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Abstract

Background: Vitamin C (VC) deficiency is due to loss of the gene coding for i-gulono-y-lactone oxidase (Gulo). VC
deficiency is an excellent candidate for therapeutic intervention by ectopic gene expression because a single gene
mutation is responsible for the condition and, it is known, a priori, that supplementation effectively rescues the deficiency
(at least with respect to the development of scurvy). There are several strategies to ectopically express exogenous genes
or silence endogenous genes including viruses and nucleic acids, to ensure that the protein products encoded by
exogenous genes are present in the cell, or those encoded by endogenous genes to be silenced are absent.

Objective: We review strategies to restore ascorbate biosynthesis in vertebrates. We will discuss the physiology of
vitamin C and evaluate the potential of the different methods for the restoration of Gulo expression, and subsequently the
endogenous production of VC.

Methods: Studies that have targeted manipulation of vitamin C synthesis in vertebrates, particularly the mouse model,
over the last 20 years were examined.

Results: Vectors of ectopic gene expression were identified as nucleic acids such as linear and plasmid DNA, mRNA, as
well as viruses such as adenoviruses and lentiviruses. Direct enzyme replacement was identified as another method of
Gulo expression.

Conclusion: Ectopic gene expression can be used to rescue metabolic deficiency in VC synthesis using several different
modes of delivery. New technologies that directly modify genomes (e.g. CRISPR) that have not yet been applied to this

physiological deficiency may allow new investigations into VC physiology.
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Abbreviations: ASC - (-Ascorbic Acid/Ascorbate; B6 -
C57BL/6 mouse strain; DHASC - Dehydro ascorbate; ECD
- Electrochemical detector; EDTA - Ethylene diamine
tetraacetic acid; FGAd - First generation adenovirus; Gulo
- Gene coding for t-gulono-y-lactone oxidase; HDAd -
Helper-dependent adenovirus; HEPG2 - Human
hepatocellular carcinoma cell line; HEK293Cre4 - Human
embryonic kidney cell line; GL - t-gulono-y-lactone;
mCMV - Murine cytomegalovirus; PEPCK - Phosphoenol
pyruvate carboxy kinase; pCMV - Plasmid containing the
cytomegalovirus promoter; ROS - Reactive oxygen
species; VC - Vitamin C.

Introduction

Most animals, with exception of certain vertebrate
taxa, are able to synthesize ASC endogenously. The
animals that cannot synthesize VC, including humans, lack
a key enzyme required for VC biosynthesis pathway in the
liver, from the starting molecule glucose [1,2]. Without
dietary supplementation, symptoms of scurvy develop,
which can be a fatal condition if not treated. In addition,
ASC is a cofactor for many enzymes responsible for
maintaining the integrity of connective tissue in the body,
as well as neurological and immune health. A loss of
function mutation in the Gulo gene, which codes for the -
gulono-y-lactone oxidase enzyme that converts GL into
ASC, the active form of VC used by the body [3] results in a
disrupted ASC biosynthetic pathway. This final step in the
ascorbic acid biosynthesis pathway is the rate-limiting
step and thus restoring functionality of Gulo could
potential prevent scurvy and, more importantly other
pathophysiological conditions associated with VC
deficiency such as heart disease and cancer.

The common mouse, Mus musculus, is able to
synthesize endogenous ASC in the liver and does not
require supplements of VC to stay healthy. The genetically
engineered Gulo (-/-) knockout mouse that Ilacks
functional Gulo enzyme requires dietary supplementation
to survive, making it a model of choice for studying the
effects of VC deficiency in humans. Although VC can be
obtained through food, the ability to synthesize
endogenous VC may have therapeutic benefits for the
treatment of cancer, oxidative stress and cardiovascular
disease, [4-6] as its levels in the body does not rely on diet,
but remain at constant levels with possible physiological
upregulation.

Gulo function can be potentially restored by ectopic
gene expression through the use of helper-dependent
adenoviruses (HDAd), as indicated by a rise in the serum
ascorbate levels of Gulo (-/-) knockout mice after
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administration of the HDAd-mCMV-Gulo viruses [7]. Due
to the cost and complexity of manufacturing viruses,
plasmids and other nucleic acids are a promising non-
viral alternative for gene therapy [8]. In particular,
plasmids are of interest, due to their ease of production
and relative stability [9]. Rats express exogenous
luciferase in pCMV plasmids carrying a luciferase
transgene construct when these plasmids are
administered into the abdominal cavity [9]. In this review,
we will review the physiology of vitamin C metabolism, as
well as the complications of its deficiency and the
different methods of ectopic gene expression, in the
context of augmenting the expression of functional Gulo
in the mouse model.

Vitamin C

VC is a water-soluble vitamin that is abundant in many
fruits and vegetables, especially citrus fruits. Comprised
of different chemical species, ASC is the reduced, most
common form of vitamin C [10]. It has a short half-life and
is easily oxidized, making it somewhat difficult to
measure [11]. In several different tissues, ASC is
transported intercellularly via an active sodium-
dependent vitamin C transporter (SVCT) [12,13]. The
concentration of ASC in the serum rises in a dose-
dependent manner with oral intake up to a concentration
of approximately 200umol/L, while the normal
physiological range is approximately 60-100mmol/L.
Interestingly, only a daily dose 75 mg of ASC for men and
90 mg of ASC for women is sufficient to prevent scurvy
[13]. In 1987, the National Survey of Canada proposed
that a serum ASC concentration of 11-23pumol/L is
considered marginally deficient, while a serum ASC
concentration of <11.0 pmol/L is severely deficient;
conventions currently used to evaluate ASC levels [5].

Biological Role of Vitamin C

Deficiency of ASC in the diet leads to scurvy, affecting
the skeletal, neurological and hematopoietic systems, thus
ASC must be necessary in maintaining normal function of
these systems. ASC is a cofactor for hydroxylase enzymes
that are responsible for the hydroxylation of proline and
lysine residues necessary for the formation of collagen
[14]. Collagen lends structural integrity to connective
tissues. Using mice with the aldehyde reductase gene
knocked-out, an upstream enzyme in the ascorbate
biosynthesis pathway relative to Gulo, it was shown that
VC administered as a dietary supplement restores
osteoblast differentiation and prevents improper
proliferation [14]. In other respects, the aldehyde
reductase knockout mouse developed scurvy in a manner
that is similar to the Gulo knockout. As an antioxidant,
ASC also plays an important role in bone formation by
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modulating the proliferation and death of osteoclasts to
maintain levels of bone resorption [10].

In addition to maintaining the structural integrity of
bone, the ability to synthesize collagen also reinforces
epithelial barriers that are exposed to pathogens, such as
the skin and mucosal lining. VC is found to stimulate
leukocyte function during an immune response to
infection. An example of VC's role in immunity is its
counteraction of oxidative stress brought on by ROS
production by neutrophils when exposed to pathogens,
alleviating cellular stress and maintaining neutrophil
function [15]. VC concentrations in lymphocytes,
neutrophils, monocytes and platelets were at saturating
levels of 0.4-4mmol/L between doses of 200-400mg/day
[13] to protect them from ROS-induced damage.
Intravenous administration of vitamin C has previously
been shown to decrease inflammation in cancer patients
by decreasing the levels of pro-inflammatory cytokines,
which are known to promote tumour metastasis and
angiogenesis [16].

VC is a cofactor in the conversion of dopamine to
norepinephrine in the catecholamine biosynthesis
pathway [3]. It is also involved in neuronal maturation,
being detected at high levels in the rat cortex postnatally
[17]. Gulo knockout mouse pups deficient in ASC are less
mobile and less active than their wild-type counterparts,
suggesting striatal dysfunction when insufficiently
supplemented with VC [3].

Vitamin C as an Antioxidant

During oxidative stress, the level of cellular reactive
oxygen (ROS) or nitrogen species (RNS) exceeds the
antioxidant capacity of the cell. Although ROS are
required in modest levels within the body to participate in
cellular signalling that regulates normal cell functions
such as growth and apoptosis, they are damaging in
excess [18]. At high concentrations, these highly reactive
species react with macromolecules that comprise cellular
components, causing damage if radical propagation is not
terminated. An excess of ROS is linked to the induction of
cellular autophagy, thus causing neurodegenerative
disorders, accelerated aging, cardiovascular disease and
cancer.

An important role for VC is its role as an antioxidant,
protecting cells from damage by ROS and RNS generated
from metabolism [19]. As an electron donor, ASC acts as a
reducing agent that is oxidized in the place of cellular
macromolecules, thereby protecting the cell from
oxidative damage. The ascorbyl radical generated when
ASC loses an electron is stable and will not propagate the
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reaction, quenching other radicals without causing
further cellular damage [20]. The ascorbate species can be
regenerated through reduction; however, complete
regeneration is incomplete in humans and thus, ascorbate
is lost and must be constantly replenished through the
diet. Vitamin C supplementation of Gulo knockout mice
showed that antioxidant capacity increases linearly with
plasma ASC concentration and is responsible for 72% of
the body’s total antioxidant capacity [6].

As discussed above, ASC levels are elevated inside
leukocytes, to protect them from oxidative damage when
metabolic activity increases during an immune response
[18]. Several metabolically-active tissues preferentially
store ASC such as the lymph tissues, adrenal gland, lung,
heart and brain [21]. In particular, the cerebral cortex
contained the highest levels of ASC within the brain, such
that the cerebral cortex is most sensitive to changes in VC
levels when VC supplementation is reduced in the Gulo
knockout mouse, resulting in an increase in oxidative
stress not seen in other brain regions at the same plasma
concentration [22]. In Gulo (-/-) knockout mice, levels of
glutathione in the brain increased to compensate for the
lack of VC antioxidant activity to protect the brain. In Gulo
knockout mice supplemented with VC, there was a
marked increase in oxidative stress compared to wildtype
controls [23]. This suggests that there is a benefit of
endogenous VC production that cannot be reproduced by
VC supplementation. Taken together, these findings
suggest that endogenously synthesized VC would avert
the development of scurvy in the organism and that
consumed VC from the diet or supplementation would
increase the levels of VC in the body beyond physiological
levels with supplementation alone.

Direct Administration of VC and Roles of DHASC

VC, in addition to its role as an essential dietary
nutrient, shows potential for the treatment and
prevention of disease. A result of ASC being the major
physiological form of VC, the activity of its oxidized form,
DHASC is much less understood. DHASC is the oxidized
form of ASC, and can exert similar physiological effects in
mammalian organisms as ASC, and is mostly converted to
ASC by DHASC reductase after uptake by the GLUT1
glucose transporter [24,25]. In cases where ASC is
required, it may be regenerated intracellularly from
DHASC via the glutathione or the thioredoxin systems, as
well as through DHASC reductase [26]. ASC, as mentioned
above, oxidizes rapidly approximately 12 hours post-
consumption in a concentration-dependent manner, while
its oxidized form, DHASC maintains stability independent
of concentration [27]. Administration of DHASC in place
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of ASC is sufficient for tissue accumulation of VC levels
[27].

As a therapeutic agent, DHASC appears to selectively
target cancer cells by competing for glucose uptake via
the GLUT1 glucose transporter [24,25]. As a result, when
high doses of DHASC are administered, the glutathione
stores within the cell are depleted as DHASC is reduced to
ASC [25]. Loss of this crucial antioxidant results in an
increase of ROS, which inactivates glyceraldehyde-3-
phosphate dehydrogenase, a key glycolytic enzyme.
Combined with a lack of glucose uptake, DHASC is
ultimately cytotoxic to cancer cells. In addition, DHASC,
but not ASC is able to penetrate the blood brain barrier
through GLUT1 [28]. This broadens the therapeutic
applicability of DHASC, as VC is implicated in neuronal
growth and maturation [17]. The high stability of DHASC
makes it a promising therapeutic option, such that it may
confer similar benefits as ASC, while remaining in the
body for a longer duration. As a result, fewer doses would
be required to sustain a therapeutically relevant
concentration.

Evolutionary Basis for the Loss of Function in
Gulo

Vertebrate Gulo genes are 64-95% similar in primary
sequence and 11 conserved exons, and strong purifying
selection is observed in several lineages, suggesting that
vertebrate Gulo genes are highly conserved in these taxa
[29]. Select vertebrate taxa such as primates, guinea pigs,
bats, teleost fish and passerine birds as reviewed by
Drouin, et al. [30]; however, are unable to synthesize VC
endogenously due to a loss of the function of the Gulo
gene. These animals have different exons deleted from the
Gulo coding sequence, which in turn generate premature
stop codons. Interestingly, all are left with a non-
functional protein as a result of different evolutionary
processes across species [31]. For example in pigs,
deletions in exon VIII and introns 7 and 8 cause a shift in
the reading frame of the gene, and leads to a truncated,
non-functional protein [2].

Although supplementation is suggested to be the cause
of Gulo loss of function, the true reason why loss of
function is conserved in so many lineages is unclear and
remains controversial [29]. Due to the wide availability of
VC in many foods, it is suggested that VC biosynthesis is
not inherently beneficial to most animals and there is no
selective pressure to maintain a functional pathway [30].
A completely non-functional product, mutations may have
accumulated in the Gulo gene without selective pressure,
as it served no benefit from these mutations in the context
of evolution. Specifically, the mutation occurred at the
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Gulo locus prevents upstream precursors from being
affected, as these precursors may be used for other
pathways [30]. The final product synthesized by Gulo
yields VC, an unnecessary product if it can be easily
obtained from the diet.

Mouse Models

To circumvent limitations imposed by a lack of robust
models, a Gulo (-/-) knockout mouse was generated
[6,32]. Gulo (-/-) knockout mice require dietary
supplementation of VC to maintain redox homeostasis
and survive as humans do. Absence of VC
supplementation leads to a 30% reduction in body weight
loss by the sixth week, as well as anemia, internal
haemorrhaging, hematocrit decrease (-35%) and
haemoglobin decrease (-37%). VC supplemented at
330mg/L in the drinking water of mice prevented
deficiency-induced weight loss and allowed mice to breed
normally [6].

Plasma levels of ASC are lower in the Gulo (-/-)
knockout mice compared to Gulo (-/+) heterozygote and
Gulo (+/+) wildtype mice [6]. Even with dietary
supplementation, the level of VC in the liver was lower in
Gulo (-/-) knockout mice than wildtype mice [33]. In
other tissues, such as the brain and liver, heterozygotes
had slightly, but not significantly lower concentrations of
ASC compared to the wildtype [6]. This suggests that the
wildtype Gulo allele exhibits dominance over the mutant
allele, and that heterozygotes are able to synthesize
enough ASC to survive normally. In other respects,
hepatic gene expression between VC-supplemented Gulo
(-/-) knockout mice and wildtype mice differed, which
suggests that the ability to express Gulo may have a
broader impact on the metabolism of the organism as a
result of the numerous metabolic functions carried out by
the liver [33].

Modes of Exogenous Restoration of Gulo
Function

Gene therapy can be used to express exogenous genes
ectopically in an organism, or to block the expression of a
present gene through gene transfer techniques. This is
accomplished with gene transfer vectors such as viruses
or nucleic acids. While each vector type has its advantages
and disadvantages, it is critical to select the appropriate
vector for the gene that is being transferred and the type
of model organism.

The use of mRNA as a vector directs the expression of

genes, bypassing the transcription step and associated
post-transcriptional modification. A limitation of mRNA as
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a vector, however, is its short half-life, only capable of
transient transgene expression [34]. Intramuscular
injections of modified erythropoietin mRNA into mice

raised hematocrit from 51.5% to 64.2% after 28 days [35].

In addition, administration of aerosol mRNA to a
knockout mouse model induced expression of surfactant
protein SP-B up to 71% of wildtype levels [35].

DNA as a vector for transgene expression can be in the
form of linear cDNA that lacks introns, or circular
plasmids. Administered extracellularly, the DNA is taken
up into the cell, and used by the host’s machinery to
transcribe and translate the coding sequences on the
construct. DNA can be administered in the form of linear
DNA, or circular plasmid DNA isolated from prokaryotic
cells both carrying the gene of interest following the
appropriate promoters for expression. They are a more
stable alternative to mRNA, and a single dose allows the
induced gene expression to persist for much longer,
despite inefficient uptake into the cell. When single-
stranded DNA hairpins flank linear double-stranded DNA,
the result is a stable configuration, which enables linear
DNA to become a vector for transgene expression [36].
Intramuscularly administered pSO2C1 plasmid in mice
with the cry11Bb gene from Bacillus thuringiensis caused
lifelong expression of the CryllBb protein and a
significant increase in antibody levels, as elevated levels
were detected at 119 weeks after injection [37]. The
remarkable stability of plasmid DNA vectors and their
relative ease to reproduce make them an attractive
candidate for gene transfer.

Viruses present a more efficient route of delivery, as
they are able to penetrate cell membranes that are
virtually impermeable to extracellularly administered
nucleic acids. Viruses use the host cell’s machinery to
express their own genomes after incorporating them into
the host genome or maintaining them episomally within
host's nucleus. An ideal viral vector is one that has a high
infection efficiency of host cells, but modified such that it
no longer carries genes that synthesize viral proteins or
toxins that are detrimental to the host [38]. Furthermore,
these vectors should elicit a minimal host immune
response, if at all, to maximize efficiency of delivery
without adverse side effects [39]. Taken together, these
modes of exogenous Gulo delivery can result in effective
expression of functional Gulo both in vivo and in vitro.

Adenovirus-mediated Expression of Gulo

Adenoviruses are DNA viruses, which inject DNA into
host cells and utilize host cellular machinery to express
genes [40]. Helper-dependent Adenoviruses (HDAd) do
not contain viral genes on their DNA genome and do not
integrate their DNA into the host cell genome [41],
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allowing for highly efficient transgene expression without
the interference of viral genes or disruptions to the host
genome. They thus rely on a helper virus to propagate, as
they lack the necessary viral genes to do so [42]. They are
capable of long-term expression; expression of exogenous
coagulation factor VIII was detected 2 years post-
administration in a canine model of haemophilia [43].
They cause mild reactions, if any, in humans, making them
relatively safe and non-pathogenic ). HDAd-mCMV-Gulo
adenoviruses were used previously to rescue the
expression of Gulo both in vivo and in vitro [7]. Human
hepatocellular carcinoma cells (HEPG2) and Gulo (-/-)
mice are able to synthesize VC endogenously after
transfection with the virus when supplemented with GL.

Expression of Gulo was detected in HEPG2 in a time-
and dose-dependent manner upon administration of
viruses  containing the Gulo construct and
supplementation with GL [7]. At concentrations of GL of
approximately 4.0 mmol/L and above, the production of
VC reached a plateau of approximately 50 fmol/cell.
HEPG2 cells rapidly increased intracellular levels of Gulo
expression 24-36 hours after infection, with minimally
detectable amounts seen as early as 18 hours post-
infection [7]. Levels of Gulo expression increased with the
number of viral particles per cell, requiring a minimum of
50 viral particles/cell for Gulo expression to be detectable
through Western blot analysis [7].

Serum VC levels increased in Gulo (-/-) knockout mice
to levels comparable to that of wildtype mice 4 days after
administration of the adenoviruses. Excreted VC in the
urine was significantly higher than Gulo (-/-) knockout
mice without viruses, but was still significantly lower than
that of wildtype mice, suggesting differences in VC
retention between the two genotypes [7]. VC production
was sustained after administration of the viruses, even
after 25 days. Although the level of VC production in the
treated Gulo (-/-) knockout mice was lower than the
production of wildtype mice, it was still significantly
higher than the untreated Gulo (-/-) knockout mice [7].
The results of this study suggest that expression of
murine Gulo in human cells is able to rescue the VC
biosynthesis pathway.

First generation adenoviruses (FGAd) differ from their
HDAd counterparts such that they carry viral genes, and
are produced by removing the E1 and E3 regions of the
genome and replacing them with an expression cassette,
which directs cellular machinery to express the gene of
interest [44]. As a result, no helper virus is required for
propagation. Like HDAd, these viral vectors rarely
integrate viral genes into the host genome, making them
relatively safe. However, gene expression is more
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transient compared to HDAd gene expression [44]. In
HEK293Cre cells, incubation with FGAd vectors produced
a large increase in Gulo expression, which began to
decrease after incubation time exceeded 500 hours,
however, levels of expression continued to remain high
even after 1500 hours of incubation [45].

Lentiviral-mediated Expression of Gulo

Lentiviruses are a type of retrovirus that are able to
infect both pre- and post-mitotic cells. Lentiviral vectors
can facilitate the expression of transgenes in nondividing
cells, makes them advantageous over other retroviral
vectors that require cell division, as the basis by which
viral genes are expressed and propagated [46]. The use of
lentiviruses allows for the expression of transgenes that
persist and are not silenced through development [47].
Their RNA genomes are reverse-transcribed into DNA and
subsequently expressed by the host cell’s machinery [47].
Genes can either be silenced through the production of
RNAI transcripts, or expressed through the translation of
mRNAs [48]. Exogenous genes may be expressed in the
organism for up to 24-30 months post-infection [49].

Ongoing work on transgenic Gulo expression focuses
on using lentivirus vectors under the murine
cytomegalovirus (mCMV) promoter to induce expression
of murine Gulo in guinea pigs. Like humans, guinea pigs
lack the ability to synthesize VC endogenously, and rely
on consuming dietary VC to support health and
prevention of scurvy. Administration of the lentivirus
extended the lives of guinea pigs maintained on a VC-free
diet by 35 days compared to untreated controls that
suffered from scurvy. Although ASC was produced in the
liver, it was insufficient in elevating plasma levels of ASC.
Synthesized ASC was detected in enzyme assays of liver
extracts when supplemented with GL. Guinea pigs that
received the lentivirus treatment were able to maintain
their body weight for longer than the untreated control,
with weight declining at a much later time, indicating that
the ASC synthesized endogenously was sufficient for
supporting some level of enzyme activity and function
necessary for survival and prevention of scurvy.

Direct Administration of i-gulono-y-lactone
Oxidase Enzyme

At the post-translational level, the Gulo pathway can
be restored by direct intraperitoneal injections of Gulo
enzyme. Gulo immunoprecipitates allows guinea pigs to
synthesize VC when purified with glutaraldehyde to avoid
scurvy and lethality [50]. The administration of rat Gulo
enzyme rescued the weight loss in guinea pigs associated
with VC-starvation after intravenous infusion for four
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hours, and an increase in body weight was observed up to
4 days after administration [50]. Due to the body’s
turnover of proteins, long-term expression of Gulo must
be administered at regular intervals to replenish the
quantity of exogenous Gulo in organisms that cannot
express the gene endogenously. Furthermore, the toxicity
of immunoprecipitates must be suppressed by reacting
the protein with a compound such as glutaraldehyde to
stabilize them and prevent their breakdown [50].

Although no recent studies have been performed on
Gulo enzyme replacement, enzyme replacement therapy
has been employed in more recent years in the treatment
of other diseases such as Fabry cardiomyopathy. In Fabry
cardiomyopathy, glycosphingolipids accumulate in body
tissues due to a lack of the a-galactosidase type A enzyme.
In a clinical study, the purified enzyme from a human cell
line had been intravenously infused at a concentration of
0.2 mg/kg over a period of one hour every other week for
a total of 12 doses [51]. Over this 24-week period, a
decrease in pain and associated symptoms of Fabry
disease were observed, indicating that enzyme
replacement was safe and effective in the treatment of
this disease [51]. In the context of Gulo enzyme
replacement, the half-life of the synthesized Gulo enzyme
must be considered to develop a treatment schedule for
enzyme replacement.

Plasmid DNA in Gene Transfer

Plasmid DNA has been widely used to induce gene
expression [52,47,53]. Grown in bacteria, the genes
contained on the plasmid confer resistance to certain
antibiotics. Recombinant plasmids have been created to
insert certain genes and induce their expression in
organisms as a vector for gene therapy. They are an
attractive alternative to viral vectors, due to their low cost
and ease of reproduction [8].

Current venues of research are aimed towards using
plasmid DNA therapeutically, for purposes such as
conferring resistance to diseases through the expression,
effectively silencing or expressing certain genes in an
organism and the treatment of cancers [53,54,9]. Mature
glycoproteins expressed by pCMV plasmids conferred
resistance to lethal Rift Valley fever virus, in addition to
inducing lymphoblast proliferation [53]. In another study,
plasmids encoding the transgene luciferase free of
antibiotic resistance markers (pFARS), demonstrated high
levels of transgene expression in mouse muscle, skin and
tumour cells (Marie et al., 2010). Naked plasmid DNA
injected into the abdominal cavity of rats onto the gastric
surface promoted high levels of transgene expression,
which can be used in the future for gastric genes as part of
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a therapeutic regimen for the treatment of gastric ulcers
and cancer [9].

Plasmids can be modified to carry functional Gulo,
specifically the pSC11 plasmid grown from E. coli DH5«
[7]. The pSC11MC-Gulo plasmid contains the mCMV-Gulo-
PolyA construct, flanked by I-Scel and I-Ceul restriction
sites and the pSC11PEPCK-Gulo plasmid containing the
PEPCK tissue promoter to induce its expression in tissues.
The mCMYV viral promoter serves to induce the expression
of genes carried by a viral vector. The human CMV
immediate-early promoter has the highest level of
induced gene expression by adenoviruses in rat
hippocampal neurons compared to Rous sarcoma virus
and E1A adenoviral promoters, indicating that it is an
efficient promoter for inducing the expression of our Gulo
plasmid [55]. The mCMV promoter was selected in place
of the human cytomegalovirus promoter for this
experiment, because it has a higher rate of infection in a
murine model, as the human viral promoter demonstrates
species specificity [56].

The choice of gene promoter is also important, such
that PEPCK was chosen due to its involvement in
gluconeogenesis, acting on the glycolysis intermediate
phosphoenolpyruvate. PEPCK expression is modulated by
cAMP, a ubiquitous second messenger, demonstrated that
a cognate coactivator CRCT2 associated with the CREB
transcription factor binding site on the PEPCK promoter
to enhance PEPCK expression and that exposure to
glucagon increased the expression of PEPCK, indicating
that gluconeogenesis was taking place. Growth hormone
stimulates liver production of PEPCK by inducing STAT5
transcription activator binding to the PEPCK promoter
[21]. Taken together, these findings suggest that the
PEPCK promoter is capable of inducing gene expression of
Gulo in the liver and tissues of the Gulo (-/-) knockout
mouse.

Other Approaches to Increase Serum VC Levels

Other strategies to increase VC levels may include
simultaneous administrations of mixed-long chain
alcohols which are reported to substantially increase VC
levels in patients [57,58] in the absence of VC
supplementation . These mixed-long chain alcohols have
also been reported to have other health benefits such as
control of blood pressure and treatment of type 2
diabetes. This should be explored further [59].

Future Directions

The importance of the VC biosynthesis pathway is not
only in maintaining physiological homeostasis, but also as
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a therapeutic venue for the treatment of cancer and other
ROS-related illnesses. Available abundantly in normal diet,
VC deficiency in most individuals is rare. However, the
high rate of VC excretion prevents above-physiological
levels of VC to accumulate in body tissues and thereby
blocks its benefits as a therapeutic agent. In the studies
discussed above, an elevated level of VC is beneficial for
its antioxidant and anti-cancer activity, such that it has
the potential to selectively target and kill fast-growing
cancer cells.

In the animal models discussed, different modes of
ectopic gene expression are efficient in rescuing the
ascorbate biosynthetic pathway in both knockout animals
and animals endogenously without a functioning pathway.
In this context, it shows potential for the elevation of VC
levels in the body by non-dietary means to provide
resistance to cancer and ROS-related aging and disease. In
the broader scope, the methods of gene therapy discussed
above may be applied to other genes that would result in
fatality or a decreased quality of life if non-functional,
necessitating further research and possible clinical trials.
In conclusion, the ectopic expression of genes and the
benefits of VC are together and on their own of great
benefit to the future of health, as well as disease
treatment and prevention.
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