
uptake in the THTR-2 (but not THTR-1) deficient mice to be significantly lower than that of
wild-type littermate mice. This impairment in intestinal thiamin uptake was associated with
a significant decrease in blood thiamin level in the THTR-2 deficient mice. Further, while
knocking out THTR-2 is not associated with changes in the level of expression of THTR-1
in the intestine, knocking out THTR-1 is associated with a marked induction in the level of
intestinal THTR-2.
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Materials and Methods

Materials

[3H]-Thiamin and [3H]-biotin (sp act > 30Ci/mmol; radiochemical purity>98%) were
purchased from ARC (St Louis. MO). All chemicals and reagents used in this study were of
analytical/molecular biology grade and were purchased from commercial sources. Cellulose
nitrate filters (0.45 um pore size) used in the uptake studies were purchased from Sartorius
filters (Hayward, CA).

Generation of THTR-2-deficient mice

A conventional targeting vector was constructed using a 13.9kb region of the THT7TR-2gene
sub cloned from a positively identified BAC clone (inGenious Targeting Laboratory, Inc.,
Stony Brook, NY). The vector was designed to allow homologous recombination to occur
with a neo cassette replacing 4.2kb of the gene including exons 1 and 2 (contains ATG start
codon). ES cells were transfected, selected and screened, then positive clones were
microinjected into foster mice to produce chimera pups. Subsequent breeding with wild-type
C57BI6 mice produced F1 pups. Six heterozygous knockout mice (S/c19a3*/") were
confirmed by PCR and Southern blot and shipped to our facility. Inbreeding was used to
produce homozygous knockout (S/cZ9a3~) mice and maintain the colony. Genotyping of
pups was performed using PCR screening with oligonucleotides that confirm insertion of the
neo cassette (F-5’-TGCGAGGCCAGAGGCCACTTGTGTAGC-3’ and R-5’-
TGACCTGATTTCCTTGAGGG-3’) as well as those that allow detection of the wild-type
gene (F-5’-AGTCCTATGGGAACACAAGGCACCCTC-3’ and R-5-
TCGTGATCTTCCTGCTACAG-3’). The primer sets amplify fragments of approximately 2
and 2.1 kb in length respectively. All mouse studies performed were reviewed and approved
prior to animal use by the Long Beach VA Subcommittee on Animal Studies and the UCI
Institutional Animal Care and Use Committee, both AAALAC accredited institutions.

Isolation of mouse intestinal epithelial cells, in vivo intestinal loop and uptake studies

Intestinal epithelial cells were isolated from adult mice (2 to 3 months) as described by us
before (15) using a well-established fractionation procedure (16). We collected five
consecutive fractions that represent mostly villus tip cells (15). Uptake of [3H]-thiamin or
[3H]-biotin by cells was measured as described by us previously (15) using an established
rapid-filtration technique (17) at 37°C in Krebs-Ringer (KR) buffer at pH 7.4. Labeled and
unlabeled vitamin was added to the incubation medium at the onset of incubation, and
uptake was examined during the initial linear period of uptake (data not shown). Protein
concentrations were measured using a Bio-Rad (Hercules, CA) protein determination Kit.
Uptake data were expressed in fmol/mg protein/10 min. Intact intestinal loops (5 cm) in vivo
were prepared in the jejunal area [as described previously (18)] and filled with 250 ul of KR
buffer containing labeled alone or labeled plus unlabeled thiamin or biotin. Uptake was
measured after 10 min (linear phase of uptake, data not shown). Uptake data were expressed
in fmol/mg tissue wet weight/10 min. All /n vitroand in vivo uptake experiments with
knockout mice were run simultaneously with sex-matched wild type littermate mice.
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Establishment of THTR-1-deficient mice colony

Founders of the THTR-1-deficient mouse colony were kindly provided by Dr. Bruce D. Gelb
(Mount Sinai School of Medicine, New York, NY) (13). Genotyping of pups was performed
as described before (13) using PCR screening with oligonucleotides that confirm insertion of
the neo cassette (F-5’-CTCGTCCTGCAGTTCATTCA-3’ and R-5’-
AGACAATCGGCTGCTCTGAT-3’) as well as those that allow detection of the wild-type
gene (F-5’-TTACCTGCTGCTGCTGTTTC-3’ and R-5’-
GATGGTTAGCTGCTGGGGTA-3"). The primer sets amplify fragments of approximately
120 bp and 500 bp in length, respectively.

Quantitative real-time PCR (gPCR)

gPCR was performed using the Bio-Rad iCycler (Hercules, CA) and a Qiagen Quantitect
SYBR green PCR kit (Valencia, CA). Semi-quantitative PCR was performed using the
Clontech Advantage Polymerase 2 Kit (Mountain View, CA). RNA from adult (2 to 3
months) mouse tissue was isolated using Trizol (Invitrogen, Carlsbad, CA) and the
manufacturers procedure. The RNA was DNase treated and first strand cDNA was made
from 5 pg of the isolated total RNA primed with oligo dT using an Invitrogen Superscript
synthesis system. A dilution series of the RT products (1, 1/10, and 1/100) was then used in
the subsequent gPCR. A 1/25 dilution of RT products was used for semi-quantitative PCR.
Primers used in the gPCR were specific for the mouse 7TH7R-1 (F-5’-
GTTCCTCACGCCCTACCTTC-3’, R-5"-GCATGAACCACGTCACAATC-3’), the mouse
THTR-2 (F-5’-TCATGCAAACAGCTGAGTTCT-3’, R-5’-
ACTCCGACAGTAGCTGCTCA-3") and the mouse B-actin (F-5’-
AGCCAGACCGTCTCCTTGTA-3’, R-5’-TAGAGAGGGCCCACCACAC-3’). Quantitative
PCR consisted of a 15 second 95°C melt followed by 40 cycles of 95°C melt for 30 sec,
58°C annealing for 30 sec, and 72°C extension and data collection for 1 min. Negative
control reactions without RT product were used with every experiment. To compare the
relative relationship between 7THT7R-Zand THTR-2mRNA in tissues of different mice we
utilized a calculation method provided by the iCycler manufacturer (Biorad, Hercules, CA)
described previously (19). The semi-quantitative PCR consisted of a 3 minute 95°C melt
followed by 30 cycles of 95°C melt for 30 sec, 55°C annealing for 30 sec, 72°C extension
for 30 sec, and final 72°C extension for 7 minutes. PCR products were loaded on a 3%
agarose gel and images were captured using UVP BIODOC-It™ System (Bio-Imaging
Systems, Upland, CA). The semi-quantitative PCR yielded only one detectable band and
band intensity of THTR-1 or THTR-2 specific products were normalized to the -actin.

Membrane protein isolation and Western blot analysis

Isolation of membrane proteins and Western blot analysis was performed as previously
described (19). Homogenates from freshly isolated intestinal epithelial cells were
centrifuged at 1,800 g for 10 min to remove nuclei and non-broken cells, followed by 9,000
g spin in a Beckman ultracentrifuge for 30 min. The pellet was re-suspended to a final
concentration of 10 mg/ml, and 30 ug of membrane protein per lane was loaded for SDS-
PAGE. Western blot analysis was performed using specific and previously characterized
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polyclonal antibodies against mMTHTR-1 and mTHTR-2 (Sigma-Genosys, The Woodlands,
TX).

Phenotype assessment

The assessment included animal weight, ability to produce progeny, overall gross anatomy at
autopsy, and microscopic histopathology of tissues including intestine, liver, lung, kidney,
heart and brain.

Histopathology analysis

Brain, heart, liver and kidneys from THTR-2 deficient mice were removed immediately after
euthanasia, sectioned, 10% formalin fixed over night and submitted for paraffin embedding
and H&E stained microscopic slide preparation using standard histological techniques
(LBVA MC Histology Laboratory). Gross and microscopic evaluation and reporting was
carried out by a board certified anatomic pathologist.

Statistical analysis

Transport data presented in this paper are the result of at least three separate experiments
from at least three different mice and are expressed as mean + S.E.M. in fmol/mg protein (or
tissue wet weight)/10 min. Appropriate controls using sex-matched littermate mice were run
simultaneously. Data were analyzed using the Students #test. Carrier-mediated thiamin (or
biotin) uptake was determined by subtracting uptake of an identical amount of labeled
thiamin in the presence of a high pharmacological concentration of unlabeled thiamin (1
mM) from uptake in its absence. Western blot analysis and gPCR were all performed on at
least three separate biological repeats.

Results
Studies with THTR-2 deficient mice

Generation of THTR-2 knockout animals and establishment of the colony—
A conventional targeting vector was constructed to insert a neomycin resistance cassette into
4.2kb of the THTR-2(Slc19a3) gene including exons 1 and 2 that contains the ATG start
codon (Fig. 1A). ES cells were transfected, selected and screened. Positive clones were
microinjected into foster mice to produce chimeric pups. Subsequent breeding with wild-
type (7THTR-2*/*) C57BI6 mice produced F1 pups. Inbreeding was used to produce
homozygous knockout ( 7HTR-27) mice, confirmed by PCR (Fig 1B). Quantitative real-
time PCR of reverse transcribed intestinal mMRNA demonstrated a reduction in the levels of
the THTR-2message in THTR-2*~ mice and no detectable message in the 7H7R-27"mice
(Fig 1C) compared to sex-matched wild-type littermates. Western blots of isolated intestinal
membrane proteins with THTR-2 specific antibodies showed reduction of the THTR-2
protein level in 7HTR-2*/~ mice compared to sex-matched wild-type littermates and no
detectable THTR-2 protein in 7HTR-27~mice (Fig 1D).

Effect of loss of THTR-2 on intestinal uptake of thiamin—\We utilized an /n vitro

system of freshly isolated intestinal epithelial cells and complemented the findings /n vivo
with intact intestinal loop studies. Our results showed that THTR-2 deficiency causes a
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significant decrease in thiamin uptake compared to sex-matched wild-type littermates in
freshly isolated intestinal epithelial cells /n vitro (Fig 2A, p < 0.002) and in intestinal loops
in vivo (Fig 2B, p < 0.01). To show the specificity of the defect, no change in the in vivo
intestinal loop uptake of the unrelated labeled vitamin [3H]-biotin was observed in the
mouse model (Fig 2C).

Thiamin blood levels—Thiamin blood levels, determined using a commercial service
(Vitamin Diagnostics, Cliffwood Beach, NJ), were significantly decreased (p < 0.01) in
THTR-27~ mice compared to sex-matched wild type littermates (53 + 2 vs. 74 + 4 ug/L,
respectively). However, there was no statistical difference in blood biotin, glucose and
insulin levels in 7H7R-27~ mice compared to sex-matched wild type litter mates (data not
shown).

MRNA and protein analysis—Real time quantitative PCR demonstrated that loss of
THTR-2 does not affect the level of THTR-1 mRNA in the intestine (data not shown).
However in the kidney, a marked increase in THTR-1 mRNA with concurrent increase in
protein level was observed in THTR-2 deficient mice (Fig 3) compared to sex-matched wild
type littermates.

Phenotype assessment—The phenotype of the 7HTR-27~ mice showed no initial
significant differences when compared with age- and gender-matched wild-type control
mice. However, 7HTR-27~mice died prematurely at one year of age and displayed a
noticeable change in phenotype that included lethargic behavior and progressive wasting that
started at around 2—-3 months prior to death. We performed gross anatomical and histo-
pathological examination of five THTR-2-deficient mice at 9 month of age and did not
observe differences in gross pathological assessment of all organs. Histological analysis of
tissue from heart and brain (cortex and cerebellum) did not show any abnormalities.
However, histological analysis of liver tissue in four of five THTR-2-deficient mice
demonstrated significant injury of the hepatic parenchyma with necrosis and chronic
inflammation in zone 2 (mid-zonal) and focally extending periportally into zone 1 (Fig 4 A—
D). In addition, histological analysis of renal tissue demonstrated interstitial chronic
inflammation of the renal cortex with degeneration of the proximal convoluted tubules, as
well as arteriolosclerosis (renal nephrosclerosis) (Fig 4 E-H). Histological analysis of the
liver and renal tissues of five sex-matched wild type litter mates did not show any
histopathological changes. Whether these changes contribute to the premature death of the
THTR-2 deficient mice at about one year of age and whether other (as yet unidentified)
abnormalities are involved require further investigations.

Studies with THTR-1"~ mice

Effect of loss of THTR-1 on intestinal thiamin uptake—The 7THTR-17~mouse
line has been previously generated, phenotyped and used to study different aspects of
thiamin nutrition and metabolic roles, but no study was performed on the effect of THTR-1
deficiency on intestinal thiamin uptake (13). We obtained founders from Dr. Bruce D. Gelb
(Mount Sinai School of Medicine, New York, NY) (13) and established a colony of these
animals at our accredited animal facility. Genotyping of pups was performed as described
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before (13) and animals were used for transport investigations between 2 to 3 months of age.
Using these animals and sex-matched wild-type littermates, we examined thiamin uptake /n
vitro with freshly isolated intestinal epithelial cell preparations. Our results showed no
significant difference in thiamin uptake between 7H7R-17~and sex-matched wild type
litter mates (Fig. 5A). Similar observations were obtained when thiamin uptake was
examined using intestinal loops /n vivo (Fig. 5B).

MRNA and protein analysis—Real time quantitative PCR demonstrated that loss of
THTR-1 leads to a marked induction of THTR-2 mRNA with an increase in protein level in
the intestine (Fig. 6A) and kidneys of THTR-1 deficient mice compared to sex-matched wild
type litter mates (Fig 6B).

Discussion

As mentioned earlier, humans and other mammals cannot synthesize thiamin and thus must
obtain the vitamin from exogenous sources via intestinal absorption. Both THTR-1 and
THTR-2 are expressed in the human and mouse intestine but the extent of their involvement
in the overall intestinal thiamin uptake process is not fully characterized. Further, humans
with defective THTR-1 (i.e., TRMA patients) (12), as well as mice that are THTR-1
deficient (13) show normal plasma thiamin levels, suggesting that intestinal THTR-2 may be
sufficient to maintain adequate plasma thiamin levels. To evaluate the role of THTR-2 in the
intestinal thiamin uptake process in a physiologically relevant setting, we generated
THTR-2-deficient mice and examined intestinal thiamin uptake. We also examined thiamin
uptake in the intestine of THTR-1 deficient mice that have been previously generated (13).
Intestinal thiamin uptake in these animals was compared to uptake in sex- matched wild-type
littermate mice. Our findings showed that loss of THTR-2 leads to a significant decrease in
intestinal thiamin uptake, which is associated with a significant decrease in blood thiamin
levels. On the other hand, intestinal thiamin uptake in THTR-1 deficient mice was not
significantly different from that of sex-matched wild type littermates.

The decrease in intestinal thiamin uptake and blood thiamin level observed in the THTR-2
deficient mice appear to be specific for thiamin as intestinal uptake of the unrelated water-
soluble vitamin biotin and its blood level were not affected by the loss of THTR-2. The
decrease in blood thiamin level is also significant given that a recent publication suggested
that mutations in human THTR-2 lead to biotin-responsive basal ganglia disease (20), a
condition that is alleviated by high doses of biotin. The latter has led the authors to suggest
that THTR-2 may also act as a biotin transporter (20). The current /n vivo findings support
our previous /n vitro findings in cultured intestinal epithelial cells, which concluded that
THTR-2 is not a biotin transporter (21).

THTR-2 deficient mice showed a compensatory THTR-1 mRNA and protein level increase
in renal tissue while no detectable change in expression level of THTR-1 was observed in
the intestine. In contrast, THTR-1 deficient mice showed a marked compensatory increase of
THTR-2 mRNA and protein levels in both, intestinal and renal tissue, a finding that may
explain why THTR-1 deficient mice (13), and patients with TRMA with mutations in
THTR-1 (12) have normal plasma thiamin levels.
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The THTR-2 deficient mice did not display any specific phenotype until they reached the
age of 9 to 10 months. At that time, they started to display a noticeable change that included
lethargic behavior ending in death. The cause of death is not clear but does not appear to be
due to abnormalities that occur in the heart and brain resulting from thiamin deficiency (1+ 41
5) as gross anatomy and histopathology of these tissues in THTR-2 deficient mice were
normal. This does not exclude the possibility that structural or biochemical abnormalities
occur in the brain and heart of THTR-2 deficient mice; further studies are needed to examine
this possibility. We did, however, observe marked injury of the hepatic parenchyma (a
pattern commonly seen in yellow fever, as well as in toxic reactions as in nitrofurazone
poisoning; ref 22) and renal cortex of some of the THTR-2 deficient animals. Whether these
changes contributed to the early death of these animals is not clear and again requires further
investigations. The main function of thiamin transporters in the liver is to supply the vitamin
to hepatocytes for use in the different metabolic reactions that thiamin is involved in. In the
kidney, the role of the thiamin transporters is believed to be mainly the reabsorption of the
vitamin to prevent losses in the urine.

In contrast to the above-described phenotype of the THTR-2 deficient mice, no early death
was reported in the case of THTR-1 deficient mice. Males of the latter mouse line, however,
were sterile (13+ 14), a situation that did not occur in the case of THTR-2 deficient animals.
These findings suggest that while both THTR-1 and THTR-2 are involved in thiamin
transport, a defect in their function leads to different pathologies in different tissues. This is
most probably due to differences in the role played by these transporters in regulating
thiamin homeostasis of different cells.

In summary, results of the current investigations demonstrate that THTR-2 deficiency in
mice leads to an impairment in intestinal thiamin uptake and a decrease in blood thiamin
levels. In contrast, THTR-1 deficiency in mice does not impair intestinal thiamin uptake
most probably due to induction in the level of expression of THTR-2 to compensate for loss
of function of former thiamin carrier.
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Figure 1. Generation of THTR-27/" mice, validation of THTR-2 loss at the gene, mRNA and
protein level
A) Schematic representation of homologous recombination event between neomycin

cassette and exons 1 and 2 of S/c19a3. Representative restriction sites and the initiator ATG
are shown. B) Genomic PCR of F1 pubs showing mice positive for neomycin cassette
replacement of exons 1 and 2 of S/c79a3and/or mice carrying the wild type gene. Lanes 1,
2, 3, and 7 show mice found to be heterozygous knockout ( 7H7R-2*/7), lanes 4 and 6 show
homozygous knockout ( 7HTR-27") mice, and lanes 5 and 8 are wild type ( 7HTR-2/)
mice. (C) Representative quantitative RT-PCR and (D) Western blot analysis using a
THTR-2 specific antibody showing relative expression of THTR-2 mRNA and protein level
in the intestine of THTR-2*/*, THTR-2*/~and THTR-27~ mice.

Gastroenterology. Author manuscript; available in PMC 2016 June 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reidling et al.

Page 12

A
30.0
© 250
S E
© o
2 o 200
o .
2 £
]
= o 150
€ 5
©
£ £ 100
£
w g
& 50
0.0
THTR-2 -/-
B
16.0
__ 140
o £
~ E 120
£
D. E 10.0
[ -]
£ 8 80
]
T o
€ g 60
=
T 2 40
mn £
s
0.0
THTR-2 -/-
C
18
16
T 14
L E
8 2 12
o~
2 9 10
22
S " 08
o w
a8k ¢
3
E o4
0.2
0.0
THTR-2 -/-

Figure 2. Determination of effect of loss of THTR-2 on thiamin uptake
A) Initial rate of carrier-mediated thiamin uptake /n vitro by freshly isolated intestinal

epithelial cells from sex matched wild type litter mates ( 7H7R-2*/*) compared to
homozygous THTR-2 knockout mice (7H7R-27") mice after 10 min incubation (*p <
0.002). B) Initial rate of carrier-mediated thiamin uptake /7 vivo by intact intestinal loops
from THTR-2*/*and THTR-27~ mice after 10 min incubation (*p < 0.01). C) Initial rate of
carrier-mediated biotin uptake /7 vivo by intact intestinal loops from 7HTR-2*/* and
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THTR-27~ mice. Data are mean + SEM of at least 3 to 5 separate uptake determinations
performed on at least three distinct sets of mice (*p < 0.05; **p < 0.01).
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Figure 3. Relative expression of THTR-1 mRNA in THTR-27/~ mouse kidney
Quantitative RT-PCR analysis with THTR-1 specific primers on reverse transcribed mouse

renal total RNA samples. Data were normalized to -actin expression in five independently
isolated total renal RNA samples of sex-matched wild type (wt) litter mates and 7H7TR-27~
pairs of mice. The sex-matched wild type (wt) litter mate THTR-1 levels were set at 100%
expression. Inset: Corresponding change in THTR-1 protein level in the kidney of
THTR-27~ mice.
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Figure 4. Histopathological examination of THTR-2""" mouse kidneys and livers
Histological evaluation of renal and hepatic parenchyma (H&E stain of paraffin embedded

sections, A,C,E,G, 4x objective, with higher magnification of boxed area in B,D,F,H, 10x
objective). Significant injury of the hepatic parenchyma (A,B) in four of five THTR-27/~
mice with hepatocellular necrosis and chronic inflammation primarily in zone 2 (mid-zonal)
focally extending periportally into zone 1 (CV: central vein; PT: portal tract). Injury of renal
cortex (E,F) in two of five 7HTR-27~ mice with acute tubular necrosis (F, yellow arrow,
acute change), interstitial chronic nephritis (E, black arrow, subacute change) and
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nephrosclerosis with arteriolar (F, red arrow) and glomerular (F, closed head arrows)
sclerosis (chronic change). Hepatic (C,D) and renal (G,H) histology of age-matched
THTR-2" mice without significant changes.
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Figure 5. Determination of effect of loss of THTR-1 on functionality of thiamin uptake in isolated
intestinal epithelial cells and in vivo using intact intestinal loops

A) Initial rate of carrier-mediated thiamin uptake /n vitro by freshly isolated intestinal
epithelial cells from sex matched wild type litter mates ( 7H7R-1%/*) compared to
homozygous THTR-2 knockout mice ( 747R-17") mice after 10 min incubation. B) Initial
rate of carrier-mediated thiamin uptake /7 vivo by intact intestinal loops from 7THTR-17/*
and THTR-17" mice after 10 min. Data are mean + SEM of at least 3 to 5 separate uptake
determinations performed on at least three distinct sets of mice.
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Figure 6. Relative expression of THTR-2 mRNA in THTR-17~ mouse intestine (A) and kidney
(B

Quantitative PCR analysis with THTR-2 specific primers on reverse transcribed intestinal
and kidney RNA. Data were normalized to -actin expression in five independently isolated
total RNA samples of intestinal and renal tissue of sex-matched wild type (wt) litter mates
and THTR-17~ pairs of mice. The sex-matched wild type (wt) litter mate THTR-2 levels
were set at 100% expression. Insets: Corresponding changes in THTR-2 protein levels in the
intestine (A) and kidney (B) of THTR-17/~ mice
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