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Levels of the necessary nutrient vitamin C (ascorbate) are tightly regulated by intestinal absorption, tissue 
accumulation, and renal reabsorption and excretion. Ascorbate levels are controlled in part by regulation of 
transport through at least 2 sodium-dependent transporters: Slc23a1 and Slc23a2 (also known as Svct1 and 
Svct2, respectively). Previous work indicates that Slc23a2 is essential for viability in mice, but the roles of 
Slc23a1 for viability and in adult physiology have not been determined. To investigate the contributions of 
Slc23a1 to plasma and tissue ascorbate concentrations in vivo, we generated Slc23a1–/– mice. Compared with 
wild-type mice, Slc23a1–/– mice increased ascorbate fractional excretion up to 18-fold. Hepatic portal ascorbate 
accumulation was nearly abolished, whereas intestinal absorption was marginally affected. Both heterozygous 
and knockout pups born to Slc23a1–/– dams exhibited approximately 45% perinatal mortality, and this was 
associated with lower plasma ascorbate concentrations in dams and pups. Perinatal mortality of Slc23a1–/– 
pups born to Slc23a1–/– dams was prevented by ascorbate supplementation during pregnancy. Taken together, 
these data indicate that ascorbate provided by the dam influenced perinatal survival. Although Slc23a1–/– mice 
lost as much as 70% of their ascorbate body stores in urine daily, we observed an unanticipated compensatory 
increase in ascorbate synthesis. These findings indicate a key role for Slc23a1 in renal ascorbate absorption 
and perinatal survival and reveal regulation of vitamin C biosynthesis in mice.

Introduction
Vitamin C (ascorbate) is synthesized by most mammals. Humans lack 
the terminal enzyme gulonolactone oxidase in the synthesis pathway 
and rely on dietary intake for ascorbate (1). Ascorbate is indispensable: 
without it, the fatal deficiency disease scurvy inexorably occurs (2). 
Until 2000, scurvy prevention with an estimated safety margin was 
the basis for vitamin C recommended dietary allowances (RDAs; refs. 
3, 4). For many decades, the essential criterion for all RDAs was “the 
amount of nutrient required to prevent the appearance of signs and 
symptoms caused by a lack of the nutrient,” based on nutrient intakes 
from foods (ref. 5; italics in original). Intake recommendations for 
vitamin C can be thought of as that amount of ingested vitamin that 
produces a concentration in vivo associated with a functional out-
come. Until 2000, that functional outcome for vitamin C was preven-
tion of scurvy with an arbitrary margin of safety (6).

We proposed that nutrient recommendations and public 
health would be better served by having a concentration-func-
tion basis for intake recommendations, independent of clinical 
deficiency as a functional outcome. These principles have been 
incorporated into dietary recommendations for vitamin C and 
other vitamins (4, 7, 8). However, other than preventing scurvy, 
in vivo functional consequences of different ascorbate concen-
trations remain poorly characterized (8).

Because ascorbate is accumulated in cells against a concentra-
tion gradient by all tissues other than red blood cells (9), charac-
terizing ascorbate transport properties is a prerequisite for under-
standing concentration-function relationships in vivo. In humans, 
the issues are studied, indirectly, by describing dose-concentration 
relationships and the underlying physiology. In animals, the issues 
can be studied directly by disrupting candidate transporters and 
observing physiologic consequences.

In humans, dose-concentration data show that ascorbate con-
centrations appear to be mediated by 3 mechanisms: intestinal 
absorption of ingested vitamin, tissue accumulation, and renal 
reabsorption and excretion (9–11). If ascorbate ingestion in 
humans is less than 100 mg daily, or less than 2–3 servings of fruits 
and vegetables, there is a steep relationship between ingested dose 
and the concentration achieved in plasma and tissues. If ascorbate 
ingestion is at least 200 mg daily, or 4–5 servings of fruits and veg-
etables, then tissue concentrations are saturated, usually at mil-
limolar concentrations, and plasma concentrations are saturated 
at approximately 80–90 μM (4, 10, 11). When daily ingested ascor-
bate is 200 mg and higher, concerted regulation of plasma and tis-
sue concentrations of ascorbate occurs by the 3 mechanisms above 
and is termed tight control (10–12). Ingestion of higher amounts 
of ascorbate at amounts found in foods has minimal effects on 
plasma and tissue concentrations.

In both humans and animals, the observed physiology of tight 
control is explained by ascorbate transport and tissue accumula-
tion. Ascorbate is transported as such by at least 2 known sodi-
um-dependent ascorbate transporters: Slc23a1 and Slc23a2 (also 
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referred to as Svct1 and Svct2; refs. 13, 14). In selective cell types, 
ascorbate may also be accumulated via oxidation (15). In this 
mechanism, ascorbate oxidizes extracellularly to dehydroascor-
bic acid, which is transported by facilitated glucose transporters 
and then reduced intracellularly to ascorbate (15–18). An essential 
functional requirement for Slc23a2 was revealed in Slc23a2–/– mice, 
which had virtually undetectable ascorbate tissue concentrations 
compared to Slc23a2+/+ and Slc23a2+/– littermates, and died within 
minutes after birth (14). These data indicated that Slc23a2 was 
responsible for ascorbate tissue accumulation, necessary for tight 
control, and needed for survival. These data also indicated that 
ascorbate accumulation via dehydroascorbic acid was not an 
essential mechanism for generalized vitamin C accumulation, 
although a role for dehydroascorbic acid transport is possible in 
other tissues not studied. If dehydroascorbic acid transport was 
widespread, it should have continued to occur in Slc23a2–/– mice 
and prevented the severe tissue deficiencies observed. Unfortu-
nately, because Slc23a2–/– mice die at birth, functional outcomes 
in relation to tissue transport cannot be studied further.

Our aim here was to determine the functional role of the 
paralogous epithelial transporter Slc23a1 in vivo. By creating 
and studying Slc23a1–/– mice, we investigated whether Slc23a1 
contributes to ascorbate renal reabsorption and maintenance of 
ascorbate homeostasis.

Results
Creation of Slc23a1–/– mice. Northern blot analysis showed abun-
dant Slc23a1 mRNA expression in murine kidney, liver, and small 
intestine, using β-actin gene expression as control (Figure 1A). The 
major transcript was approximately 2.2 kb, with minor transcripts 
of approximately 1.5 and 2.5 kb. The observed distribution of 
Slc23a1 gene transcription in these tissues was consistent with the 
putative role of Slc23a1 as an epithelial transporter.

To determine whether Slc23a1 participated in maintaining 
plasma and tissue ascorbate concentrations in vivo, we created 
Slc23a1–/– mice in which exons 1–12 of the Slc23a1 gene were 
replaced by a NeoR gene. The mouse Slc23a1 gene was identified 
(Ensembl gene no. ENSG00000170482) and isolated, and a pPNT 
targeting construct was generated containing 2 Slc23a1 genomic 
arms flanking the NeoR gene. One arm was designed to contain  
6.8 kb of Slc23a1 genomic sequence, including exons 13–15, and 
the other was designed to contain 6.1 kb of genomic sequence 
proximal to Slc23a1 gene from C57BL/6J genomic DNA. Homolo-
gous recombination into HGTC-8 ES (14) deletes exons 1–12, 
which contain 1,474 bp of 1,818 bp of open reading frame (Sup-
plemental Figure 1; supplemental material available online with 
this article; doi:10.1172/JCI39191DS1). The targeting construct 
was incorporated by electroporation into ES cells, and homolo-
gous recombination was determined. Genomic DNA from ES cell 
lysates was digested and analyzed by Southern blotting, indicating 
the presence of the targeted mutant allele (Supplemental Figure 2). 
Stem cells containing the mutant allele were injected into Balb/C  
blastocysts to generate chimeric mice, which were then crossed 
with C57BL/6J mice. Germline transmission of the mutant allele 
from chimeric mice to their F1 offspring was confirmed by long-
range PCR genotyping. F1 Slc23a1+/– animals were intercrossed to 
generate F2 Slc23a1+/+, Slc23a1+/–, and Slc23a1–/– mice. Long-range 
PCR genotyping showed that wild-type (3-kb PCR product) and 
mutant (10-kb PCR product) alleles were present (Figure 1B). 
RT-PCR analyses of Slc23a1 gene expression confirmed ablation 

in Slc23a1–/– mice using kidney, small intestine, and liver samples 
(Figure 1C). Body weights as a function of time were indistinguish-
able in male and female Slc23a1+/+, Slc23a1+/–, and Slc23a1–/– mice 
(Figure 1D). Slc23a1–/– mice had normal growth and development 
without evidence of scurvy. On pathologic examination, no gross 
or histologic differences were noted between 12-week-old male 
and female Slc23a1+/+, Slc23a1+/–, and Slc23a1–/– littermates in liver, 
kidney, gastrointestinal tract, skin and connective tissues, heart, 
spleen, endocrine tissues (pancreas, pituitary, adrenal, reproduc-
tive, and thyroid), skeletal muscle, brain, and spinal cord. Chem-
istry and hematology screens were within normal ranges for all 
groups (data not shown).

Slc23a1 and ascorbate renal reabsorption. By measuring ascorbate in 
plasma and urine spot samples from male and female Slc23a1+/+, 
Slc23a1+/–, and Slc23a1–/– mice, we determined that Slc23a1 partici-
pated in renal reabsorption of the vitamin (Figure 2A). In Slc23a1–/–  
females, plasma ascorbate concentrations decreased approximate-
ly 3-fold, with an equivalently increased concentration in urine. 
Compared with male Slc23a1+/+ mice, Slc23a1–/– males had 2-fold 
lower plasma ascorbate concentrations and 3-fold higher urine 
ascorbate concentrations. In Slc23a1+/– males and females, values 
were intermediate for plasma and urine concentrations.

To further explore the role of Slc23a1 in vivo, we measured ascor-
bate fractional excretion relative to creatinine fractional excretion 
(Figure 2, B and C). For females, values were 0.06 for Slc23a1+/+; 0.07 
for Slc23a1+/–; and 1.12 for Slc23a1–/–; moreover, ascorbate clearance 
in female Slc23a1+/+ mice was approximately 6% of inulin clearance 
(19, 20), whereas in Slc23a1–/– females, inulin and ascorbate clear-
ances were indistinguishable (Figure 2B).

In male Slc23a1+/+, Slc23a1+/–, and Slc23a1–/– mice, ascorbate frac-
tional excretion relative to creatinine fractional excretion was 0.05, 
0.15, and 0.38, and ascorbate clearances compared with inulin 
were 6%, 15%, and 39%, respectively (Figure 2C). Considering all 
data, calculations indicated that ascorbate clearance and fraction-
al excretion increased in Slc23a1–/– mice 16- to 18-fold and 6- to  
7-fold (for females and males, respectively) compared with 
Slc23a1+/+ mice. We conclude that ascorbate reabsorption was 
completely abolished in females, but only partially abolished in 
males. However, calculations based on creatinine clearance values 
are biased in males as a result of their greater muscle mass (19, 21), 
resulting in an underestimation of calculated male ascorbate clear-
ance and fractional excretion compared with females. Consistent 
with this, urine/plasma creatinine ratios for male Slc23a1–/– mice 
were approximately 50% higher than for female Slc23a1–/– mice 
(data not shown). Inulin clearances were not significantly different 
between wild-type and knockout animals of each sex, indicating 
that the observed changes in kidney ascorbate reabsorption were 
a consequence of targeted disruption of Slc23a1, and not a general 
effect on kidney function.

Slc23a1 activity in small intestine and liver. Slc23a1 was also 
expressed in small intestine and liver (Figure 1A). We assessed 
the impact of Slc23a1 deletion on small intestinal and liver ascor-
bate transport by administering the ascorbate analog 6-bromo-6-
deoxy-L-ascorbate, a specific substrate for ascorbate transporters 
(22). Use of this compound permits analysis of intestinal uptake 
in vivo, without interference from endogenous ascorbate. In intes-
tinal mucosa, accumulation of 6-bromo-6-deoxy-L-ascorbate was 
similar regardless of genotype (Figure 3A). After absorption, ini-
tial portal venous 6-bromo-6-deoxy-L-ascorbate levels should be 
much higher than subsequent values in the general circulation. 
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The best chance for 6-bromo-6-deoxy-L-ascorbate to enter liver 
is when its concentration is highest, so that entry is not compet-
ed by endogenous ascorbate. In liver, analog accumulation was 
either drastically reduced or undetectable in male and female 
Slc23a1–/– mice compared with respective controls (Figure 3B).  
Slc23a1+/– males had intermediate analog uptake in liver, also con-
sistent with their ascorbate levels in plasma and urine samples 
(Figure 2A). Urinary excretion of the analog in male and female 

Slc23a1+/+, Slc23a1+/–, and Slc23a1–/– mice was similar (Figure 3C), 
providing additional evidence that 6-bromo-6-deoxy-L-ascorbate 
was absorbed. Together, these data suggest that another pathway 
independent of Slc23a1 mediates ascorbate intestinal transport, 
whereas ascorbate accumulation via the hepatic portal system is 
mediated primarily by Slc23a1.

Urine excretion of 6-bromo-6-deoxy-L-ascorbate indicated that 
intestinal absorption occurred, but this is a qualitative rather 

Figure 1
Design, preparation, and confirmation of Slc23a1–/– mice. (A) Northern blot analysis of mouse Slc23a1 gene expression. Multitissue mouse 
Northern blot panel probed with [α32P]-d-CTP–labeled mouse Slc23a1 cDNA (top), normalized to β-actin gene expression (bottom). (B) Genomic 
DNA PCR analyses. DNA obtained from Slc23a1+/+, Slc23a1+/–, and Slc23a1–/– littermates was analyzed by PCR. The wild-type allele was 
predicted to be a 3-kb fragment; the deletion allele was predicted to be a 10-kb fragment. M, DNA marker standards. (C) RT-PCR analysis 
of Slc23a1 gene expression in progeny from heterozygous crosses. Gene expression was assessed in liver, kidney, and small intestine from 
Slc23a1+/+, Slc23a1+/–, and Slc23a1–/– mice. A 366-bp fragment was amplified by RT-PCR in Slc23a1+/+ and Slc23a1+/– RNA, but not in RNA 
isolated from Slc23a1–/– mice. As an internal control, gene expression of Gapdh was assessed by amplifying a 900-bp GAPDH PCR product in 
all tissues analyzed. bl, blank control; st, DNA standards. (D) Body weight as a function of time in Slc23a1+/+, Slc23a1+/–, and Slc23a1–/– mice. 
Female (n = 3–19) and male (n = 4–29) littermates were weighed at weaning (3 weeks) and weekly thereafter. P = NS.
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than a quantitative measure of absorption. After 6-bromo- 
6-deoxy-L-ascorbate is absorbed, its tissue transport and renal 
reabsorption is competitively inhibited by endogenous ascor-
bate. Competitive kinetics for these substrates were not com-

parable between Slc23a1+/+ and Slc23a1–/– mice because their 
endogenous ascorbate plasma concentrations were substantially 
different (Figure 2A). Ascorbate absorption via drinking water 
was quantitated in male and female Slc23a1–/– mice and was not 

Figure 2
Role of Slc23a1 in ascorbate renal reabsorption and tight control. (A) Urine ascorbate as a function of plasma ascorbate concentrations. Plasma 
and urine samples were obtained at the same time in female and male Slc23a1+/+, Slc23a1+/–, and Slc23a1–/– mice (n = 6–18). Ascorbate con-
centrations were determined by HPLC as described in Methods. (B and C) Ascorbate fractional excretion and clearance. Plasma and urine was 
obtained at the same time from individual female (B) and male (C) mice (n = 6 per sex and genotype). Ascorbate, creatinine, and inulin were 
analyzed, and fractional excretion and clearance values were calculated as described in Methods. Differences between inulin clearances for 
genotypes of each sex were not statistically significant. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 versus respective control.
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statistically different from that in Slc23a1+/+ controls (data not 
shown). Together, these data suggest that Slc23a1–/– mice have 
an alternate mechanism for ascorbate absorption.

Slc23a1 and perinatal mortality. Although controversial, some 
human studies suggest an association between low intake of vita-
mins C and E and increased perinatal morbidity and/or mortal-
ity (23–28). To explore this, controls were performed to assess 
mortality in newborn pups. Male and female Slc23a1+/– mice were 
crossed, and mortality of newborn pups was approximately 10%  
(Figure 4A). Male and female Slc23a1–/– mice were then crossed, and 
Slc23a1–/– females were observed through pregnancy and delivery. 
In the perinatal period, 45% of pups died (Figure 4A). Of the 101 
deaths, 72% occurred within 72 hours of birth, and the remain-
ing deaths were either stillbirths (11%) or retained pups (17%). 
Deceased pups had no obvious pathologic abnormalities. Stom-
ach milk was absent in pups that died after birth, indicating these 
pups did not nurse. We hypothesized that ascorbate supplementa-
tion of pregnant Slc23a1–/– mice would decrease mortality of new-

born pups. Slc23a1–/– pregnant females were supplemented with 
330 mg/l ascorbate in drinking water daily, an amount previously 
used to maintain L-gulono-γ-lactone oxidase–deficient (gulo–/–)  
mice, which are unable to synthesize ascorbate (29). Perinatal mor-
tality was reversed with ascorbate supplementation (Figure 4A).  
Next, we investigated whether mortality would occur if the dams 
were knockouts but the pups were not. Slc23a1+/+ male and Slc23a1–/–  
female mice were crossed: the pups, all heterozygous, had mortal-
ity similar to that of pups born to Slc23a1–/– females crossed with 
Slc23a1–/– males (Figure 4A).

Ascorbate in plasma and urine was measured before and after preg-
nancy and during pregnancy within 72 hours of delivery in Slc23a1–/–  
females mated with Slc23a1–/– males; Slc23a1–/– ascorbate-supple-
mented females mated with Slc23a1–/– males; and Slc23a1+/+ females 
mated with Slc23a1+/+ males (Figure 4B). Plasma ascorbate concen-
trations increased in unsupplemented pregnant Slc23a1–/– mice 
compared with prepregnancy levels in the same mice (Figure 4B),  
although ascorbate was undetectable in mouse chow (data not 

Figure 3
Ascorbate transport activity in intestine and liver of male and female Slc23a1+/+, Slc23a1+/–, and Slc23a1–/– mice. (A–C) Biodistribution of 
orally administered 6-bromo-6-deoxy-L-ascorbate. Male and female Slc23a1+/+, Slc23a1+/–, and Slc23a1–/– mice received 0.3 mg 6-bromo-6-
deoxy-L-ascorbate by gavage. After 30 minutes, urine was collected by bladder massage, and mice were immediately sacrificed. 6-Bromo-6-
deoxy-L-ascorbate was measured in (A) intestinal mucosa (n = 5), (B) liver (n = 5), and (C) urine (n = 6). ND, no peak detected. **P ≤ 0.01, 
***P ≤ 0.001 versus respective control.
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shown). Ascorbate-supplemented Slc23a1–/– pregnant mice had a 
further increase in plasma ascorbate (Figure 4B), which prevent-
ed perinatal mortality (Figure 4A). As expected, urine ascorbate 
concentrations increased in Slc23a1–/– pregnant mice as plasma 
concentrations increased (Figure 4B). Increased plasma and urine 
ascorbate concentrations in supplemented pregnant Slc23a1–/– 
mice were statistically significant compared with unsupplemented 
pregnant Slc23a1–/– mice (P < 0.05 and P < 0.001, respectively).

We tested whether low ascorbate measurements in newborn 
pups (less than 24 hours postpartum) were associated with 
morbidity and mortality. Male and female Slc23a1–/– mice were 
mated, and ascorbate values were measured in their progeny. 
Slc23a1–/– pups displayed no signs of distress (i.e., were healthy) 
or were lethargic. Healthy nursing Slc23a1–/– pups had higher 
total body and plasma ascorbate values compared with lethargic 
Slc23a1–/– pups (Figure 4C). Consistent with our earlier finding 
that Slc23a1+/– mice conserved ascorbate better than did Slc23a1–/–  
mice (Figure 2A), when Slc23a1–/– dams were crossed with 
Slc23a1+/+ males, newborn Slc23a1+/– pups had higher plasma val-
ues than did newborn Slc23a1–/– pups (Figure 4C). Despite their 
increased ability to conserve ascorbate, lower ascorbate values in 
Slc23a1+/– pups were again associated with increased morbidity: 
these pups were lethargic. Lethargic Slc23a1+/– and Slc23a1–/– pups 
all died within 72 hours of birth.

To test whether there is a role of Slc23a1 in ascorbate placen-
tal transfer, Slc23a1–/– mice were crossed, and pregnant mice were 
either unsupplemented or supplemented with ascorbate. Ascor-
bate plasma values of newborn pups born to ascorbate-supple-
mented Slc23a1–/– dams were double those of newborn pups born 
to unsupplemented Slc23a1–/– dams (Figure 4C). These data are 
also consistent with rescue of Slc23a1–/– pups by ascorbate sup-
plementation to Slc23a1–/– dams (Figure 4A). Using quantitative 
RT-PCR, we found Slc23a1 mRNA to be present in placenta from 
Slc23a1+/+ mice, but not Slc23a1–/– mice (data not shown). Taken 
together, the data suggest that Slc23a1 is not essential for pla-
cental ascorbate transfer, although a role for Slc23a1 cannot be 
excluded in wild-type mice. Placental transport of ascorbic acid 
is believed to be dependent on Slc23a2 (14), but another trans-

porter cannot be ruled out. Ascorbate must be provided during 
pregnancy to Slc23a1–/– dams if Slc23a1–/– pups are to have a high 
survival rate during the perinatal period (Figure 4A). Although 
endogenous ascorbate synthesis in the fetus begins a few days 
before birth (30–32), it is insufficient.

The lethargy observed in Slc23a1+/– and Slc23a1–/– pups born 
to Slc23a1–/– dams was most likely due to low ascorbate concen-
trations in pups (Figure 4C), and was prevented by ascorbate 
supplementation to Slc23a1–/– dams (Figure 4A). These data are 
also consistent with increased plasma ascorbate concentrations 
in Slc23a1–/– pups born to supplemented Slc23a1–/– dams com-
pared with values in Slc23a1–/– pups born to unsupplemented  
Slc23a1–/– dams (Figure 4C). After mating with Slc23a1–/– males, 
pregnant Slc23a1–/– dams were supplemented with carnitine in 
drinking water, but pup mortality was approximately 70%. Expres-
sion of carnitine transporters Slc22a4 and Slc22a5, determined by 
RT-PCR, was similar in liver, kidney, and placenta of Slc23a1+/+ and 
Slc23a1–/– dams, and in liver and kidney of Slc23a1+/+ and Slc23a1–/– 
pups (data not shown). These data suggest that carnitine transport 
was not disrupted in Slc23a1–/– mice and that carnitine deficiency 
was not responsible for the observed lethargy in newborn pups. 
Collagen synthesis was indistinguishable in Slc23a1+/+ and Slc23a1–/–  
pups (data not shown).

Several conclusions can be made from the data in Figure 4, A–D. 
First, Slc23a1–/– females lost their renal threshold for ascorbate, as seen 
when urine ascorbate was plotted against plasma ascorbate in unsup-
plemented and supplemented pregnant Slc23a1–/– mice (Figure 4D).  
Second, there must be an alternate means of intestinal absorption 
other than Slc23a1, as supplemented pregnant Slc23a1–/– mice had 
increased plasma ascorbate compared with their unsupplemented 
counterparts, with reversal of perinatal mortality (Figure 4, A–C). 
Third, Slc23a1 was not required for placental ascorbate transfer. Pla-
cental ascorbate transport occurred in supplemented Slc23a1–/– dams, 
as evidenced by both increased ascorbate plasma values and perina-
tal survival in pups born to supplemented Slc23a1–/– dams (Figure 4, 
A and C). Fourth, ascorbate plasma concentrations were associated 
with a functional outcome distinct from scurvy. Scurvy is expected 
only when ascorbate plasma concentrations are maintained below 
5–10 μM for several weeks in mice unable to synthesize ascorbate (29, 
33). However, increased demise of newborn pups of Slc23a1–/– dams 
occurred even though ascorbate plasma concentrations in dams were 
approximately 2.5- to 5-fold higher, at 27 μM (Figure 4, A and B). 
Fifth, despite their increased ability to conserve ascorbate, Slc23a1+/– 
pups born to Slc23a1–/– dams had the same perinatal mortality as did 
Slc23a1–/– pups that were the product of Slc23a1–/– parents. Coupled 
to the finding that perinatal mortality in Slc23a1–/– pups born to 
Slc23a1–/– dams was prevented by ascorbate supplementation during 
pregnancy (Figure 4A), we deduce that ascorbate provided by the dam 
influences perinatal survival. Sixth, the data suggest that ascorbate 
biosynthesis was upregulated in pregnant mice (Figure 4B). Plasma 
ascorbate concentrations in pregnant Slc23a1–/– dams increased 
more than 2-fold compared with Slc23a1+/+ mice, all of whom were 
fed chow in which ascorbate was undetectable using an ultrasensi-
tive ascorbate assay (22, 34). Although plasma concentrations were 
constant in Slc23a1+/+ mice before and during pregnancy, urine excre-
tion significantly increased during pregnancy, again consistent with 
increased ascorbate synthesis.

Clinical implications: SNPs and ascorbate intake. There is potential 
clinical relevance if disrupted Slc23a1 function in mice is echoed 
in humans by SNPs in SLC23A1 (35). SLC23A1 was expressed in 

Figure 4
Dam and pup ascorbate and perinatal survival. (A) Perinatal mortality 
in offspring from Slc23a1–/– dams compared with Slc23a1+/– controls. 
Perinatal mortality was determined after crossing unsupplemented or 
supplemented mice. Numbers denote deceased pups relative to total 
pups. (B) Pregnancy and maternal ascorbate concentrations. Plasma 
and urine ascorbate concentrations in spot samples from female mice 
(n = 5–9). Samples obtained prior to pregnancy (pre-), within 72 hours 
before delivery (pregnancy), and 3 weeks postpartum (post-). *P ≤ 0.05,  
***P ≤ 0.001 versus unsupplemented Slc23a1–/–. (C) Ascorbate in new-
born Slc23a1+/+, Slc23a1+/–, and Slc23a1–/– pups. All samples were 
obtained less than 24 hours postpartum. Total ascorbate (n = 5–8) 
and plasma ascorbate concentrations (n = 6) were determined. Addi-
tionally, Slc23a1–/– mice were crossed, with dams unsupplemented or 
supplemented, and plasma ascorbate values were determined (n = 5). 
(D) Ascorbate urine concentrations as a function of ascorbate plasma 
concentrations in Slc23a1–/–, Slc23a1–/– supplemented, and Slc23a1+/+ 
(encircled) female mice. Shown are ascorbate levels in plasma and urine 
samples from B. Individual dams are represented by different colors, 
with symbols distinguishing prepregnant (triangle), pregnant (square), 
and postpartum (circle) levels. Left: r2 = 0.86; x = –0.56 when y = 0 (renal 
threshold). Right: r2 = 0.67; x = 0.77 when y = 0 (renal threshold).
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Figure 5
SLC23A1 SNPs and ascorbate intake. (A) Distribution of SLC23A1 in kidney nephron segments. Serial Analysis of Gene Expression (SAGE) 
libraries GSM10419 and GSM10423–GSM10429 (53) containing expression data from microdissected glomeruli and 6 different nephron seg-
ments were interrogated (54); values are expressed as tags per million. (B) Effect of SLC23A1 SNPs on ascorbate transport. X. laevis oocytes 
were microinjected with the following SLC23A1 cRNAs: common type; sham injected; human deletion construct; and SNPs A652G rs34521685, 
G790A rs33972313, A772G rs35817838, and C180T rs6886922. (C) Population prevalences of SLC23A1 polymorphisms. Shown are averaged 
minor allelic frequencies of SLC23A1 genotypes in African (n = 48), American-African (n = 438), and white (n = 1,874) individuals, using pooled 
genotype data (35, 55, 56). (D) Modeled effects of SLC23A1 polymorphisms on plasma ascorbate concentrations in humans. Values in healthy 
young women for common type SLC23A1 are measured (stars; ref. 11) and calculated fasting steady-state plasma ascorbate concentrations. For 
women with SNPs, values are calculated. (E) Percentiles of 19- to 30-year-old, pregnant, and lactating women in relation to range of ascorbate 
plasma concentrations and intake. Plasma concentrations as a function of intake were calculated based on dose concentration pharmacokinetics 
data (D and ref. 11). Percentiles of women with varying intakes used food intake data (8); the y axis is not continuous because of the sigmoid 
relationship between ascorbate intake and plasma concentration (D and ref. 11).
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human kidney and localized to proximal convoluted and straight 
tubule segments, based on high-resolution mapping of gene 
expression patterns (Figure 5A). Although preliminary experiments 
suggested that SNPs did not affect SLC23A1 activity (36), activity 
was quantitated in more detail here. Using cRNA-injected Xenopus 
laevis oocytes, SLC23A1 transported ascorbate robustly, whereas 
an SLC23A1 knockout construct and sham injections lacked 

activity. We found 1 synonymous and 3 nonsynonymous human 
SNPs had diminished transport, including an 80% reduction for 
SNP A772G rs35817838 (Figure 5B). SLC23A1 genotype analyses 
showed the relative occurrence of these SNPs in African-Americans 
was 6%–17%; SNP A772G rs35817838, with the largest reduction in 
ascorbate transport, had the highest prevalence (Figure 5C). For 2 
SNPs with available data, frequencies were similar in Africans and 

Figure 6
Role of Slc23a1 in ascorbate body content, urinary loss, tissue distribution, and upregulation of synthesis. (A) Total body ascorbate content of 
male and female Slc23a1+/+ and Slc23a1–/– mice (n = 6). (B) Amount of ascorbate excreted in urine, as a function of age, by male and female 
Slc23a1+/+ and Slc23a1–/– littermates aged 7–28 weeks. For clarity, error bars are unidirectional. The slope of all lines except that for Slc23a1+/+ 
females (P < 0.05) was not significantly different from 0. (C) Percent ascorbate body stores excreted in urine by male and female Slc23a1+/+ and 
Slc23a1–/– mice. Calculations based on data in A and B. (D and E) Ascorbate in tissues isolated from male and female Slc23a1+/+, Slc23a1+/–, 
and Slc23a1–/– littermates. Tissues with the highest ascorbate concentrations are grouped in D; others are shown in E. (F) Urinary glucuronic 
acid excretion (n = 8). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 versus respective control.
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African-Americans. In humans, tight control of ascorbate concen-
trations in relation to dose results in part from ascorbate excretion 
in urine when oral doses exceed 100 mg daily (10–12), presumably 
because renal SLC23A1 transport activity approaches Vmax as plas-
ma concentrations exceed 50–60 μM. If SLC23A1 transport activity 

were impaired, plasma concentrations in relation to dose should 
decrease as a result of diminished renal reabsorption. To test this, 
we applied observed transport activities of SLC23A1 with and with-
out nonsynonymous SNPs to a clinical model of ascorbate pharma-
cokinetics (Figure 5D). As a control, modeled data without SNPs 

Figure 7
Differential expression of genes in the ascorbic acid biosynthesis pathway in livers of male and female Slc23a1–/– and Slc23a1+/+ mice. Differ-
ences were not statistically significant.
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were compared with measurements from healthy women (11), 
and results were superimposable. The model showed SNP A772G 
rs35817838 produced an approximate 75% decline in plasma ascor-
bate concentrations across the dose range, and declines of 40%–50% 
were produced by SNPs G790A rs33972313, C180T rs6886922, and 
A652G rs34521685. These data suggest that disruption of tight 
control that occurs in Slc23a1–/– mice might be recapitulated in 
humans by some SNPs of SLC23A1.

Independent of SNPs, it is possible that findings in pregnant 
mice may have clinical relevance. Perinatal mortality of 45% in 
Slc23a1–/– pregnant mice was associated with ascorbate plasma 
concentrations of approximately 27 μM. It is unknown whether 
rodent findings in pregnancy apply to humans. Given this uncer-
tainty, we further determined that similar ascorbate concentra-
tions were reported in approximately 5% of pregnant US women 
(Figure 5E). Only a small increase in ascorbate intake in women 
(Figure 5E), less than 20 mg or one-third a serving of orange juice, 
produces plasma concentrations that we found sufficient to cor-
rect perinatal mortality in mice (Figure 4A).

Ascorbate biosynthesis. We investigated whether increased ascor-
bate synthesis that occurred during pregnancy was a general 
phenomenon in Slc23a1–/– mice. The fraction of total body ascor-
bate excreted in urine daily by Slc23a1+/+ and Slc23a1–/– mice was 
determined (Figure 6, A–C). Over several months, Slc23a1+/+ males 
excreted approximately 10%–17% of total body ascorbate daily, but 
Slc23a1–/– males excreted as much as 70% of total body ascorbate 
daily. Slc23a1+/+ females excreted approximately 5%–8% daily, but 
Slc23a1–/– females excreted as much as 50% daily (Figure 6C). For 
daily urinary ascorbate loss as a function of age (Figure 6B), we 
tested whether slopes of all lines were statistically different than 0. 
The only significantly non-0 slope was that for Slc23a1+/+ females, 
which may represent a nonspecific age-dependent decrease in 
glomerular filtration rate. Ascorbate tissue amounts were mea-
sured in male and female Slc23a1+/+, Slc23a1+/–, and Slc23a1–/– mice 
(Figure 6, D and E). Ascorbate tissue amounts were lower in 
Slc23a1–/– than in Slc23a1+/+ mice in liver, kidney, and lung; were 
not lower in adrenal, brain, heart, and intestine; and in no cases 
were at scorbutic levels (14, 29, 33). Massive ascorbate urinary loss 
in Slc23a1–/– mice fed ascorbate-deficient chow, without develop-
ment of scurvy based on ascorbate tissue concentrations (Figure 6,  
D and E) and with normal growth (Figure 1F), is consistent with 
upregulation of ascorbate biosynthesis. In agreement, excretion of 
glucuronic acid, an upstream precursor in the synthesis pathway 
for ascorbate, was doubled in Slc23a1–/– compared with Slc23a1+/+ 
mice (Figure 6F). We investigated whether increased ascorbate bio-
synthesis in Slc23a1–/– mice was caused by increased transcription 
of ascorbate biosynthetic enzymes. mRNA expression for enzymes 
in the ascorbate biosynthetic pathway was similar in Slc23a1+/+ and 
Slc23a1–/– mice (Figure 7), although transcripts are not known for 
all enzymes. Upregulated ascorbate synthesis may be due to either 
increased transcription of one of the enzymes not yet cloned or a 
posttranslational mechanism.

Discussion
We generated mice with targeted deletion of Slc23a1 to investi-
gate the mechanisms underlying the remarkably tight control 
of plasma ascorbate concentrations in vivo. Slc23a1–/– mice lost 
the ability to reabsorb ascorbate filtered by the kidneys, with 
ascorbate clearance into urine increasing 18-fold in female mice. 
Plasma ascorbate concentrations in Slc23a1–/– mice were reduced 

50%–70% compared with Slc23a1+/+ mice, with a 3-fold increase in 
ascorbate urinary loss. These data support the conclusion that 
Slc23a1 is essential for renal ascorbate reabsorption and tight 
control of ascorbate plasma concentrations. Despite loss of intes-
tinal Slc23a1, Slc23al–/– mice given supplemental ascorbate or the 
analog 6-bromo-6-deoxy-L-ascorbate excreted both compounds, 
which indicates that an alternate mechanism of ascorbate intesti-
nal absorption either exists or is induced in these mice.

Perinatal mortality increased nearly 5-fold in pups born to 
Slc23a1–/– dams. Increased perinatal mortality was a consequence 
of low ascorbate concentrations secondary to absent renal ascor-
bate reabsorption, because perinatal mortality was reversed with 
maternal oral ascorbate supplementation to compensate for renal 
loss. Perinatal mortality occurred when maternal ascorbate concen-
trations were approximately 27 μM and was reversed when these 
concentrations were increased to approximately 40 μM. Perinatal 
mortality occurred when the dam was Slc23a1–/–, independent of 
whether pups were Slc23a1+/– and could partially reabsorb ascorbate 
or were Slc23a1–/– and could not reabsorb ascorbate. The totality of 
the data indicated that ascorbate provided by the dam influenced 
perinatal survival of newborn pups and that low ascorbate in new-
born pups was associated with mortality. Mortality of newborn 
Slc23a1–/– pups was not caused by defective collagen biosynthesis, 
consistent with normal 4-hydroxyproline concentrations despite 
very low tissue concentrations of ascorbate in Slc23a2–/– mice (14). 
Although mRNA for carnitine transporters was expressed in pla-
centa, Slc23a1–/– pups could not be rescued by feeding carnitine to 
Slc23a1–/– dams throughout pregnancy. These data are consistent 
with observations that mice unable to synthesize ascorbate have 
normal carnitine synthesis (37). There was no evidence of scurvy on 
histopathologic examination of newborn Slc23a1–/– pups compared 
with Slc23a1+/+ littermates. Deceased newborn pups did not nurse, 
based on the absence of milk in their stomachs. Lethargy is the first 
symptom — albeit nonspecific — of vitamin C deficiency in humans 
(10, 38), and the reason for lethargy remains unknown.

Can the findings in pregnant mice be translated to humans? 
In some pregnant women, perinatal complications were dimin-
ished when plasma ascorbate concentrations were increased from 
approximately 30 to 45 μM, although a vitamin E supplement 
was coadministered and study subject numbers were relatively 
low (24). Vitamin E and vitamin C supplements had no effect 
on perinatal complications in 2 additional studies (26, 27), but 
the relationship between ascorbate intake and plasma concen-
trations was not determined. Ascorbate concentrations at study 
entry were estimated to be above 50 μM (28), so that additional 
supplementation would have minimal effects on plasma concen-
trations (4, 11). Based on our present findings, it is also possible 
that SLC23A1 SNPs could lower plasma ascorbate concentra-
tions via renal loss, particularly in susceptible populations with 
marginal ascorbate intake. Obviously, there are myriad differenc-
es between mice and humans, as well as transporter expression 
and activity in vivo versus in Xenopus oocytes, and translational 
conclusions are absolutely limited by these differences. Whether 
low ascorbate concentrations in pregnant women may contribute 
to either perinatal morbidity or mortality can only be determined 
by obtaining appropriate clinical data.

Concentration-function relationships provide a quantitative and 
ideal basis of nutrient recommendations (6, 7, 39), although in prac-
tice, they are difficult to determine other than using clinical defi-
ciency as an outcome measure. Perinatal mortality associated with 
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low plasma ascorbate concentrations in Slc23a1–/– dams is a new 
example of a concentration-dependent functional outcome that is 
not scurvy, although deficiency still appeared to be causally related 
to death in pups born to these dams. Exploration of concentration-
function relationships for vitamin C, as well as other nutrients, that 
are independent of clinical deficiency has promise to provide new 
guidelines for nutrition intake recommendations (6, 40, 41).

Based on multiple datasets, an unexpected, major conclusion 
was that ascorbate synthesis increased in Slc23a1–/– mice and in 
all pregnant dams. To our knowledge, regulation of ascorbate 
synthesis in an animal as part of physiology is unprecedented. In 
agreement with our observations, ascorbate and glucuronic acid 
excretion increased many-fold in rats given phenobarbital, con-
sistent with upregulation of ascorbate biosynthesis in response 
to the drug (42). These findings and our present data imply that 
ascorbate sensing and response mechanisms exist and may be 
hormonally mediated in animals that make ascorbate. Could a 
parallel ascorbate sensing system translate to humans, who lack 
gulonolactone oxidase and are unable to synthesize vitamin C? 
It is unknown whether the ascorbate synthesis pathway proxi-
mal to gulonolactone (Figure 7) remains intact in humans. It is 
theoretically possible that although humans cannot synthesize 
ascorbate itself, proximal precursor concentrations are inverse-
ly correlated with those of ascorbate. Mechanisms underlying 
this unanticipated ascorbate sensing system are unknown and 
deserve to be explored.

Methods
Creation of Slc23a1+/– mouse ES cells and Slc23a1–/– mice. Mouse Slc23a1 was 
identified using human SLC23A1 cDNA sequence and the Ensembl Mouse 
gene view search engine. Using the NCBI BAC clone finder, BAC clone 
RP23-461O23 from RPCI-23 Mouse BAC Clone library (genomic DNA 
origin, female kidney/brain C57BL/6J, in vector pBelo Bac11) was obtained 
from Caltech Children’s Hospital Oakland Research Institute and purified. 
A targeting vector was constructed that replaced Slc23a1 exons 1–12 with 
the aminoglycoside phosphotransferase gene (NEOr) conferring neomycin 
resistance (14). ES cell colonies resistant to G418 (280–300 μg/ml, Geneti-
cin; Invitrogen) and sensitive to 1-(2′-deoxy-2′-fluoro-b-D-arabinofurano-
syl)-5-iodouracil (0.2 μM) were screened by Southern blotting to identify 
correctly targeted cell clones. Next, 2 clones were used for blastocyst injec-
tions to establish 2 chimeric lines of mice, which were crossed with inbred 
129s6/SvEvTac mice to generate F1 and F2 offspring, which were geno-
typed by PCR (14, 43). All animal experiments were conducted according 
to protocols approved by the Animal Care and Use Committee of NIDDK, 
NIH. Mice were fed chow that had no detectable ascorbate as measured by 
HPLC. For all experiments, unless otherwise indicated, Slc23a1+/+, Slc23a1+/–,  
and Slc23a1–/– mice were 12–16 weeks of age.

PCR genotyping of F1 and F2 mouse colonies. Genomic DNA was isolated 
from tail biopsies as described previously (44). To detect wild-type allele, 
primers 5′ exon 3 TATGGTCCAGGTTCAGGACA, 3′ exon 11 TGCAG-
GAAGCCAAGGACTGGGTAG, mutant allele 5′ NeoR GGTGGAGAGGC-
TATTCGGCTATGA, and 3′ new cmSlc23a1 CGAATTCAAGGCCAGCTG-
GTTACAT at final concentration 0.2 μM were used with 1 ng genomic 
DNA template and TaKaRa one shot LA PCR kit master mix (Takara Bio). 
Amplification of PCR products was achieved under the following thermo 
cycling conditions: 98°C for 1 minute; 32–35 cycles of 94°C for 10 seconds 
and 68°C for 11 minutes; 72°C for 10 minutes; and 4°C for 20 minutes.

RNA purification and reverse transcription. Total RNA was prepared from 
small intestine, liver, and kidney from F2 Slc23a1+/+, Slc23a1+/–, and Slc23a1–/–  
littermates using TRIzol (Invitrogen). To detect Slc23a1 and Gadph gene 

expression, 1 μg total RNA was used with the following primers: 5′ Slc23a1, 
CAGCAGGGACTTCCACCAGGGAC; 3′ Slc23a1, CCAGTTACCGTAG-
ATCTCTTC; 5′ Gapdh, GGTCTTACTCCTTGGAGGCCATGT; 3′ Gapdh, 
GACCCCTTCATTGACCTCAACTACA. Slc23a1 primers were separated by 
1.43 kb of genomic DNA and flanked exons 2 and 5, a region deleted in 
the mutant allele. One-tube long-range RT-PCR Kit (Invitrogen) amplifi-
cation of PCR products was achieved under the following thermo cycling 
conditions: 50°C for 30 minutes; 94°C for 2 minutes; 40 cycles of 94°C for 
2 minutes, 55°C for 30 seconds, and 68°C for 30 seconds; and 72°C for 
10 minutes. PCR products were resolved on a 1% agarose gel. Slc23a1 and 
Gapdh gene expression was determined by the presence of 366- and 900-bp 
PCR products, respectively.

Northern blotting. Mouse Multi-tissue Northern blot panels (Sigma-
Aldrich) were probed overnight with [α32P]-d-CTP–labeled mouse 
Slc23a1, Slc23a2, and β-actin at 60°C in hybridization solution, which 
contained 4× SSC (150 mM NaCl and 15 mM Na citrate), 150 mM NaCl, 
50% formamide, 5× Denhardts, and 100 μg/ml salmon sperm. Filters 
were then washed in 0.1× SSC and 0.1% SDS for 30 minutes at room 
temperature and at 50°C. Filters were autoradiographed at –70°C over-
night and developed.

Measurements of ascorbate, 6-bromo-6-deoxy-L-ascorbate, creatinine, protein, 
glucuronic acid, and collagen synthesis. Blood samples collected from man-
dibular or cardiac puncture were centrifuged in heparin treated plasma 
collector tubes (Becton-Dickinson) for 10 minutes at 1,000 g at 4°C. Urine 
was collected either directly from the bladder or by gently agitating mice 
until they urinated. Plasma and urine samples were diluted 1:10 and 
1:1,000, respectively, in 90% methanol plus 1 mM EDTA, then centrifuged 
at 25,000 g at 4°C for 15 minutes, and supernatants were frozen at –80°C. 
6-Bromo-6-deoxy-L-ascorbate was synthesized as described previously (22). 
Ascorbate and 6-bromo-6-deoxy-L-ascorbate were analyzed by HPLC with 
coulometric electrochemical detection (22). Tissue samples (≤100 mg) were 
harvested from mice and homogenized on ice in 100 μl (adrenal) or 1,000 μl  
(all other tissues) in ice-cold 90% methanol plus 1 mM EDTA. Samples 
were then centrifuged at 25,000 g at 4°C for 15 minutes. Supernatants 
were collected and diluted in 1:10 (heart) or 1:100 (adrenal, small intes-
tine, brain, liver, lung, and kidney) in 90% methanol plus 1 mM EDTA for 
ascorbate analysis. Pellets were diluted in 1 ml CHAPS for protein assay 
(Pierce). Mouse chow was analyzed for ascorbate in the same manner as 
tissue samples. Glucuronic acid in urine was measured as described previ-
ously (45). Collagen synthesis was measured using Masson and picrosirius 
red staining in multiple sections from each of 5 Slc23a1+/+ and 5 Slc23a1–/– 
newborn pups (46). Creatinine in plasma and urine was measured by HPLC 
(47, 48), with modifications (49).

General pathologic examination. Slc23a1–/– mice (12 weeks old) were sacri-
ficed using carbon dioxide inhalation, and newborn pups were sacrificed by 
cervical dislocation. After sacrifice, incisions were made over the skull and 
into the thoracic and abdominal cavities. Whole animals were immediately 
fixed in Bouin’s solution for 48 hours and then transferred to 70% ethanol 
solution until sectioning and analysis. Blood was obtained immediately at 
sacrifice for standard serum chemistries (albumin, alkaline phosphatase, 
alanine aminotransferase, amylase, aspartate aminotransferase, blood urea 
nitrogen, calcium, cholesterol, gamma-glutamyl transferase, glucose, lac-
tate dehydrogenase, inorganic phosphorous, total bilirubin, total protein, 
triglycerides, and uric acid) and complete blood counts (white and red 
blood cell counts, white blood cell differential, platelet count, hemoglobin, 
hematocrit, and red blood cell indices).

Intestinal and liver absorption. Mice were anesthetized with isoflurane 
and received by gavage 0.3 mg of 6-bromo-6-deoxy-L-ascorbate in 100 μl 
PBS. After 30 minutes, animals were sacrificed, and blood, urine, and liver 
samples were collected. Approximately 15–20 cm of jejuna was removed, 
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and the intestinal lumen was washed several times with ice-cold PBS. The 
luminal surface was then exposed, and mucosal scrapes were obtained. 
Blood, urine, and tissue samples were processed for ascorbate and  
6-bromo-6-deoxy-L-ascorbate analysis.

To measure bioavailability, Slc23a1+/+ and Slc23a1–/– male and female 
mice were not supplemented or were supplemented with ascorbate in 
drinking water at a dose of 660 mg/l, so that ascorbate urinary excretion 
would be substantially higher than in unsupplemented mice. As noted 
above, mice were fed chow that had no detectable ascorbate as measured 
by HPLC. Volumes of water consumed and urine excretion over 24 hours 
were measured. Samples were processed for ascorbate analysis. Bioavail-
ability was calculated as follows (all measurements in μg), then expressed 
as a percent, with 100% equivalent to maximal absorption: (Urine 
ascorbate excretionsupplemented – urine ascorbate excretionunsupplemented)/ 
oral amount ingested.

Pregnancy supplementation studies. Where indicated, Slc23a1–/– females from 
the time of mating until delivery were supplemented with 330 mg/l ascorbate 
in drinking water, the amount previously used to supplement gulo–/– mice 
(29). Water was changed daily. For carnitine supplementation, Slc23a1–/–  
females from the time of mating until delivery were supplemented with 5 g/l 
carnitine in drinking water, similar to amounts used by others (50).

Total ascorbate body stores. After isoflurane anesthesia and cervical dislo-
cation, Slc23a1–/– mice were cut into 2 pieces; tail were removed, and brain 
tissue was exposed. Mouse parts were then submerged in 200 ml of 90% 
methanol plus 1 mM EDTA cooled for at least 1 hour on dry ice. As an 
internal control for oxidation, 3 mg 6-bromo 6-deoxy-L-ascorbate was 
added to mice 7 weeks or older, and 0.3 mg was added to pups. Mouse 
tissues were homogenized (Pro 250 homogenizer; Pro Scientific) at the 
lowest setting for 1 minute and at full power for 9 minutes. Homogenate  
(1–2 ml) was centrifuged at 25,000 g for 15 minutes at 4°C. Supernatants 
were diluted 1:10 in 90% methanol plus 1 mM EDTA for ascorbate and 
6-bromo 6-deoxy-L-ascorbate analysis. Total body ascorbate values were 
corrected based on oxidation of added 6-bromo 6-deoxy-L-ascorbate.

Urine measurements: fractional excretion, glomerular filtration, clearance, and 
excretion measurements. Urine and plasma samples for fractional excretion 
were obtained at the same time and analyzed by HPLC for ascorbate and 
creatinine. Plasma was obtained by centrifugation of capillary tubes con-
taining whole blood, acquired by mandibular venous puncture. Urine was 
obtained by bladder massage. Fractional excretion of ascorbate relative to 
creatinine was based on the calculation shown in Equation 1.

       

                                                                                                                    (Equation 1)

Glomerular filtration rate in conscious mice was measured by the tech-
nique of single injection fluorescein isothiocyanate–labeled inulin clearance 
with minimal plasma volume sampling (19, 20, 51). In brief, 5% fluorescein 
isothiocyanate–labeled inulin was dialyzed overnight against 0.9% NaCl, 
resulting in a final concentration of approximately 3% fluorescein isothiocy-
anate–labeled inulin. Dialyzed compound (3.7 μl/g body weight) was inject-
ed into the retro-orbital plexus during brief isoflurane anesthesia, from 
which the animals recovered within about 20 seconds. At 3, 7, 10, 15, 35, 55, 
and 75 minutes after injection, mice were placed in a restrainer, and approx-
imately 2 μl blood was drawn from the tail vein using a 30-gauge atrau-
matic needle. Samples were centrifuged, and 500 nl plasma was transferred 
into a microcapillary tube and diluted 1:10 in 500 mmol HEPES (pH 7.4).  

To generate a standard curve, 1 μl of approximately 3% fluorescein iso-
thiocyanate–labeled inulin was diluted 1:50, 1:100, and 1:500 in 500 mmol 
HEPES (pH 7.4). Fluorescence was determined in 1.7 μl of each sample in a 
Nanodrop-ND-3300 fluorescence spectrometer (Nanodrop Technologies). 
Glomerular filtration rate was calculated using a 2-compartment model of 
2-phase exponential decay.

Ascorbate clearance was calculated as: Fluorescein isothiocyanate–
labeled inulin clearance × ascorbate fractional excretion.

Ascorbate excretion per day was calculated as: [Ascorbate (μg)/μl urine] 
× [24-hour urine volume (μl)].

Ascorbate was measured in spot urine samples obtained by bladder mas-
sage. 24-hour urine samples were collected using metabolic cages and were 
1.1 ± 0.16 ml/d in Slc23a1+/+ mice (n = 5) and 1.11 ± 0.08 ml/d in Slc23a1–/–  
mice (n = 6).

Real-time quantitative RT-PCR. Total RNA was prepared from snap-frozen 
mouse tissue using TRIzol extraction (Invitrogen) and RNeasy (Qiagen) 
cleanup following the manufacturers’ protocols. First-Strand cDNA was 
synthesized using random primers and Superscript III RT (Invitrogen) in 
a 20 μl reaction. Reactions were diluted 10 fold, and 1–4.5 μl was used as 
template for each quantitative PCR. TaqMan primers and probes were as 
supplied (Applied Biosystems). 10-μl reactions were performed in triplicate 
by using the ABI PRISM 7900 Sequence Detection System or the Step One 
System (Applied Biosystems). Cycling conditions were 50°C for 2 minutes, 
95°C for 10 minutes, and 40 cycles of 95°C for 0.15 minute and 60°C for  
1 minute. For liver tissue, relative amounts of mRNA, normalized by 
eukaryotic 18S rRNA, were calculated from threshold cycle numbers (i.e., 
2–ΔΔCT), according to the manufacturer’s suggestions. As an internal control 
for all other tissues, expression of the mouse β-actin gene was determined 
in the same reactions by duplexing using the assay Mm00607939_s1.

X. laevis oocyte transport assay. Human SLC23A1 cRNA SNP variants and 
an equivalent deletion construct (based on the mouse Slc23a1–/– construct 
described above) were prepared by in vitro transcription reaction using 
the SP6 mMessage mMachine (Ambion). The 3 SNPs A652G rs34521685, 
G790A rs33972313, and A772G rs35817838 were nonsynonymous, and 
SNP C180T rs6886922 was synonymous. X. laevis oocytes were isolated 
and injected with cRNAs as described previously (22). Briefly, ovaries 
were resected from adult female frogs anesthetized with 3-aminoben-
zoic acid ethyl ester (2 g per 750 ml; Sigma-Aldrich) in ice water. Ovarian 
lobes were opened and incubated in 2 changes of OR-2 without calcium  
(5 mM HEPES, 82.5 mM NaCl, 2.5 mM KCl, 1 mM MgCl2, 1 mM Na2HPO4, 
and 100 μg/ml gentamicin, pH 7.8), plus collagenase (2 mg/ml; Sigma-
Aldrich), for 30 minutes each at 23°C. Individual oocytes (stages V and VI) 
were isolated from connective tissue and vasculature, transferred to cal-
cium-containing OR-2 (1 mM CaCl2), and maintained at 18°C–20°C until 
injection with cRNA. Oocytes were injected with a Nanoject II injector 
(Drummond Scientific). Injection volumes were 36.8 nl, and cRNA concen-
trations 1 ng/nl. Sham-injected oocytes were injected with 36.8 nl water. 
After injection, oocytes were maintained at 18°C–20°C until experiments 
were performed. At 3 days after injection, oocytes were equilibrated at 
room temperature in OR-2. To begin experiments, [14C] ascorbate (300 μM)  
was added for the times specified. After incubation at room temperature, 
oocytes were washed 4 times with ice-cold PBS. Individual oocytes per 
replicate were solubilized with 10% SDS, and internalized radioactivity 
was quantified by scintillation spectrometry as pmol/oocyte. Each data 
point represents the mean ± SD of 10 oocytes.

SNP modeling. Ascorbate absorption, distribution, and renal excretion 
was studied previously in 22 young healthy volunteers at steady state for 
doses between 30 and 2,500 mg/d (10, 11). Based on the first data set from 
men, a multicompartment pharmacokinetic model was developed (52). 
Ascorbate pharmacokinetic values obtained from 16 normal young women 
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(11) were used to refine this model, which was used to predict plasma 
ascorbate concentrations in women with SNPs in SLC23A1. Because renal 
reabsorption depicted in our model is dependent on ascorbate transport 
by SLC23A1, ascorbate transport into oocytes was used as a measure of 
SLC23A1 activity. The common type of SLC23A1 was considered as 100% 
active (equivalent to the mean value of renal reabsorptive parameters in 
normal volunteers), and a hypothetical 0% active SLC23A1 (sham-injected 
oocytes or deletion construct) was used as control. Ascorbate transport 
by SLC23A1 with 3 different SNPs and control were calculated as values 
between 0% and 100%, based on oocyte data. Subjects were assumed to be 
homozygous for each SNP shown.

Statistics. All data are displayed as mean ± SD. When 3 or more groups 
were compared, 1-way ANOVA was used followed by Tukey’s multiple 
comparison test (Graphpad Prism version 5.01). When 2 groups were com-
pared, 1-tailed Student’s t test was used (Excel 2002). A P value of 0.05 or 
less was considered significant.
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