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Abstract
Despite decreases in atherosclerotic coronary vascular disease over the last several decades,
atherosclerosis remains a major cause of mortality in developed nations. One possible contributor to
this residual risk is oxidant stress, which is generated by the inflammatory response of atherosclerosis.
Although there is a wealth of in vitro, cellular, and animal data supporting a protective role for
antioxidant vitamins and nutrients in the atherosclerotic process, the best clinical trials have been
negative. This may be due to the fact that antioxidant therapies are applied “too little and too late.”
This review considers the role of vitamin C, or ascorbic acid in preventing the earliest inflammatory
changes in atherosclerosis. It focuses on the three major vascular cell types involved in
atherosclerosis: endothelial cells, vascular smooth muscle cells, and macrophages. Ascorbate
chemistry, recycling, and function are described for these cell types, with emphasis on whether and
how the vitamin might affect the inflammatory process. For endothelial cells, ascorbate helps to
prevent endothelial dysfunction, stimulates type IV collagen synthesis, and enhances cell
proliferation. For vascular smooth muscle cells, ascorbate inhibits dedifferentiation, recruitment, and
proliferation in areas of vascular damage. For macrophages, ascorbate decreases oxidant stress
related to their activation, decreases uptake and degradation of oxidized LDL in some studies, and
enhances several aspects of their function. Although further studies of ascorbate function in these
cell types and in novel animal models are needed, available evidence generally supports a salutary
role for this vitamin in ameliorating the earliest stages of atherosclerosis.

Keywords

Atherosclerosis; antioxidant vitamins; endothelial cells; vascular smooth muscle cells; macrophages;
vitamin E

1. Introduction: Atherosclerosis and vitamin C
Atherosclerotic cardiovascular disease, especially when considered with associated diseases
such as diabetes and hypertension, remains the number one killer of both men and women in
the United States ( MRC/BHF study, 2005). Whereas the results of numerous clinical trials
have definitively shown that lowering cholesterol in low density lipoprotein (LDL) delays the
onset and slows the progression of atherosclerosis (LaRosa et al., 1999), its continued high
prevalence indicates that additional approaches are needed to combat this disease. One area of
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increasing interest is that oxidant stress contributes to atherosclerosis. This stems from the
hypothesis that oxidized LDL accelerates atherosclerosis (Witztum & Steinberg, 2001), a
concept supported by both tissue culture and animal studies (Berliner & Heinecke, 1996).
Nonetheless, several clinical trials testing whether atherosclerosis is slowed by supplements
of vitamins C and E, alone or in combination, have been for the most part negative (2002).
However, these trials may not have targeted the right group (only secondary prevention in
advanced atherosclerotic disease was studied) (Blumberg & Frei, 2007), or may not have used
adequate amounts of vitamin supplements (Roberts et al., 2007). Moreover, accumulating in
vitro and animal data continue to support a role for both vitamins, and especially for vitamin
C, in countering multiple steps in the atherosclerotic process. In a commentary on this
dichotomy, the Nutrition committee of the American Heart Association stated: “we recommend
that antioxidant research continue in order to resolve whether the oxidative modification
hypothesis is relevant to human atherosclerosis” (Kris-Etherton et al., 2004). This review deals
with the potential role of vitamin C, or ascorbic acid, to prevent the early stages of
atherosclerosis.

Atherosclerosis is now considered to be an inflammatory disease of the blood vessel wall,
characterized in early stages by endothelial dysfunction, recruitment and activation of
monocyte/macrophages, and dedifferentiation and migration of vascular smooth muscle cells
(VSMCs) to later form the bulk of the atherosclerotic plaque (Hansson, 2005; Ross, 1999).
Whereas inflammation may initiate the disease, it is likely that the resulting oxidative stress
propagates it and worsens injury (Stocker & Keaney, Jr., 2004). It is plausible that antioxidants
such as ascorbate might mitigate the earliest stages of inflammatory atherosclerosis, but have
lesser effects on established lesions. Table 1 summarizes the evidence to be discussed in this
review that ascorbate modifies these early steps in atherosclerosis, although not necessarily
through its antioxidant actions.

These effects of ascorbate may explain the observations of Willis over 50 years ago that both
acute and chronic scurvy in guinea pigs produced intimal lesions indistinguishable from those
of human atherosclerosis (Willis, 1953), and that such lesions were reversed by ascorbate
supplements (Willis, 1957). Indeed, atherosclerosis has been termed a disease of “latent”
scurvy (Price et al., 1996). In this regard, it is intriguing to note that humans and guinea pigs
(both unable to synthesize ascorbate) are the only mammals known to develop spontaneous
atherosclerosis without dietary cholesterol feeding (Price et al., 1996).

2. Ascorbate dietary requirements and function
Although most mammals are capable of synthesizing ascorbate endogenously, during evolution
humans lost the capacity to produce the vitamin. This is due to an inactivating mutation of L-
gulono-γ-lactone oxidase (EC 1.1.3.8), which occurred approximately 40 million years ago
(Nishikimi et al., 1994). Absorption of vitamin C occurs primarily in the distal small intestine
via active transport through an ascorbate transporter termed the Sodium-dependent Vitamin
C Transporter- type 1 (SVCT1, gene product of slc23a1) (Tsukaguchi et al., 1999). This
transporter is also present in the renal proximal tubules (Tsukaguchi et al., 1999), where it
serves to reabsorb filtered ascorbate. Ascorbate circulates in blood at 30-60 μM, but its
concentrations in most cells are considerably higher. This is due to its active transport by
another ascorbate transporter isoform, termed the SVCT2 (gene product of slc23a2)
(Tsukaguchi et al., 1999). The SVCT2 is present in most tissues in the body, including brain,
lung, liver, and cardiac and skeletal muscle (Tsukaguchi et al., 1999). Plasma concentrations
of ascorbate are limited to about 120 μM due to saturation of absorption, uptake into tissues,
and failure of complete reabsorption in the kidney. The current recommended dietary daily
allowances for vitamin C are 90 mg for men and 75 mg for women. At intakes of the vitamin
above about 60 mg/d in both genders, ascorbate begins to appear in the urine (Levine et al.,

Aguirre and May Page 2

Pharmacol Ther. Author manuscript; available in PMC 2009 July 1.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



2001). However, intakes of 250 mg/d and higher are required to saturate ascorbate
concentrations in plasma and contents of white blood cells (Levine et al., 2001). Although there
are clear limits on the amounts of vitamin C that humans can retain, the current dietary
recommendations do not provide tissue-saturating ascorbate concentrations.

Ascorbate contributes to many important enzyme reactions, including those leading to the
synthesis of norepinephrine, carnitine, cholesterol, amino acids, and several peptide hormones
(Chatterjee et al., 1975). In many of these processes, ascorbate serves as a co-factor and electron
donor in reactions catalyzed by dioxygenase enzymes (Arrigoni & De Tullio, 2002). Perhaps
best known of these are the prolyl and lysyl hydroxylases that catalyze hydroxylation of
hypoxia-inducible factor-1α (Bruick & McKnight, 2001) and procollagen (Myllylä et al.,
1984). Given the clinical manifestations of scurvy (hemorrhage, loss of teeth, tendon rupture),
stabilization of collagen by ascorbate certainly seems to be critical to forming the connective
tissue framework of the entire body; including skin, bones, cartilage, tendons, ligaments, and
blood vessels. However, its antioxidant properties have stimulated most recent interest in its
diverse functions, with interest focused on protection of cells and tissues from damage due to
radical species generated by acute or chronic inflammation and metabolic byproducts.

Ascorbate is a primary antioxidant in that it directly neutralizes radical species. Ascorbate is
not very reactive with prevalent cellular oxidants such as hydrogen peroxide and probably
reacts mostly with hydrogen peroxide breakdown products (Buettner & Jurkiewicz, 1996).
Whereas ascorbate may scavenge such oxidants, it can also donate electrons directly to free
ferric and cupric ions, which will actually increase their redox cycling and generation of
reactive oxygen species (Buettner & Jurkiewicz, 1996; Halliwell, 1999). This could be a
significant problem in areas involved in inflammation or atherosclerosis, where free transition
metals may be available due to tissue disruption (Stocker & Keaney, Jr., 2005). Within the cell,
the major radical byproduct of mitochondrial oxygen metabolism is superoxide. Although
ascorbate concentrations of 100 μM and higher are required to appreciably scavenge
superoxide (Jackson et al., 1998), as discussed below, ascorbate concentrations in nucleated
cells are typically in the low millimolar range. Whereas ascorbate can act as a pro-oxidant, its
relatively high intracellular concentrations, coupled with redundant mechanisms for its
regeneration, appear on the whole to protect DNA, protein and lipid from oxidant damage
(Carr & Frei, 1999).

Ascorbate can also recycle vitamin E, or α-tocopherol, from its radical form (Niki et al.,
1995). The importance of ascorbate recycling of α-tocopherol stems from properties of the
latter as a lipophilic antioxidant, capable of interfering with atherogenic oxidative modification
of LDL (Esterbauer et al., 1990; Thomas & Stocker, 2000). Even though the tocopheroxyl
radical is embedded in the LDL micelle or membrane bilayer, it is accessible to ascorbate in
the aqueous phase for reduction (Buettner, 1993). This cooperative relationship has been shown
to significantly decrease copper mediated LDL oxidation in vitro (Berliner & Heinecke,
1996; Esterbauer et al., 1990), down regulate expression of endothelial VEGF (Nespereira et
al., 2003; Rodriguez et al., 2005), and decrease production of reactive oxygen species though
down regulation of vascular NADPH oxidase (Chen et al., 2001). While there is ample in
vitro evidence that ascorbate spares α-tocopherol in plasma LDL (Frei et al., 1989; Niki et al.,
1995), results are mixed as to whether ascorbate protects it in cells. Glascott and co-workers
(Glascott, Jr. et al., 1996) found that there was no sparing of α-tocopherol by ascorbate in
hepatocytes exposed to an oxidant stress generated by allyl alcohol. On the other hand,
subsequent studies in diverse cell types showed that ascorbate prevented α-tocopherol loss due
to milder oxidant stresses in erythrocytes (May et al., 1998b), hepatocytes (Huang & May,
2003), and neuronal cells (Li et al., 2003) In endothelial cells, ascorbate prevented atherogenic
modification of mildly oxidized LDL (Martin & Frei, 1997) and preserved α-tocopherol in
both cells and LDL (Sabharwal & May, 2008). Despite results of in vitro studies, until recently
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it had not been demonstrated that ascorbate spares α-tocopherol in either animals or humans
under oxidant stress. This problem was dispelled with the study by Traber’s group (Bruno et
al., 2006), which was carried out in otherwise healthy smokers. Many persons who smoke have
low levels of plasma and cellular ascorbate (Lykkesfeldt et al., 2000; Schectman et al., 1989),
as well as increased fractional disappearance rates of α-tocopherol (Bruno et al., 2005). The
study by Bruno, et al. was a double-blind, placebo-controlled, cross-over trial in 11 smokers
and 10 non-smokers. Ascorbate supplements of 500 mg twice daily for two weeks were
sufficient to normalize the fractional disappearance rate of α-tocopherol in the smokers (Bruno
et al., 2006). The ability of ascorbate to serve as a co-antioxidant to help preserve α-tocopherol
thus provides another mechanism by which it could lessen the oxidative damage associated
with early atherosclerosis.

3. Ascorbate chemistry, cell uptake and ascorbate recycling in vascular cells
3.1. Ascorbate Chemistry

Ascorbate is an antioxidant because of the shared ability of the hydroxyl groups on carbons-2
and -3 to donate a hydrogen atom (both an electron and a proton) to a variety of oxidants,
including oxygen- and nitrogen-based free radicals, peroxides and superoxide (Buettner,
1993). Ascorbate oxidation is reversible, which allows for recycling from its oxidized forms
(Fig. 1). Ascorbate is a one-electron donor in both scavenging radical species and in reducing
ferric iron in dioxygenase enzymes. The one-electron oxidized form of ascorbate, commonly
termed the ascorbate free radical (AFR), is surprisingly stable and can be detected at 10 nM
concentrations in biological fluids by electron paramagnetic resonance spectroscopy (Buettner
& Jurkiewicz, 1993; Coassin et al., 1991; Mehlhorn, 1991). Instead of undergoing further
oxidation, two molecules of the AFR are thought to react and dismutate to form ascorbate and
dehydroascorbate (DHA) (Fig. 1) (Bielski et al., 1975). DHA is unstable at physiologic pH,
with a half-life of about 6 min (Drake et al., 1942; Winkler, 1987). With hydrolysis of the
lactone ring, it is irreversibly converted to 2,3-diketo-1-gulonic acid (Fig. 1) (Bode et al.,
1990; Chatterjee, 1970). Ascorbate loss due to ring-opening of DHA is wasteful of the vitamin,
and cells have developed redundant mechanisms to recycle DHA back to ascorbate.

3.2. Cellular uptake of ascorbate

As in most nucleated cell types, cultured endothelial cells (Ek et al., 1995; May et al.,
2003b), vascular smooth muscle cells (Holmes et al., 2000; Voskoboinik et al., 1998), and
macrophages (May et al., 2005b; May et al., 2005a) take up and concentrate ascorbate against
a gradient. At high physiologic ascorbate concentrations, these cells can concentrate ascorbate
from 2-50-fold in culture. Ascorbate transport in these and other cells has characteristics of the
SVCT: it is of relatively high affinity (Km = 20-80 μM) and depends on the Na+ gradient across
the cell membrane to allow accumulation of ascorbate against a concentration gradient (Rose,
1988; Tsukaguchi et al., 1999). Such concentrative uptake generates intracellular ascorbate
concentrations of 4-6 mM in human neutrophils and monocytes (Bergsten et al., 1990).
Although intracellular ascorbate concentrations have not been measured in freshly isolated
endothelial or smooth muscle cells, their capacity to concentrate ascorbate in culture suggests
that in vivo intracellular ascorbate concentrations are in the low millimolar range. For example,
human-derived umbilical vein endothelial cells take up ascorbate from the medium to reach
intracellular concentrations of 3-4 mM (Martin & Frei, 1997; May & Qu, 2005), and require
such concentrations for optimal synthesis of type IV collagen (May & Qu, 2005). Endothelial
cells derived from both pigs (Best et al., 2005) and mice (Qiao & May, 2008) have been shown
to express the SVCT2 in culture. Freshly isolated mouse peritoneal macrophages contain
ascorbate concentrations of about 3 mM and also express the SVCT2 (May et al., 2005b).
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In addition to high affinity ascorbate uptake, virtually all mammalian cells can take up DHA
by facilitated diffusion on the ubiquitous GLUT-type glucose transporter. Once inside the cells,
DHA is rapidly reduced to ascorbate. Nevertheless, it is unlikely that DHA uptake and reduction
contributes much to intracellular ascorbate concentrations. Thus, DHA must compete with D-
glucose for uptake on the GLUT-type transporters. Since plasma D-glucose concentrations are
5 mM and those of DHA are less than 2 μM (Dhariwal et al., 1991), DHA uptake will not be
favored in cells in the vascular bed. Further, human erythrocytes, which contain abundant
GLUT1 (Allard & Lienhard, 1985), but no SVCT2 (May et al., 2007), have intracellular
ascorbate concentrations very close to those in the blood from which they were prepared
(Evans et al., 1982; Mendiratta et al., 1998). Albeit circumstantial, these arguments suggest
that active ascorbate transport is required to maintain the high ascorbate concentrations in cells
of the vascular bed. However, DHA uptake could be important when ascorbate is rapidly
oxidized outside cells, such as during the respiratory burst of phagocytic cells (Nualart et al.,
2003; Washko & Levine, 1992).

Both of the SVCT-type ascorbate transporters have been deleted in mice by targeted gene
disruption. Knockout of the SVCT1 resulted in a normal appearing and fertile phenotype, but
caused 2-7-fold increases in renal loss of ascorbate and 50% decreases in plasma ascorbate
(Corpe et al., 2008). This result clearly documents an important role for this transporter in
ascorbate retention by the kidney. Knockout of the SVCT2 resulted in phenotypically normal
and fertile heterozygotes with 40-50% decreases in the ascorbate content of muscle and blood,
despite the fact that these mice can still make ascorbate (Sotiriou et al., 2002). Although there
was no fetal wastage, homozygotes died at birth with cerebral hemorrhage and failure of the
lungs to expand (Sotiriou et al., 2002). Ascorbate was very low in brain, muscle, and liver
(Sotiriou et al., 2002), indicating that SVCT2 is the only functional transporter in these tissues.
These knockout models highlight the importance of the SVCT-type transporters to the
maintenance of intracellular ascorbate concentrations in the low millimolar range.

3.3. Ascorbate recycling in vascular cells

Ascorbate is readily recycled from both of its oxidized forms inside cells (Fig. 2). AFR that is
generated by donation of a single electron to a radical species is reduced back to ascorbate by
NADH-dependent reductases present in microsomal membranes (Lumper et al., 1967;Schulze
et al., 1970), as well as by cytosolic thioredoxin reductase (May et al., 1998a). AFR reduction
occurs with high affinity, with apparent Km values for the AFR of 2 μM or less. Since ascorbate
is primarily a one-electron donor, these processes likely account for the bulk of ascorbate
recycling in the cell. If there is AFR generated in excess of what the enzyme systems can
handle, AFR dismutation both regenerates ascorbate and forms DHA (Fig. 1). The latter is
reduced by redundant high capacity but low affinity systems in all mammalian cells (Fig. 2).
For example, endothelial cells and macrophages possess both GSH and NADPH-dependent
mechanisms for recycling ascorbate (May et al., 2001;May et al., 2003a), although GSH-
dependent ascorbate recycling was not observed in HL-60 leukemic cells (Guaiquil et al.,
1997), or human skin keratinocytes (Savini et al., 2000). GSH and other cellular thiols can also
directly reduce DHA to ascorbate (Winkler et al., 1994), although this process is not as efficient
as enzyme-mediated reduction. Since no vascular cells can synthesize ascorbate directly, their
intracellular ascorbate concentrations are determined by the combined actions of ascorbate
transport into the cell and recycling within the cell.

4. Ascorbate function in endothelial cells, macrophages, and VSMCs
4.1 Endothelial cells

Injury to the vascular endothelium represents a critical event for initiation of atherosclerosis
(Hansson, 2005; Ross, 1999), since endothelial denudation promotes VSMC activation,

Aguirre and May Page 5

Pharmacol Ther. Author manuscript; available in PMC 2009 July 1.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



proliferation, and migration to form the neointima (Saeed et al., 2003). Moreover,
reestablishing the endothelium prevents this response (Schor et al., 1983; Ulrich-Merzenich et
al., 2002) and decreases neointimal mass (Bochaton-Piallat et al., 1995). Ascorbate both
stimulates proliferation of endothelial cells (Saeed et al., 2003; Schor et al., 1983) and prevents
their apoptosis (Recchioni et al., 2002; Rossig et al., 2001; Saeed et al., 2003). Endothelial cell
proliferation is uniquely associated with the synthesis of type IV collagen (Shekhonin et al.,
1987; Thiele et al., 1992). This likely relates to the fact that type IV collagen is required for
both basement membrane formation (Mercier & Ekindjian, 1990) and endothelial cell adhesion
(Rixen et al., 1989), whereas collagen types I and III collagen are not (Rixen et al., 1989).
Further, there is an increase in collagen types I, III, and V in atherosclerotic plaques, but no
increase in type IV collagen (Shekhonin et al., 1987), suggesting that laying down of this
collagen type is not a reactive fibrosis.

As noted previously, ascorbate stimulates all types of collagen synthesis by donating electrons
required for hydroxylation of proline and lysine in procollagen by specific hydroxylase
enzymes (Libby & Aikawa, 2002). This allows proper folding into the triple helical collagen
molecule that is then secreted to form the extracellular matrix, or to form part of the basement
membrane with regard to type IV collagen. Lack of ascorbate thus prevents generation of
mature type IV collagen by cultured endothelial cells (Yoshikawa et al., 2001). In guinea pigs
losing weight due to scurvy, decreases type IV collagen mRNA relative to that of elastin were
evident in blood vessels (Mahmoodian & Peterkofsky, 1999). This results in friable vessels
and especially capillaries that are likely to rupture, creating the petechial hemorrhages and
ecchymoses seen in scurvy and in the cerebral cortex of SVCT2 knockout mice (Sotiriou et
al., 2002). Whereas deposition of any type of collagen may have the beneficial role in forming
a “scar” and thus stabilizing a plaque in the vascular wall, lack of type IV collagen suggests
dysfunctional or absent endothelial cells due to decreased proliferation or apoptosis.

Opposing the healing process of endothelial proliferation is apoptosis, which contributes to
endothelial dysfunction (Dimmeler et al., 1998; Rossig et al., 2001). Apoptosis in endothelial
cells can be induced by a variety of factors, including hyperglycemia, oxidized LDL, TNF-α,
and angiotensin II (Ho et al., 2000; Recchioni et al., 2002). Ascorbate has been shown to prevent
apoptosis due to inflammatory cytokines and oxidized LDL in cultured endothelial cells
(Recchioni et al., 2002; Rossig et al., 2001; Saeed et al., 2003). This is also evident in vivo as
decreased release of microparticles derived from endothelial cells in subjects with congestive
heart failure treated with vitamin C (Rössig et al., 2001).

Ascorbate also helps to protect the vascular endothelium by enhancing nitric oxide generation
by endothelial nitric oxide synthase. Nitric oxide causes smooth muscle cell relaxation,
downstream vasodilatation, and inhibits the effects of pro-inflammatory cytokines and
adhesion molecules important in atherosclerosis (De Caterina et al., 1995; Khan et al., 1996;
Kubes et al., 1991). Endothelial nitric oxide synthase activity is inhibited by reactive oxygen
species that oxidize and thus deplete tetrahydrobiopterin, an essential co-factor for the enzyme
(Kawashima & Yokoyama, 2004; Tiefenbacher, 2001). Ascorbate prevents loss of enzyme
activity, at least in part, by maintaining tetrahydrobiopterin in its reduced and active form
(Heller et al., 1999; Heller et al., 2001; Huang et al., 2000). In addition to its enzymatic effects,
ascorbate helps to maintain high levels of endothelial derived nitric oxide by directly reducing
nitrite, by releasing nitric oxide from nitrosothiols, and by scavenging superoxide (reviewed
in (May, 2000)). Regarding the latter effect, reaction of superoxide with cell-derived nitric
oxide generates peroxynitrite, a strong and damaging oxidant (Beckman & Koppenol, 1996).
As noted previously, relatively high ascorbate concentrations (>100 μM) are required to
prevent the reaction of superoxide with nitric oxide (Jackson et al., 1998). Nonetheless, since
low millimolar ascorbate concentrations are likely to be present in endothelial cells, ascorbate
is probably an effective intracellular scavenger of superoxide. It thus should both prevent loss
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of nitric oxide via the reaction of nitric oxide with superoxide and decrease the generation of
peroxynitrite, at least within the cell.

That ascorbate is beneficial to the endothelium in vivo is also supported by clinical studies of
endothelium-dependent vasodilatation in patients with endothelial dysfunction due to
atherosclerosis (Gokce et al., 1999; Heitzer et al., 2001; Tousoulis et al., 2005) and related
conditions, including hypertension (Duffy et al., 1999; Duffy et al., 2001; Taddei et al.,
1998), smoking (Heitzer et al., 1996; Kaufmann et al., 2000; Solzbach et al., 1997), and diabetes
(Tousoulis et al., 2007). Many of the studies in atherosclerosis used high doses of intravenous
ascorbate to acutely demonstrate this improvement in endothelial function in humans.
Nonetheless, results of a randomized, double-blind, placebo-controlled study have shown that
long term oral ascorbate supplements do have persistent effects on endothelial-dependent flow-
mediated brachial artery dilation (Gokce et al., 1999). In this study of 30 days duration, plasma
ascorbate concentrations in 46 subjects with documented coronary artery disease were doubled
by the ascorbate supplements of 500 mg daily and flow-mediated brachial artery dilation was
increased by 50%. This result, in light of the multiplicity of beneficial effects of ascorbate on
endothelial cell proliferation, function, and viability, makes it plausible that increases in plasma
and cell ascorbate might help to prevent or delay the early endothelial dysfunction associated
with atherosclerosis.

4.2 Vascular smooth muscle cells

In response to acute arterial injury, such as from angioplasty/stenting or from chronic injury
as a result of damage by oxidized LDL, cytokines and growth factors are released from
damaged endothelial and macrophage foam cells (Reidy, 1994; Ross, 1999). These in turn
recruit VSMCs from the media or intima that dedifferentiate and migrate to form the neointima
(Björkerud & Björkerud, 1996; Ross, 1999). This uncontrolled proliferation of VSMCs is an
important factor in the pathogenesis of both atherosclerosis and restenosis following
angioplasty (Desmouliere & Gabbiani, 1992; Ross, 1999). A role for ascorbate in preventing
VSMC proliferation/dedifferentiation is suggested by the results of a clinical trial of restenosis
after angioplasty, in which subjects receiving oral ascorbate supplements of 500 mg three times
daily for 4 months had 25% larger luminal diameters compared to matched controls who did
not receive ascorbate. Ascorbate treatment also resulted in 50% decreases in the need for
intervention compared to the control group (Tomoda et al., 1996). Similar results were observed
in studies of coronary restenosis in pigs using combinations of ascorbate and α-tocopherol
(Nunes et al., 1995; Orbe et al., 2003).

Ascorbate has several functions in activated VSMCs. It is necessary for VSMC collagen
synthesis, since without it (Schwartz et al., 1982), or in the presence of the non-functional
ascorbate analog ethyl-3,4-dihydroxybenzoate (Sasaki et al., 1987), VSMCs form little
collagen. In addition to enhancing post-translational collagen modification in VSMCs,
ascorbate also increases procollagen synthesis by a pre-translational mechanism (Barone et al.,
1985; Davidson et al., 1997). Although collagen synthesis is required for VSMC migration
and proliferation (Ivanov et al., 1997; Rocnik et al., 1998), the overall effect of ascorbate on
these processes seems to be the opposite. For example, physiologic concentrations of ascorbate
favor VSMC differentiation and gain of smooth muscle markers (Ivanov et al., 1997; Siow et
al., 1998; Ulrich-Merzenich et al., 2002). Ascorbate also prevents VSMC dedifferentiation in
the first place (Arakawa et al., 2000; Arakawa et al., 2003).

The disparate effects of ascorbate on VSMC collagen synthesis and differentiation have yet to
be reconciled, but there is evidence that ascorbate protects VSMCs from apoptosis/necrosis
due to injury by oxidized LDL. Oxidized, but not native, LDL and its reactive lipid
hydroperoxides increased VSMC proliferation (Ulrich-Merzenich et al., 2002; Watanabe et
al., 2001), an effect that was again paradoxically associated with increased collagen synthesis
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(Jimi et al., 1995). On the other hand, physiologic concentrations of ascorbate blocked both of
these effects of oxidized LDL (Jimi et al., 1995).

4.2 Macrophages

Macrophages have a dual role in atherosclerosis, especially in its early stages (Hasty et al.,
1999). They take up modified LDL to become the foam cells such that their numbers are
significantly increased in early fatty streak lesions of adult humans, despite lack of endothelial
denudation (Babaev et al., 1993). Macrophages also mediate the inflammatory response that
accompanies atherosclerosis (Kanters et al., 2004). Despite the importance of macrophages in
the atherosclerotic process, there is controversy regarding effects of ascorbate on macrophage
function. Circumstantial evidence suggests that ascorbate is important. For example, the
ascorbate content of macrophages is estimated to be several-fold higher than that of neutrophils
and 40-60 times that of plasma (Oberritter et al., 1986). Further, phagocytosis of zymosan by
macrophages decreased endogenous intracellular ascorbate concentrations, leading to the
hypothesis that ascorbate is protective to the cells (Oberritter et al., 1986). In recent studies of
thioglycollate-elicited mouse peritoneal macrophages (May et al., 2005b), ascorbate loading
to intracellular concentrations of 3-10 mM prevented oxidant stress induced by latex beads.
This was evident as prevention of bead-induced increases in oxidation of intracellular
dihydrofluorescein and of endogenous α-tocopherol.

In addition to decreasing oxidant stress, ascorbate has also been shown to stimulate several
functions of mouse peritoneal macrophages, including adherence, chemotaxis, phagocytosis,
and superoxide production (Del Rio et al., 1998). In other studies, ascorbate inhibited
macrophage function by decreasing uptake and degradation of oxidized human LDL (Jialal et
al., 1990; Kang et al., 2002; Retsky et al., 1993). It should be noted that the latter response has
not been uniformly observed (Ashidate et al., 2003; Asmis et al., 1995), and may depend on
in vitro conditions (Stait & Leake, 1996; Stait & Leake, 1994). Ascorbate has also been shown
to enhance nitric oxide generation in macrophages by increasing the inducible isoform of nitric
oxide synthase (Mizutani et al., 1998).

In contrast to endothelial cells, where there is substantial support for a beneficial effect of
ascorbate in early atherosclerosis, the results in VSMCs and macrophages are more conflicting.
Clearly, more research in better defined cellular models of the disease is needed with regard
to these two cell types.

5. Role of ascorbate in preventing and stabilizing atherosclerotic plaques in
vivo

Key to understanding the role of ascorbate in early atherosclerosis is the observation by Maeda
et al. (Nakata & Maeda, 2002) that ascorbate is required for synthesis of the collagenous
framework of atherosclerotic plaques in apolipoprotein E (ApoE) knockout mice. These
authors crossed mice unable to synthesize ascorbate due to targeted deletion of the gene for
gulonolactone oxidase (Gulo(-/-)) with ApoE-deficient mice (ApoE(-/-)). The mice were fed a
diet either marginal in ascorbate, or a diet high in ascorbate for 4 to 9 months. It was confirmed
that plasma and liver ascorbate concentrations were decreased by 70% or more in the animals
on a diet marginal in ascorbate, although the animals did not have overt scurvy. After sacrifice,
the expected atherosclerotic plaques were present in the aortic sinus regions of all animals,
since all were ApoE(-/-). There was no effect of either ascorbate diet on plaque size or lipid
content. Although this finding does not support a role for ascorbate deficiency in early
atherosclerosis, it is possible that additional factors, such as decreased vitamin E, are needed
to uncover a defect or demonstrate a benefit in lesion size.
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The main finding in the study by Maeda and co-workers (Nakata & Maeda, 2002) was that
plaque collagen content was decreased 30-40% in the animals on the marginal ascorbate diet.
Decreased collagen content translates to less stable atherosclerotic plaques, capable of rupture
with associated thrombosis and infarction (Libby & Aikawa, 2002). Increased collagen content
and strength of the atherosclerotic plaque may also be part of the benefit afforded by lipid
lowering (Aikawa et al., 1998) and statin (Fukumoto et al., 2001) therapies.

Maeda and co-workers had shown earlier that Gulo(-/-) mice on a similar diet marginal in
ascorbate developed aortic lesions characterized by focal endothelial cell loss, disruption of
the elastic laminae, and smooth muscle cell proliferation (Maeda et al., 2000). These two studies
confirmed and extended the earlier work of Willis, in which guinea pigs developed frank
atherosclerosis when made mildly scorbutic by dietary restriction of ascorbate (Willis, 1953;
Willis, 1957). A role for ascorbate in plaque formation is also highlighted by the finding that
the ascorbate content in plaque is several-fold that of normal artery (Suarna et al., 1995).
Whereas this could indicate that additional ascorbate is not needed, it also may show how
important ascorbate is to plaque remodeling and formation of a strong fibrous cap on the lesion.

6. Conclusions
Atherosclerosis is a disease of initial inflammation and subsequent oxidative damage. Since
vitamin C has the potential to counteract both of these processes, it represents a practical
solution for the early prevention of the disease. While a role for ascorbate in preventing human
atherosclerosis still remains to be defined, mounting evidence supports a role for the vitamin
in preventing endothelial dysfunction, plaque stabilization, and macrophage-dependent
oxidative modification of LDL. The crux of the controversy surrounding ascorbate and
atherosclerosis was perhaps best defined in another context by Dr. Albert Szent-Györgyi.
Szent-Györgyi received the 1937 Nobel Prize in Physiology or Medicine, in part for his
discovery that hexuronic acid, which he had isolated from adrenal gland, was indeed vitamin
C. Dr. Szent-Györgyi stated in a foreword to a book authored by Irwin Stone entitled “The
Healing Factor. Vitamin C Against Disease” (Stone, 1972):

“...All the same, I always had the feeling that not enough use was made of it [vitamin
C] for supporting human health. The reasons are rather complex. The medical
profession itself took a very narrow and very wrong view. Lack of ascorbic acid
caused scurvy, so if there was no scurvy there was no lack of ascorbic acid. Nothing
could be clearer than this. The only trouble was that scurvy is not a first symptom of
a lack but a final collapse, a pre-mortal syndrome and there is a very wide gap between
scurvy and full health.”
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Figure 1.
Ascorbate oxidation and recycling.
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Figure 2.
Ascorbate uptake metabolism in vascular cells. Ascorbate is taken up from plasma or the
interstitium on the ascorbate transporter (SVCT2). Once in the cell it can undergo one-electron
oxidation by radical oxygen- or nitrogen-based species (X·) to the ascorbate radical (AFR).
The AFR can be recycled to ascorbate by microsomal NADH-dependent reductases or 2
molecules of the AFR can dismutate to ascorbate and DHA. The latter can leave the cell on
the glucose transporter, or undergo two-electron reduction to ascorbate via GSH or NADPH-
dependent mechanisms. DHA can also enter the cell on the GLUT-type glucose transport, and
then be reduced to ascorbate.
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Table 1
Ascorbate effects on atherosclerosis

Step in atherosclerosis: Effect of Vitamin C: References

Direct oxidation of LDL Prevents (Frei et al., 1989; Niki et al., 1995)
Recycles α-tocopherol (Frei, 1991)

Endothelial cell dysfunction
 Nitric oxide generation Enhances (Heller et al., 1999; Heller et al., 2001; Huang et al.,

2000)
 Type IV collagen synthesis Stimulates (Yoshikawa et al., 2001)
 Endothelial cell proliferation Stimulates (Saeed et al., 2003; Schor et al., 1983)
 Endothelial cell death Prevents (Recchioni et al., 2002; Rossig et al., 2001; Saeed et al.,

2003)

VSMC’s
 Recruitment and proliferation Inhibits (Ivanov et al., 1997; Siow et al., 1998; Ulrich-

Merzenich et al., 2002)
 Dedifferentiation Inhibits (Arakawa et al., 2000; Arakawa et al., 2003)
 Collagen synthesis Stimulates (Schwartz et al., 1982)

Monocyte/macrophages
 LDL uptake and modification Controversial (Stait & Leake, 1994)
 Inflammatory markers Inhibits (May et al., 2005b)
 Nitric oxide release Inhibits (Mizutani et al., 1998)
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