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Abstract 
Background: Scientific knowledge of the impact of periodic 
dietary vitamin C intake and withdrawal on the development of 
cardiovascular disease has been limited. Our earlier study using 
a transgenic Gulo(-/-); Lp(a)+ mouse model mimicking human 
metabolism in respect to a lack of internal synthesis of vitamin C 
and expression of human lipoprotein (a) [Lp(a)], a recognized risk 
factor for cardiovascular disease, showed that vitamin C deficiency 
triggers vascular deposition of Lp(a) and atherosclerosis. In 
this study we used this mouse model to investigate the effect of 
cyclical vitamin C withdrawal and its continuous supplementation 
on metabolic factors related to cardiovascular health, such as lipid 
profile and vascular plaque development.

Methods: Gulo (-/-); Lp (a)+ mice were subjected to 4 weeks 
of dietary vitamin C withdrawals followed by 4 weeks of a re-
supplementation pattern for 20 weeks in total. Mice supplemented 
with vitamin C continuously for 20 weeks served as reference 
control. Mice were harvested after 4, 8, 12, 16, and 20 weeks and 
analyzed. Serum ascorbic acid, lipid profile, lipoproteins, vascular 
lesion, and Lp(a) deposition were evaluated.

Results: We observed that periodic vitamin C withdrawals resulted 
in a less healthy blood lipid profile and showed indications of 
metabolic adaptation to vitamin C withdrawals. In addition, mice 
experiencing recurring dietary vitamin C withdrawals were prone 
to the development of early atherosclerotic lesions with Lp(a) 
deposition in the structurally compromised areas of the vascular 
wall, compared to mice continuously supplemented with vitamin C. 

Conclusion: This study further supports the importance of 
consistent and sufficient intake of vitamin C in assuring optimum 
profile of blood risk factors, and maintaining vascular wall integrity 
and optimal cardiovascular health. 
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Introduction
Vitamin C is essential for maintaining normal body function 

and optimal health. Most animals, except a few species (i.e., guinea 
pigs and some primates), can produce it internally according to their 
physiological needs. Humans lost the ability to synthesize vitamin C 
as a result of the inactivating mutation of the gene encoding for a key 
enzyme in the pathway of ascorbic acid biosynthesis - gluconolactone 
oxidase (Gulo). As a result, humans must acquire vitamin C through 
dietary sources.

Vitamin C is a potent antioxidant and an essential catalyst 
in collagen synthesis. In addition, it is responsible for proper 
structure and stability of collagen helixes as a cofactor of prolyl- 
and lysyl-hydroxylases. Vitamin C deficiency is manifested by 
the impairment of connective tissue, delayed wound healing, lost 
integrity and weakening of the blood vessels (hemorrhages), which 
are all characteristics of scurvy. Although scurvy has become rare 
in modern society, vitamin C dietary intake varies due to seasons, 
location of residency, diet, and climate, etc., all of which may result 
in its periodic deficiency or suboptimal levels in the body [1-3]. In 
particular, vitamin C intake and plasma vitamin C levels fluctuate 
with the seasons. For example, a study conducted in northern India 
in people over 60 showed that the dietary vitamin C intake ranged 
from 15.7mg/day during the rainy season to 30.6mg/day in the 
winter when the intake of vegetables was higher [2] in 2011. In rural 
Gambia, seasonal variations in vitamin C levels were extremely wide 
in pregnant and lactating women, and ranged from 0.2mg/dl in the 
rainy season to 1.2mg/dl in the harvest season [4]. Plasma vitamin C 
concentrations also fluctuated in people in Northwestern Russia from 
marginal vitamin C deficiency in the spring to its optimal level in the 
fall [5]. Moreover, clinical studies have demonstrated that seasonal 
dietary vitamin C deficiency is related to increased blood cholesterol 
levels and has been associated with increased risk of cardiovascular 
disease (CVD) [6]. Thus, it was recommended that vascular disease 
patients take vitamin C supplements throughout the year to keep a 
consistent normal cholesterol level in winter [6-8]. An epidemiologic 
study among 11,348 Americans showed a significant decrease in 
cardiovascular mortality with higher vitamin C intake [9]. 

In order to better understand the impact of vitamin C on the 
body’s metabolism and the development of CVD, various animal 
models have been developed that allow for dietary manipulation of 
vitamin C intake. Of particular, the Gulo gene knockout mouse model 
[Gulo(-/-)], which lacks the key enzyme in the ascorbic acid synthesis 
pathway, makes it like humans, entirely dependent on dietary vitamin 
C. Using this model Maeda et al. showed that low intake of vitamin C 
triggered vascular wall damage and elevated blood cholesterol levels 
[10]. Another unique aspect of human metabolism is the production 
of lipoprotein (a) [Lp(a)+], which is considered as one of the 
independent risk factors for atherosclerosis [11, 12]. Lp(a) consists of 
a highly polymorphic glycoprotein apolipoprotein a [apo(a)] linked 
by a covalent disulfide bridge to a protein in cholesterol-rich LDL 
particle – apolipoprotein B-100 (apo B) [13]. Elevated plasma Lp(a) 
levels were associated with increased incidence of CVD [14]. Due to 
the similar structure to plasminogen, the component of the Lp(a) - 
apo(a) protein - competes with plasminogen in inhibiting fibrinolysis 
[15, 16]. Rath and Pauling suggested that the appearance of the Lp(a) 
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molecule in human metabolism at the time of GULO mutation and 
its many other characteristics, predisposes Lp(a) as a physiological 
surrogate for vitamin C in protecting the integrity of the vascular 
wall compromised by vitamin C deficiency [17]. To address these 
important aspects of human metabolism, we developed a new mouse 
model that is not capable of endogenous ascorbic acid production 
[Gulo(-/-)] and at the same time it synthesizes human Lp(a) (Lp(a)+). 
An earlier study in Gulo(-/-); Lp(a)+ mice has confirmed that Lp(a) 
deposits in structurally compromised areas of the vascular wall 
weakened by vitamin C-deficient conditions [18]. 

While vitamin C has been widely researched in various aspects 
of cardiovascular health, there is a lack of information on the 
physiological impact of irregular dietary intake of vitamin C. 
Therefore, we investigated the effects of periodic vitamin C withdrawal 
followed by its supplementation on key metabolic aspects relevant to 
cardiovascular health, such as lipid levels and the artery structure in 
Gulo(-/-); Lp(a)+ mice [19]. 

Materials and Methods
Mice and genotyping

Human Gulo(-/-); Lp(a)+ mice were generated as described [18]. 
Briefly, homozygous Gulo(-/-) mice were bred from heterozygous 
Gulo(+/-) breeders BALB/cBy-Gulosfx/J (Jackson Laboratory, 
Sacramento, CA). Human apo(a) [h-apo(a)] transgenic mice (Mutant 
Mouse Regional Resource Center, Columbia, MO) and human apoB-
100(h-apoB-100) transgenic mice (Taconic Farms Inc., Hudson, 
NY) were cross-bred with homozygous Gulo(-/-) mice separately to 
produce Gulo(-/-); h-apo(a)+ mice and Gulo(-/-); h-apoB-100+ mice. 
These two transgenic mice were then bred to generate the Gulo(-/-
);Lp(a)+ strain.

Genotyping for ascertaining the homozygosity of the Gulo locus 
knockout and the presence of h-apo (a) and h-apo B genes was 
performed by Taqman FAM probe Real Time-PCR at Transnetyx 
(Cordova, TN) by using mouse tail clips.

All animal experiments were conducted with humane and 
customary care, and followed a protocol approved by the internal 
Institutional Animal Safety Review Committee. All mice were housed 
in a barrier facility with a 12-hour light/12-hour dark cycle. 

Experimental design

To mimic variation in vitamin C intake in comparison to its 
consistent supply, the experimental design simulated two conditions: 
one in which vitamin C was periodically withdrawn from the diet, and 
one in which vitamin C was maintained at a constant level during the 
entire duration of the experiment. Two diets were used in the study: 
a vitamin C deprivation diet (LabDiet® Laboratory Rodent Diet 5001) 
and a vitamin C-supplemented diet (a modified LabDiet® Laboratory 
Rodent Diet 5001 with 0.1% 1000 PPM vitamin C). Assuming 
that a mouse consumes about 4 g of food per day, the vitamin 
C-supplemented diet provided approximately 4 mg of ascorbic acid 
daily and the vitamin C-deprivation diet provided 0 mg of ascorbic 
acid. All mice were maintained on the vitamin C-supplemented diet 
and distilled water before the experiment started. 

Since our earlier study indicated gender-related metabolic 
differences in Gulo(-/-); Lp(a)+ mice with an impact on the 
development of atherosclerosis [18], only females were used in the 
experiments. As such, 15- to 17-week-old female mice were separated 

into five experimental groups and one control group according to their 
vitamin C deprivation and supplementation cycles. All experimental 
groups were given a diet alternating between vitamin C deprivation 
for 4 weeks and vitamin C supplementation for 4 weeks (Figure 1). 
Animals were harvested after 4, 8, 12, 16, and 20 weeks and analyzed. 
The control group was given a vitamin C-supplemented diet for the 
full 20-week duration of the experiment.

Ascorbic Acid determination

Serum samples were collected from blood drawn via cardiac 
puncture at the time of harvest of each group. Mice livers were 
collected, fast frozen in liquid nitrogen, and stored in - 80°C. Before 
analysis, liver samples were homogenized in double distilled water. 
Serum and liver ascorbic acid levels were measured using the 
BioVision Ferric Reducing Ascorbate Assay (FRASC) Kit (Milpitas, 
CA), and expressed as nmole/mL or nmole/mg tissue protein, 
respectively. 

Lipoprotein and Apo lipoprotein determination

Total cholesterol (Total-C), high density cholesterol (HDL-C), 
low density cholesterol (LDL-C), and triglyceride (TG) levels were 
determined by homogeneous enzymatic colorimetric assay performed 
at the Comparative Pathology Laboratory (CPL) at the University of 
California, Davis (Davis, CA).

Serum h-apo(a) levels were determined by using the IBL 
International GmbH Lp(a) Enzyme Immunoassay (Hamburg, 
Germany). Serum h-apoB-100 was determined by using the 
Assaypro AssayMax Human Apolipoprotein B Enzyme Kit (St. 
Charles, MO).

Histology 

Mouse aortas were collected, trimmed in ice cold PBS and fixed 
in 10% neutral buffered formalin. The aortas were then embedded 
in paraffin, sectioned and stained for Hematoxylin and Eosin, Elastic 
Van Gieson stain, and immunostained for h-apo(a), h-apoB-100, and 
fibrinogen at Histotox Labs, Inc. (Boulder, CO). 

Atherosclerotic plaques developed in the aortic arch and aortic 
root were counted in all experimental groups and the control 
group. Plaque numbers in each group were compared by t-test at a 
significance level of 0.05. 

Quantitation of h-apo(a) stain was conducted using Image J 
(National Institutes of Health). The colocation of h-apo(a) and 
h-apoB-100 indicate the deposition of Lp(a). Thus, plaques in the 
aortic arch and root with colocation of h- apo(a) and h-apoB-100 
stain were selected as the regions of interest. The positively h-apo(a) 
stained area on each plaque was measured and expressed as a 
percentage of the total plaque area. 

Figure 1: Schematic outline of the experimental design.
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Statistical analysis

All data are presented as means ± standard deviation. Significant 
differences between means were determined by Student’s t-tests at a 
significance level of 0.05 with Microsoft Excel. 

Results 
Ascorbic acid levels 

Ascorbic acid levels in the serum and liver of Gulo(-/-);Lp(a)+ 
mice during each 4-week period of vitamin C supplementation and 
deprivation are shown in Figure 2 A and B, respectively. Serum 
ascorbic acid levels closely followed the dietary pattern of vitamin C 
intake (Figure 2A). They were significantly lower during vitamin C 
deprivation periods, such as in Groups 1, 3, and 5 (1.2 ± 1.7, 5.0 ± 1.0, 
and 1. 6 ± 1.9 nmol/mL, respectively; P<0.01) and were significantly 
higher in Groups 2 and 4 (72.7 ± 10.9 and 72.4 ± 22.9 nmol/mL, 
respectively; P<0.01) with resumed vitamin C supplementation. Also, 
serum ascorbic acid levels in Groups 2 and 4 were significantly higher 

(by 40% and 39%, respectively) compared to the Control Group (52.1 
± 11.6 nmol/mL; P< 0.05). 

Ascorbic acid levels in the liver also fluctuated with the vitamin 
C supplementation cycle (Figure 2B). As such, ascorbic acid levels 
were significantly lower in Groups 1, 3 and 5 (0.3 ± 0.3, 0.1 ± 0.2, 
and 0.2 ± 0.2 nmol/mg, respectively; P<0.05) during each of the 4 
weeks of vitamin C deprivation and were significantly higher after 
vitamin C resumption, such as in Groups 2 and 4 (1.1 ± 0.4 and 1.6 ± 
0.5 nmol/mg, respectively; P<0.01). Mice in the Control Group which 
had uninterrupted intake of vitamin C in the diet had lower vitamin 
C content in the liver ( (0.7 ± 0.4 nmol/mg; P<0.05) compared to 
Groups 2 and 4, with liver ascorbate levels higher by 62% and 133%, 
respectively. 

Serum human apo(a) (h-apo(a)) and human apo B (h-apoB) 
levels

As presented in Figure 3A, the serum h-apo(a) level did not differ 
significantly between all groups, except it was 20% lower in Group 2 

(A)                                                                                                                          (B)

Figure 2: Serum (A) and liver (B) ascorbic acid levels in each diet group.  Values are expressed as Mean ± SD. Different letters indicate significant difference 
(P<0.05).

(A)                                                                                                   (B)

Figure 3: Serum h-apo(a) levels (A)  and h-apo B (B)  levels in each group. Data are expressed as Mean ± SD. Different letters indicate significant 
difference (P<0.05).
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(180.5 ± 70.8 mg/dL) compared to Group 1 ( 226.8 ± 73.9 mg/dL ) . 
Serum h-apo(a) level in Group 2 was significantly lower than in the 
Control Group (277.9 ± 81.5 mg/dL; P<0.05). Serum h-apo(a) levels 
did not significantly differ in Groups 3, 4, and 5 (255.8 ± 37.4, 240.9 ± 
33.3, and 236.4 ± 64.1 mg/dL, respectively; P>0.05).

Figure 3B presents serum h-apoB levels in mice upon 4 weeks of 
vitamin C withdrawal and supplementation cycles. The first vitamin C 
re-supplementation cycle followed by 4 weeks of withdrawal (Group 
2) resulted in a significant decrease of h-apoB from 252.1 ± 92.1 mg/
dL (Group 1) to 229.5 ± 58.4 mg/dL (Group 2). Subsequent vitamin 
C deprivation periods resulted in higher h-apo B serum levels: 320.4 
± 70.0 mg/dL (Group 3) and 345.3 ± 80.8 (Group 5). The steadily 
vitamin C supplemented Control Group had serum h-apo B level at 
234.1 ± 122.7 mg/dL, which was lower than in the vitamin C deprived 
Groups 1, 3 and 5. 

Lipid profile

Serum Total Cholesterol (Total-C) and LDL cholesterol 
(LDL-C) levels: As presented in Figure 4A, the serum total cholesterol 
(Total-C) reached the lowest level after the first vitamin C resumption 
period (Group 2, 109.6 ± 19.4 mg/dL). Total-C levels were higher and 
at similar levels in Groups 3, 4, and 5 (137.6 ± 21.5, 143.7 ± 17.0, 
and 132.3 ± 17.6 mg/dL, respectively) and they were not significantly 
different from the Control Group (137.3 ± 21.3; P>0.05).

We observed the same pattern for LDL-C values (Figure 4B), with 
the lowest level (33.6 ± 9.8 mg/dL) in Group 2 after the first vitamin C 
re-supplementation. Groups 3, 4, and 5 had significantly higher LDL-C 
serum levels than Group 2; however, there was no statistical difference 
between them. The LDL-C level in the Control Group receiving the 
continuous supply of vitamin C was lower than in Groups 1, 3, 4 and 5, 
but the differences did not reach statistical significance.

High Density Lipoprotein-Cholesterol (HDL-C): Figure 4C 
shows that the serum high density lipoprotein-cholesterol (HDL-C) 
levels were the lowest in Group 1 after the first 4 weeks of vitamin 
C withdrawal (41.7 ± 9.9 mg/ dL). The highest HDL-C level was 
observed in the Control Group (74.2 ± 9.8 mg/dL; P<0.05), which 
was 44% higher when compared to Group 1. With the following 4 
weeks of vitamin C resumption, HDL-C levels significantly increased 
in Group 2 (53.9 ± 11.1 mg/dL; P<0.05) and remained basically at the 
same level in Groups 3, 4, and 5 (60.9 ± 8.6, 63.9 ± 8.6, and 60.4 ± 
16.3 mg/dL, respectively; P>0.05). However, HDL-C levels in Groups 
3 and 4 were still significantly lower than the Control Group (P<0.05). 
HDL-C levels in Group 5 were also 19% lower than the Control 
Group, but not significantly (P=0.56). 

Figure 4D shows that the LDL/HDL ratio was highest in Group 1 
compared to all other groups and it dramatically decreased to 0.6 in 
Group 2 after vitamin C re-supplementation, which was comparable 
to the level observed in the Control Group (0.5). Further cycles of 
vitamin C deprivation and supplementation did not show significant 
changes in this ratio. 

Serum Triglycerides (TG): Serum triglycerides (TG) levels 
remained fairly consistent throughout the experiment (Figure 4E). 
Statistical significance was only found in triglyceride levels in Group 
1 after the first 4 weeks of vitamin C deprivation compared to the 
Control Group (172.5 ± 27.8 and 213.5 ± 64.4 mg/dL, respectively; 
P<0.05). Triglyceride levels in all experimental groups were not 
significantly different from the Control Group (P>0.05).

Vascular lesions development

Altered vitamin C deprivation and re-supplementation cycles 
resulted in the development of structural perturbations in the aortic 
wall and the appearance of vascular lesions. Vascular plaques were 

(A)                                                                                                   (B)                                                                                                   (C) 

(D)                                                                                          (E)

Figure 4: (A) Total Cholesterol, (B) LDL-C levels, (C) HDL-C levels, (D) HDL/LDL ratios, and (E) Triglyceride levels in each diet group. Data are expressed 
as Mean ± SD. Different letters indicate significant difference (P<0.05).
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detected mainly at vessel areas subjected to elevated hemodynamic 
stress from blood flow, such as the sites of the aortic root, arch, and 
adjacent branching regions. Due to the missing branches during aorta 
collection, only the aortic root and arch were used for histological 
analysis. Figure 5 shows the representative images of H&E staining 
sections of the aortic arch and root at various time points/groups. 
Already after 4 weeks of vitamin C deprivation, we found mild intima 
thickening and elastic fiber disruptions. Only one large plaque was 
found on the left subclavian artery in Group 4 (Picture not shown). 
No other large plaques were found in the other groups. 

Table 1 shows the incidence of lesions detected in the aortic arch 
and root, the total plaque number, and the average plaque number 
per mouse in the experimental groups and the Control Group. In all 
groups, six aorta samples were randomly selected for the calculation 
of the total plaque number. The average plaque number per mouse 
reflects only mice that developed plaques in the aortas, not a total 
number of mice in the experimental group. The results show, that one 
third of the mice in Group 1 (exposed to the first 4 weeks of vitamin C 
deprivation) developed vascular plaques with an average of 1 plaque 
per animal. In Group 2 (first vitamin C re-supplementation) and 
Group 3 (second cycle of vitamin C withdrawal), about 67% of the 
animals developed plaques with an average 1.3 and 1.2 plaque per 
animal, respectively. All mice in Groups 4 and 5 developed vascular 
plaques, however, vitamin C supplemented Group 4 had 1.2 plaques 
per animal and Group 5 had developed 2.3 plaques per animal. The 
Control Group, which was continuously consuming vitamin C, had 
67% of mice with plaques with an average 1.3 plaques per animal, 
similar to the animals in Groups 2 and 3. The average plaque number 
per animal in Group 5 was significantly higher than the Control 
Group (P<0.05; Table 1). 

Lp(a) deposition in the vascular wall

Figure 6 shows the examples of the h-apo(a) deposition in the 
aortic arch and root in all experimental groups based on immuno-
staining analysis. The h-apo(a) deposits were found in the intima 
and media layers in the experimental groups and the Control group. 
In the Control group there was a negligent h- apo(a) deposition in 
the aortic root, however, more and scattered h-apo(a) deposits were 
present in the arch area. 

Immunohistological analysis for the co-location of h-apo(a), 
h-apoB, and fibrinogen showed overlapping immunostaining only in 
the intimal layer and plaques, but none in the media layer of the aortic 
wall. Figure 7-1 shows an example of this analysis in animals in Group 
1. The co-location of h-apo(a) and h-apo B-100 , which indicates the 
presence of Lp(a), was only found in lesions and the damaged areas of 
the aortic wall, as indicated in Figure 7-2.

The frequency of Lp(a) deposition indicated by the colocation 
of h-apo(a) and h-apo B is shown in Table 2. The number of mice 
showing Lp(a) deposits in the plaques was the highest in Groups 
1, 3 and 5, all of which were deprived of vitamin C in the diet. The 
percentage of mice with Lp(a) deposits was lower in Groups 2 and 4, 
which were resumed with vitamin C supplementation. Only 1 out 4 
mice in the Control Group was found with vascular Lp(a) deposition. 
Also, very little h-apo B was collocated with h-apo(a) on the aortic 
wall in the Control Group. This may indicate that it is a rare event for 
the Lp(a) deposits on the aortic wall when a high dose of vitamin C 
was supplied regularly. 

The percentage of h-apo(a) stained area was measured in lesions 
with Lp(a) deposition as described in Materials and Methods. The 

 Group1 Group2 Group3 Group4 Group5 Control 

 

Arch

 

     
 

Root 

     

Figure 5: Examples of vascular wall plaques on aortic arch and root in experimental groups and control group. H&E staining. Magnification: × 40.

  Mice with plaques  

Group Mice No. No. % Total plaques No. Avg. plaques No. per mouse+

1 6 2 33 2 1.0
2 6 4 67 4 1.0
3 6 4 67 5 1.3 ± 0.5
4 6 6 100 7 1.2 ± 0.4
5 6 6 100 14 2.3 ± 0.5*
Control 6 4 67 5 1.3 ± 0.5

Table 1: The incidence of lesions, total plaques number, and average plaques number per mouse in experimental groups and the control group.

* indicates significant difference P<0.05 compared with the control group; + Average number of lesions per animal was calculated in mice with one or more lesions, 
not in all mice in a group.
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  Mice with Lp(a) deposition

Group Mice No. No. % % of h-apo(a) stained area on 
plaques

1 6 5 83 48.1 ± 10.7a

2 6 3 50 27.9 ± 23.8ab

3 6 4 67 34.3 ± 13.4a

4 6 2 33 15.8 ± 2.5b

5 11 6 55 38.7 ± 13.1a

Control 4 1 25 26.9 ± 0ab

Table 2: Incidence of Lp(a) deposition and percentage of h-apo(a) stained area in Lp(a) containing plaques. Different letters indicate significant difference (P<0.05).

   

 

   
A) B) C) D) 

A) B) C) 

7-1 

7-2 

Figure 7: Example of co-location of h-apo(a), h-apo B, and fibrinogen deposition. Figure 7-1 represents immunostaining examples at aortic arch in 
Group 1: (A) h- apo(a), (B) h-apoB, and (C) fibrinogen. Magnification: × 20.  Figure 7-2 represents immunostaining examples at aortic root in Group 
2: (A) H&E staining shows foam cells accumulation, (B) h- apo(a), (C) h-apoB, and (D) fibrinogen. Magnification: × 40.

 Group1 Group2 Group3 Group4 Group5 Control 

 

Arch 

     
 

Root 

     
Figure 6: Examples of h-apo(a) deposition on lesions on aortic arch and root in experiment groups and the control group. Immunostaining of 
h-apo(a). Magnification: × 40.

percentage of h-apo(a) stained area in plaques was lower in mice 
with resumed vitamin C intake (Groups 2 and 4) and higher in 
Groups 1, 3, and 5 which had the vitamin C deficient diet. The 
percentage of h-apo(a) stained plaques was significantly lower 
in Group 4 than Groups 3 and 5 (P<0.05; Table 2; Figure 8A). 
We found a reversed relationship between the percentage of 
h-apo(a) stained area and serum ascorbic acid levels (Figure 8B). 
The correlation was significant with serum ascorbic acid levels 
explaining about 22% of the variance in the percentage of the 
h-apo(a) deposition on plaques (P<0.05).

Discussion 
Lipoprotein (a), which appeared in human metabolism about 

40 million years ago at the time of the genetic change in humans 
resulting in a loss of internal vitamin C production, is considered a 
repair molecule that would counteract potentially fatal consequences 
of ascorbate deficiency on the extracellular matrix and vascular wall 
[17,19]. Previously we have shown that hypoascorbemia and vitamin 
C depletion (scurvy) in Gulo(-/-);Lp(a)+ mice resulted in increased 
serum levels of Lp(a) and the accumulation of intact Lp(a) molecules 
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(A)                                                                                                             (B)

Figure 8: (A) Quantitation of h-apo(a) stain on plaques on aortic arch and root. Percentages of h-apo(a) stained area of total plaques area are 
shown; (B) Correlation between serum ascorbic acid and percentage of h-apo(a) stained area of the total plaque area in individual animals. Data 
is presented as Mean ± SD. Different letters indicate significant difference (P<0.05).

in the vascular wall, paralleling the development of atherosclerosis 
[18]. 

Since vitamin C intake is rarely constant over longer periods 
of time, we investigated the effect of periodic changes in vitamin C 
dietary intake levels on selected parameters relevant to cardiovascular 
health. Gulo(-/-); Lp(a)+ mice were divided into separate groups and 
were subjected to 4-week cycles of dietary vitamin C withdrawal 
followed by its supplementation during the 20-week period in parallel 
to a continuous vitamin C supplementation for the duration of the 
study. 

We observed that during the vitamin C withdrawal periods 
both serum and liver ascorbic acid fell to very low levels and then 
significantly increased during the vitamin C resumption periods. 
This corroborates the data showing that in Gulo(-/-)mice vitamin C 
was rapidly depleted in the serum, liver, kidney, and heart already 
after 1 week of ascorbate withdrawal [20]. Because of a lack of 
buffering ability in storing ascorbic acid during dietary vitamin C 
deficiency, the authors suggested a constant intake of vitamin C in 
order to maintain its optimal tissue concentration and metabolism 
[20]. We found an interesting phenomenon that during vitamin C 
re-supplementation periods (Groups 2 and 4), both the serum and 
liver ascorbic acid concentrations were reaching significantly higher 
levels than in the mice continuously supplemented with vitamin C 
for 20 weeks (Control Group) (Figure 2A and 2B). The second cycle 
of re-supplementation especially resulted in ascorbate liver levels 
over twice as high as in mice continuously supplied with ascorbate. It 
appears that these animals tended to respond to this dietary challenge 
through metabolic adaptation, such as by increased retention capacity 
of the critical nutrient. This would support earlier suggestions that 
change in availability of an essential micronutrient may lead to 
the adaptation of its absorption in order to maintain normal body 
functions [21,22]. Further support of the metabolic adaptation also 
comes from the analysis of lipid profile parameters which were more 
dramatically affected during the first cycle of vitamin C withdrawal 
and resumption, but not after the second and third cycle of vitamin 
C deprivation. This was especially seen in the changes of the serum 
HDL-C levels (Figure 4C).

Our data show that 4-week alterations in the dietary vitamin C 
intake in Gulo(-/-); Lp (a) + mice also had an effect on the vascular 
wall structure as reflected by the number of plaques developed in 

the aortic root and arch. This confirms our earlier findings showing 
that dietary vitamin C deficiency is an underlying factor promoting 
the deposition of Lp(a) and the development of early atherosclerosis 
[18]. It is well known that vitamin C is essential for the synthesis 
and proper collagen structure as a cofactor of proline and lysine 
hydroxylases. Also another important structural protein component 
in the aorta, elastin, contains a significant amount of hydroxyproline. 
It has been shown that vitamin C deficiency in Gulo(-/-) mice can 
generate structural perturbations in the vascular wall resulting from 
impaired hydroxylation of lysine and proline as indicated by Maeda 
et al. [10].In in vivo studies conducted in guinea pigs, which similar 
to humans are unable to produce vitamin C internally, indicated 
that the hydroxyproline content in elastin in the aortas was ascorbic 
acid dose dependent and it decreased with the severity of vitamin C 
deficiency [23]. The impaired biosynthesis of collagen and elastin 
compromises integrity of the aortic wall and enhances early lesion 
development [24]. 

Our findings showed that consistent supplementation of 
vitamin C can protect against the development of atherosclerotic 
lesions despite the genetic trait of these mice making them prone to 
atherosclerosis (production of Lp(a) and a lack of internal vitamin 
C synthesis). Similar results were also found in other animal models 
[10, 19]. In this study we did not observe a decrease in the number of 
vascular plaques after the resumption of vitamin C intake for 4 weeks. 
The daily vitamin C dose applied in this study (4 mg) for 4 weeks 
allowed to achieve serum ascorbate levels close to the values reported 
in wild type mice (about 63 mcM). In our previous study the intake 
of 2.75 mg vitamin C for 6 weeks resulted in a slightly lower serum 
ascorbate level (50 mcM) and a minor deposition of Lp(a) inside 
the vascular wall. It is possible that more vitamin C is needed for a 
complete vascular wall repair during the 4-week period, or its intake 
should continue for a longer time in order to restore optimal structure 
of the aortic wall. In this respect it was suggested that about 13 mg 
of ascorbate a day is needed to obtain tissue saturation level in the 
Gulo(-/-)mice model [25]. However, the pattern of Lp(a) deposition 
and the percentage of plaques with h-apo(a) would suggest that 4 mg 
of vitamin C intake for 4 weeks can initiate structural changes in the 
vascular wall and consequently lower the requirements for biological 
“repair” by the Lp(a).

Our results show that Lp(a) was present inside the damaged 
vascular wall and plaques. This confirms the earlier findings in human 
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studies indicating Lp(a), not LDL, as the main component of vascular 
plaques [26]. It also supports our previous study results in guinea 
pigs and Gulo(-/-); Lp(a)+ mice models that Lp(a) accumulates in the 
arterial wall structurally weakened by ascorbate deficiency [18,19]. It 
has been suggested that apo(a) is pro-atherogenic by modulating the 
function and permeability of vascular endothelial cells [27-29], and 
Lp(a) entering the arterial intima can be taken up by macrophages 
thereby contributing to foam cell formation [30]. However, this 
and our earlier study point to the Lp(a) role as a vascular repair 
molecule, not a damaging factor itself and that vascular plaque 
development is the consequence of this overshooting “repair” 
process [18,19]. As such, low ascorbic acid levels resulting in a 
decreased ratio of hydroxylysine to lysine and increased vascular 
endothelial gaps, can enhance the influx and binding of Lp(a) 
[19,23]. Our previous study also found that the deposition of 
Lp(a) inside the vascular wall of Gulo(-/-);Lp(a)+ mice is reversely 
correlated with vitamin C intake, and a complete dietary vitamin 
C absence results in a significant Lp(a) deposition in the vascular 
wall [18]. Here we found an inverse relationship between the 
percentage of h-apo(a) stained area in plaques and the serum 
ascorbic acid concentration. This result further supports the role 
of Lp(a) functioning as a mobile repair molecule for the vascular 
wall during ascorbic acid depletion. 

The reversed relationship between HDL-C and vitamin C levels 
has been found in Gulo(-/-)mice and observed in many human 
studies [10, 31-32]. Our findings showed that periodic vitamin 
C deprivation was accompanied by a significantly lower level of 
HDL-C, thus a less healthy cardiovascular profile. This would imply 
that variation in vitamin C intake levels related to, for example, 
changing dietary patterns or its inconsistent supplementation, could 
negatively affect cardiovascular health. Epidemiological studies have 
shown that the seasonal variations in vitamin C intake correlate with 
serum cholesterol levels and CVD events, which in many countries 
tend to rise in winter and decrease in summer [6,33]. Thus, our results 
provide further support for the importance of consistent vitamin C 
supplementation for optimum cardiovascular health. 

In conclusion, our study shows that periodic vitamin C 
deprivation compared to its continuous intake can facilitate metabolic 
changes and the Lp(a) accumulation in the vascular wall leading to 
the development of early atherosclerotic lesions. Therefore, regular 
optimum intake of vitamin C is necessary for maintaining optimum 
profile of blood risk factors, preserving vascular wall integrity and 
assuring optimal cardiovascular health. 
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