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INTRODUCTION 
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1. VITAMIN C 

Vitamin C (L-Ascorbic acid, AA) is a small water soluble molecule 

derived from glucose, involved in the first line antioxidant defense 

against oxidative stress, with the ability to prevent the damage 

induced on various biomolecules and subcellular compartments. AA 

can be de-protonated to ascorbate (Figure 1). Indeed, depending on 

the pH, AA may lose the hydrogen ions attached to either one of the 

two ionizable groups located at carbons 2’ and 3’, generating 

ascorbate mono-anion and di-anion [1]. The oxidation of AA is a 

reversible reaction; dehydroascorbate (DHA) can be converted back 

to AA by either GSH-dependent dehydroascorbate-reductase (transfer 

of 2 electrons) or NADH-dependent semi-dehydroascorbate-reductase 

(transfer of an electron). DHA is unstable at physiological pH and has 

a half-life of 5-15 minutes at 37° C [2]. 

Plants and many animals synthesize AA through different biosynthesis 

pathways. However, teleost fishes, some passeriform birds, guinea 

pigs, and non-human/human primates have lost the ability to 

synthesize AA, since they are deficient in L-gulonolactone oxidase. In 

humans, this enzyme is highly mutated and the gene encoding the 

protein is referred to as a pseudogene. For this reason, these species 

require AA from the diet [3]. In humans, the AA plasma concentration 

is maintained between 40 and 60 M, and any excess is eliminated by 

the kidneys [4]. DHA concentrations in biological fluids are normally 

below 2 M [5]. 
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Scurvy was once a devastating illness in naval voyagers and for those 

who had little access to fresh fruits and vegetables [6]. Death 

typically occurred after several months of vitamin C deprivation and 

was characterized by the degeneration of almost every organ except 

the brain.Numerous biochemical, clinical, and epidemiological studies 

described the beneficial effects of vitamin C in chronic pathologies, in 

particular cardiovascular diseases, cataracts and cancer [7, 8]. The 

intake of nutrients rich in AA appears to be important for the 

prevention of cancer development [9-11], and the AA plasma 

concentration are in general inversely correlated with the risk of 

cancer [7, 12]. The recommended daily dose of vitamin C, necessary 

to maintain normal levels of the vitamin in plasma and tissues, is 75-

125 mg [6]. AA is required to maintain the activity of a wide range of 

enzymes, to promote the biosynthesis of collagen, norepinephrine 

and carnitine and the catabolism of tyrosine [13]. In all these 

functions, the role of the vitamin C is to provide electrons to keep 

prosthetic metal ions (Fe2+ and Cu2+) in their reduced forms. It is 

important to identify the role of vitamin C also as a cofactor for the 

regulation of the redox balance, and for its potential beneficial effects 

in the treatment of chronic degenerative diseases, autoimmune 

diseases and cancer [3]. 
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Figure 1. Structure and redox states of vitamin C 

 

 

 

 

 

 

2. VITAMIN C TRANSPORTERS 

AA levels are remarkably different in different tissues and the highest 

concentrations are reached in the adrenal glands, pituitary, lens, 

brain and liver [14]. The skeletal muscle contains lower amounts of 

AA, about 3-4 mg per 100 grams of tissue, corresponding to 70% of 

the total amount of vitamin C present in the body [14]. 

Several studies have shown that DHA can be taken up by the cells via 

a facilitated diffusion mechanism associated with the immediate 

intracellular reduction back to AA. This mechanism has been 

described in different cell types, including neutrophils [15], 

endothelial cells [16], astrocytes [17] and hepatocytes [18]. It has 

also been shown that DHA can be transported and reduced in the 

lumen of the endoplasmic reticulum [19, 20]. DHA, because of its 

similarity with glucose is transported into the cells by the hexose 
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transporters belonging to the family of GLUTs, in particular GLUT1, 

GLUT3 and GLUT4 [5], characterized by a low affinity / high capacity 

(Figure 3).  

AA is instead taken up by the cells with an active mechanism, 

mediated by two distinct sodium-dependent transporters (SVCT1 and 

SVCT2), cloned for the first time in 1999 [21]. Both transporters are 

glycoproteins that belong to a family of nucleobase transporters, 

which includes general purine permease, bacterial xanthine 

transporter, uracil transporter and membrane-bound uracil permease. 

SVCT1 is encoded by a gene that belongs to the family of solute 

carriers, group 23A, member 1 (SLC23A1), with an open reading 

frame of 1797 bp, while the SLC23A2 gene with an open reading 

frame of 1952 bp encodes SVCT2. Homology among transcripts from 

different species (mouse, rat, pig and human) is about 90% for both 

mRNAs [22]. All the available information about the protein structure 

mainly derives from predictions based on primary amino acid 

sequence and Western blot analysis [23]. The overall amino acid 

identity of SVCT1 and SVCT2 is 65% in human and rat [21] and 60% 

in mouse [24]. Both are trans-membrane proteins; the predicted 

structure contains 12 membrane-spanning domains, with both the N- 

and C- termini located on the cytoplasmic side of the membrane. The 

extracellular loop between the 7 and 8 domains contains a series of 

conserved proline residues, which are needed for structure stability 

and transport efficiency [25] (Figure 2). 
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Figure 2. Structure of SVCTs transporters. A) Alignment of human 

SVCT1, SVCT2 and SVCT3, and UapA amino acids. B) Membrane topology 

model of human SVCT1. The 12 putative transmembrane domains of human 

SVCT1 [26] are shaded in grey. These transmembrane domains are based 

on prediction algorithms for transmembrane topology. Relevant amino acid 

sequences in the N- and C-termini are underlined. Important histidine 

residues (green) and N-glycosylation sites (blue) of SVCT1 and SVCT2 are 

indicated. PKC and PKA sites of SVCT1 are labeled with asterisks. The highly 

conserved QH motif (red box) and signature motif (purple) are highlighted 

(Adapted from Burzle et al. [27]). 

 

Non-functional splice variants have been identified for both human 

SVCT1 and SVCT2. In particular, the SVCT2 variant is a truncated 

protein, unable to transport AA, and possibly inhibiting this process 

through the wild type SVCT2 in tissues in which it is significantly 

expressed [28]. SVCT1 and SVCT2 are both Na+-dependent 

transporters [29-31]. SVCT1 transports AA with a Km of 

approximately 70 μM [32], although there are significant differences 

in the Km values (20–100 μM) detected in other studies performed in 

different cell types  [21, 26]. The process is electrogenic and pH 

sensitive with an optimal pH at around 7.5. The transport of AA is 

50–60% inhibited at pH 5.5 [26, 32]. SVCT2 has an apparent 

transport Km of approximately 15 μM.SVCT1 and SVCT2 cotransport 

Na+ and AA with a 2:1 stoichiometry down the electrochemical Na+-

gradient, with a binding order of Na+, AA, and then Na+[31, 32]. The 
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transport is electrogenic and the Hill coefficient for Na+ is nearly 2 

[21, 26]. Studies by Godoy et al. [31] revealed that the uptake of AA 

is more than 90% decreased in the absence of extracellular Na+. 

Interestingly, SVCT2 was also shown to be Ca2+ and Mg2+-dependent. 

The Authors suggested that, in the absence of Ca2+ and Mg2+, SVCT2 

is driven into an inactive state. Furthermore, they proposed that at 

low Na+ concentrations (<20 mM) SVCT2 presents a low affinity 

conformation, whereas two high affinity conformations are observed 

when Na+ concentrations are increased, and cooperativity of Na+ is 

mediated by AA (Figure 3). Human SVCT1 is expressed in epithelial 

tissues, as the intestine, lung, liver, kidney and skin, and therefore 

contributes to the maintenance of whole-body AA levels. Human 

SVCT2 is instead more widely distributed (e.g. brain, lung, liver, skin, 

spleen, muscle, adrenal, eye, prostate and testis), and appears of 

pivotal importance for the protection of the cells against oxidative 

stress conditions [21, 26, 33, 34]. 
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Figure 3. Vitamin C transport through the cell membrane [35] 
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3- VITAMIN C AND MITOCHONDRIA 

Mitochondria are organelles found almost ubiquitously in eukaryotes. 

They are the location of a number of vitally important metabolic 

pathways, including the Krebs cycle, fatty acid oxidation, and lipid 

and cholesterol synthesis. One of its functions is the production of 

ATP, a versatile carrier of energy, in the respiratory chain/oxidative 

phosphorylation system. NADH+H+ and FADH2, produced by 

glycolysis, Krebs cycle and β-oxidation of fatty acids, are oxidized by 

the respiratory chain transferring electrons from these precursors to 

O2. Incomplete reduction of oxygen occurs by electron leakage from 

Complex I (C-I) and Complex III (C-III), perhaps also from Complex 

IV (CIV). The resulting superoxide anion(O2
–), is the source of other 

reactive intermediates, H2O2 and HO.. These three molecules, which 

represent endogenous oxidotoxins, are normally referred to as 

reactive oxygen species (ROS). They can be detoxified by the 

antioxidant defense system that includes superoxide dismutase 

(SOD), glutathione redox cycle, catalase and melatonin [36]. 

According to the chemiosmotic hypothesis [37], the free energy made 

available in the course of sequential electron transfer is used by C-I, 

C-III and C-IV to pump protons from the matrix to the inter-

membrane space. This results in a proton gradient (ΔµH
+) over the 

mitochondrial inner membrane. This proton gradient is a source of 

free energy that is dissipated when protons enter the inner 

mitochondrial membrane via the ATP synthase. During this process, 
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ADP is phosphorylated to ATP, a high energy molecule consumed by 

many enzymes and numerous cellular processes [37]. Consequently, 

there is considerable interest in developing a basic understanding of 

how mitochondria function and how changes in variables such as 

levels of ROS, membrane potential, calcium or ATP concentrations 

may alter mitochondrial metabolism. 

Since AA and its oxidized products are charged and water-soluble 

molecules, transporters are crucial to keep its concentrations optimal 

in the mitochondria. Although the first report on mitochondrial 

AA/DHA transport was published more than 30 years ago [38], many 

details of the transport were more clearly characterized in the last 

few years. The previous findings that vitamin C can enter plant 

mitochondria as DHA [23] were confirmed by Golde and co-workers 

[39] in animal cells. The mechanism whereby the vitamin is taken up 

by the mitochondria has been attributed for a long time to DHA 

transport for at least two separate reasons: i) hexose transporters 

are expressed in mitochondria [38-40], despite the lack of an 

apparent role of glucose in mitochondrial metabolism; ii) a high 

capacity transport is expected to be advantageous under conditions 

of extensive mitochondrial formation of ROS. Along the same lines, 

the possibility of a mitochondrial AA transport has been considered 

unlikely because of the high affinity of SVCTs, allowing the full 

expression of their activity at AA concentrations remarkably lower 

than those detected in the cytosol of many cell types in vivo [41, 42]. 
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While this consideration deserves further discussion, there are two 

additional reasons arguing against a role of SVCTs in mitochondrial 

AA transport. The first one is based on the well- established Na+-

dependence of these transporters [21], the activity of which does not 

appear compatible with the concentrations of the cation in the 

intracellular fluids. The second reason against the mitochondrial 

location (and function) of SVCT2 is based on its Ca2+-requirements 

for the expression of maximal activity [31]. Under resting conditions, 

there is an about four orders of magnitude difference in Ca2+ 

concentrations between the extra and intracellular compartments, 

with the possibility of a transient increase upon stimulation [43], 

however leading to Ca2+ concentrations still remarkably lower than 

those found in the extracellular milieu. Despite these observations 

and logical considerations, however, we recently provided evidence 

for the presence of SVTC2 immunoreactivity in U937 cell 

mitochondria [44]. Exposure of these cells to AA was associated with 

the mitochondrial accumulation of even low concentrations of the 

vitamin. These results were later on confirmed in HEK-293 cells by 

other investigators, that also provided kinetic information qualifying 

the mitochondrial SVCT2 as a low affinity transporter, due to the low 

intracellular Na+concentrations [45]. 
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4- AIM OF THE THESIS 

The study described in this thesis represents a part of a research 

project developed in the section of Pharmacology, of the Department 

of Biomolecular Sciences, University of Urbino, aimed at the definition 

of vitamin C uptake mechanisms in the mitochondria of mammalian 

cells. Pioneer studies performed in this laboratory demonstrated the 

expression and functional activity of a mitochondrial SVCT2 in human 

promonocytic leukemic cells (U937) [44].The present study was 

performed with the aim of gathering more information on this 

transporter. In particular, I was interested in the characterization of 

the transport kinetics parameters of mitochondrial SVCT2. 

Furthermore, having previously shown that the expression of this 

transporter is permissive for the mitochondrial accumulation of large 

amounts of the vitamin, it was also important to determine the 

impact of this response in specific toxicity paradigms. A final point of 

interest was on the characterization of mitochondrial SVCT2 

expression and activity during the differentiation process of U937 

cells to monocytes. The second focus of this thesis was on the 

skeletal muscle. Since I was aware of the difficulties encountered by 

many investigators during the isolation of mitochondria from this 

tissue, however, I decided to first approach the issue under 

investigation in myotubes differentiated in vitro from C2C12 

myoblasts to then move to the mouse tibialis anterior muscle tissue. 
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1. Cell culture and treatment conditions.  

U937 human myeloid leukemia cells and Raw 264.7 murine 

macrophages were cultured in RPMI 1640 medium (Sigma-Aldrich) 

supplemented with 10% heat-inactivated FBS (Euroclone, 

CelbioBiotecnologie, Milan, Italy), penicillin (100 units/ml) and 

streptomycin (100 μg/ml) (Euroclone). The cells were grown at 37°C 

in T-75 tissue culture flasks (Corning, Corning, NY) gassed with an 

atmosphere of 95% air-5% CO2. 

The undifferentiated U937 (U-U937) were differentiated to monocytes 

(D-U937) by a 4-day growth in culture medium supplemented with 

1.3% dimethyl sulfoxide (DMSO), as previous described [52]. 

C2C12 mouse adherent myoblasts (Mb) were grown in DMEM medium 

(Sigma-Aldrich) supplemented with 10% heat inactivated FBS 

(Euroclone, CelbioBiotecnologie, Milan, Italy), 2 mM l-glutamine and 

penicillin (100 units/ml) and streptomycin (100 µg/ml) (Euroclone). 

The cells were grown at 37°C in a 5% CO2 humidified atmosphere. 

Upon 70-80% confluency, C2C12 Mb were triggered to differentiate 

by changing the growth medium to DMEM containing 1% heat 

inactivated FBS. 

Cells were exposed for 5-10 min to AA or 14C-AA (specific activity 

5.35 mCi/mmol) in Extracellular Buffer, EB (15 mMHepes, 135 

mMNaCl, 5 mMKCl, 1.8 mM CaCl2, 0.8 mM MgCl2, pH 7.4) in the 

presence of 0.1 mM DTT. A 10 mM AA stock solution was prepared 

immediately before use.Stability of AA (30 μM) in the above EB was 



assessed by monitoring the absorbance at 267 nm for 90 min 

(ε267=14,600 M-1 cm-1). In selected experiments, NaCl was 

replaced with choline-chloride. 

2. Purification of mitochondria and subcellular fractionation.

The cells were processed to obtain the following sub-cellular 

fractions: crude mitochondria (Mc), pure mitochondria (Mp), plasma 

membranes (PM), endoplasmic reticulum (ER) as described in ref. 

[53]. Briefly, cells were washed in PBS twice, resuspended in cold 

(4°C) homogenization buffer (HB: 225 mM mannitol, 75 mM sucrose, 

0.1 mM EGTA, protease inhibitor cocktail, 5 mM Tris-HCl pH 7.4) and 

homogenized using a glass potter in ice-bath. The efficiency of 

homogenization was monitored using trypan blue and stopped when 

90% of the cells were disintegrated. The homogenate was centrifuged 

at 1000xg for 20 min at 4°C and the supernatant (S1) collected for 

the final centrifugation. The pellet was re-homogenized and the 

supernatant (S2) added to S1 and centrifuged at 20000xg for 30 min 

at 4°C. The pellet corresponding to crude mitochondria (Mc) was 

washed with HB. The supernatant was centrifuged at 95000xg for 60 

min to obtain the ER fraction (pellet) and the cytosol (C) 

(supernatant). The pellet corresponding to Mc was resuspended in 

MRB buffer (250mM mannitol, 5mM HEPES, 0.5mM EGTA, pH7.4) and 

separated by centrifugation at 95000xg for 2 hours on 30% Percoll 

gradient. The lower density band, corresponding to the pure 

18 
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mitochondrial fraction (Mp), was collected and washed two times in 

MRB at 6300 x g for 20 min [53]. 

The mitochondria from skeletal muscle tissues were obtained by 

differential centrifugation, following the protocol of Frezza et al. [54]. 

Muscles were taken from the back legs of the mice (tibialis anterior), 

isolated from the bone and turned away of fat, tendons and 

connective tissue. Subsequently, the tissue was chopped with a 

scalpel, scissors and tweezers, using as support a steel plate on ice. 

The chopped muscle tissue was then washed 3 times with cold PBS + 

10 mM EDTA, 0.5 mM DTT + 5.77 mM ATP using a metal strainer. 

The pieces were re-suspended in cold PBS + 10 mM EDTA + 0.5% 

trypsin, vortexed and left on ice for 30 minutes. The chopped tissue 

was centrifuged at 1000 rpm for 5 minutes at 4 ° C. The pellet was 

re-suspended in IBM1 (1M sucrose, 1M Tris/HCl, 1M KCl, 1M EDTA, 

10% BSA, pH 7.4) + 1.8 mM ATP (ratio 1: 5 or 1:10) and 

homogenized using a Potter homogenizer provided with glass Teflon 

pestle connected by a steel pole to an electric motor. All these steps 

were performed on ice. Total homogenate aliquots were taken for 

Western Blot analysis. The remaining homogenate was centrifuged at 

1800 rpm for 10 minutes at 4° C. The supernatant (S1) was 

transferred to a centrifuge tube suitable to JA20 rotor, while the 

pellet was re-suspended in IBM1 and re-homogenate as described 

above obtaining S2. S1 and S2 were combined and centrifuged at 

8000 rpm for 10 minutes at 4° C. After removal of the supernatant, 
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the pellet corresponding to the mitochondria was re-suspended in 10 

ml cold IBM2 (1M sucrose, 0.1 M EGTA/Tris, 1 M tris/HCl, pH 7.4) and 

centrifuged again at 8000 rpm for 10 minutes at 4° C. The pellet 

corresponding to Mc was re-suspended in MRB buffer (250mM 

mannitol, 5mM HEPES, 0.5mM EGTA, pH7.4) and separated by 

centrifugation at 95000xg for 2 hours on 30% Percoll gradient. The 

lower density band, corresponding to the pure mitochondrial fraction 

(Mp), was collected and washed two times in MRB at 6300 x g for 20 

min [53]. 

 

3. Uptake of 14C AA in isolated mitochondria 

The isolated mitochondria were exposed to 14C-AA in Incubation 

Buffer (IB, 15 mM Hepes-Na; 15 mMNaCl, 120 mMKCl, 1 mM MgCl2, 

pH 7.6) containing 0.1 mM DTT. After the treatments, the samples 

were centrifuged (10000 rpm for 5 minutes at 4 ° C), the incubation 

buffer removed and the cells washed twice with 1 mM AA + IB + 

cold 1 mM DTT. The cells were then lysed with NaOH 0.5 N and the 

samples transferred to the vials. After the addition of 4 ml of 

scintillating liquid (Universal LSC-cocktail Ultima Gold), the samples 

were placed in the scintillator (analyzer in liquid phase Tri-carb 

2100TR-model) for the determination of associated radioactivity. 
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4. Western blot (WB) assay.  

Equal amounts (30 µg) of sub-cellular fractions and whole cell lysates 

were resolved in 12.5 or 15% sodium dodecyl sulphate 

polyacrylamide gel and electrotransferred to polyvinyldienedifluoride 

membranes (PVDF). Western blot analysis was performed using 

antibodies against SVCT2, cytochrome c, calnexin, GLUT3 and actin. 

Details on Western blotting apparatus and conditions are reported 

elsewhere [56]. Antibodies against cytochrome c, calnexin and GLUT3 

were used to assess and the purity of the fractions. 

 

5. Reverse transcriptase-polymerase chain reaction (RT-PCR).  

1 g of total RNA, purified with TRIzol protocol, was pre-treated with 

Dnase I and used for cDNA synthesis with the SMARTScribe Reverse 

Transcriptase. The following primers were used to analyze the 

expression of: SVCT1: For 5’-GCCCCTGAACACCTCTCATA-3’ and Rev 

5’-ATGGCCAGCATGATAGGAAA-3’; SVCT2: For 5’-

TTCTGTGTGGGAATCACTAC-3’ and Rev 5’-

ACCAGAGAGGCCAATTAGGG-3’. Amplification of GAPDH was used for 

internal control. Amplification products were examined by 

electrophoresis on 1.5-2% agarose gels and visualized with ethidium 

bromide. 
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6. Transmission Electron Microscopy (TEM) analysis. 

Cells were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer 

for 15 min. Pellets were further processed as reported by Burattini et 

al. [57]. The analyses were performed in Prof. Falcieri’s lab, in the 

Department of Biomolecular Sciences, Università degli Studi di 

Urbino. 

 

7. Immunolocalization by confocal microscopy.  

Cells were incubated for 20 min with 50 nM MitoTraker Red 

(Molecular Probes, Europe, Leiden, The Netherlands) in 2 ml of PBS in 

35-mm tissue culture dishes containing an uncoated coverslip. The 

cells were then fixed for 1 min with 4% paraformaldehyde, RT, 

washed with PBS (8 g/l NaCl, 1.15 g/l Na2HPO4, 0.2 g/l KH2PO4, and 

0.2 g/l KCl, pH 7.4), permeabilized with 0.1% Triton X-100 in PBS 

and then blocked in PBS containing BSA (2% w/v) for 30 min. The 

cells were subsequently incubated with goat polyclonal anti-SVCT2 

antibody (1:100 in PBS containing 2% BSA), stored for 18 h at 4°C, 

washed and then exposed to FITC-conjugated secondary antibody 

diluted 1/100 in PBS for 2h in the dark. The digital images were 

acquired on a Leica TCS-SP5 CSLM mounted on a Leica DMI 6000 CS 

inverted microscope (Leica Microsystems CMS GmbH, Mannheim, 

Germany) at 512x512 using 63.0 x 1.4 oil objective (HCX PL APO 

63.0 x 1.40 OIL UV) and with appropriate excitation ⁄ detection 
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settings (FITC argon laser 488 nm / 500-535 nm emission filter; 

MitoTracker Red HeNe laser 543 nm / 555-610 nm emission 

filter).Images and degree of co-localization were analyzed by the 

Leica Application Suite Advanced Fluorescence (LASAF) and JACoP, a 

plugin for the ImageJ Software (Wayne Rasband, Bethesda, MA). We 

used Pearson’s coefficient as the parameter to measure co-

localization in our samples. These analyses were performed in Prof. 

Falcieri’s lab. 

 

8. Cytotoxicity Assay 

After treatments with peroxynitrite, the number of viable cells was 

estimated with the trypan blue exclusion assay. Briefly, an aliquot of 

the cell suspension was diluted 1:2 (v/v) with 0.4% trypan blue and 

the viable cells (i.e., those excluding trypan blue) were counted with 

a hemocytometer. 

 

9. MitoSOX red oxidation  

Cells were first exposed for 15 min (37°C) to 5 µM MitoSOX red, 

washed two times with saline A and finally treated as detailed in the 

legend to the figures. After treatments, the cells were washed three 

times and fluorescence images were captured with a BX-51 

microscope (Olympus, Milan, Italy), equipped with a SPOT-RT camera 

unit (Diagnostic Instruments, Delta Sistemi, Rome, Italy) using an 

Olympus LCAch 40 x/0.55 objective lens. The excitation and emission 



24 
 

wavelengths were 510 and 580 nm with a 5-nm slit width for both 

emission and excitation. Images were collected with exposure times 

of 100-400 ms, digitally acquired and processed for fluorescence 

determination at the single cell level on a personal computer using 

Scion Image software (Scion Corp., Frederick, MD). Mean 

fluorescence values were determined by averaging the fluorescence 

values of at least 50 cells/ treatment condition/experiment. 

 

10. Alkaline-halo assay 

DNA single-strand breakage was determined using the alkaline halo 

assay developed in our laboratory [58]. It is important to keep in 

mind that, although we refer to DNA strand scission throughout the 

text, the DNA nicks measured by this technique under alkaline 

conditions may in fact include alkali labile sites in addition to direct 

strand breaks.  Details on the alkaline halo assay and processing of 

fluorescence images and on the calculation of the experimental 

results are also given in Ref. [58]. DNA single-strand breakage was 

quantified by calculating the nuclear spreading factor value, 

representing the ratio between the area of the halo (obtained by 

subtracting the area of the nucleus from the total area, nucleus + 

halo) and that of the nucleus, from 50 to 75 randomly selected 

cells/experiment/treatment condition. Results are expressed as 

relative nuclear spreading factor values calculated by subtracting the 
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nuclear spreading factor values of control cells from those of treated 

cells. 

11. Kinetic calculations

The transport kinetic parameters were calculated by using the 

Michaelis-Menten equation and the linear transformation of Eadie-

Hofstee. Kinetic parameters were estimated from the fitted curves 

using the Graph Pad Prism software designed for nonlinear regression 

analysis.  

12. Statistical analysis

The results are expressed as means ± SD. Statistical differences were 

analyzed by one-way ANOVA followed by Dunnett’s test for multiple 

comparison or two-way ANOVA followed by Bonferroni’s test for 

multiple comparison. A value of P < 0.05 was considered significant. 
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1. ASCORBIC ACIDTRANSPORT IN U937 CELLS

1.1 Kinetic characterization of mitochondrial SVCT2 in U937 

cells. 

The expression of functional SVCT2 in U937 cells mitochondria was 

recently demonstrated in our laboratory [44]. In particular, we found 

that a 10 min exposure to 10 M AA is associated with the 

accumulation of an about 150 M concentration of the vitamin in the 

cytosol and with a 10 mM concentration in mitochondria. This 

observation suggests the involvement of a high affinity transport of 

AA in mitochondria. In our initial experiments, we decided to provide 

more data further demonstrating the mitochondrial localization of 

SVCT2. 

Figure 4A and B provides evidence of a punctuate fluorescence 

response evoked by a mitochondrial probe (MitoTraker red) in U937 

cells. A similar subcellular distribution of the fluorescence was 

observed in cultures supplemented with an anti-SVCT2 antibody. The 

mitochondrial expression of SVCT2 was confirmed by appropriate co-

localization analyses (Figure 4C-E). Coherent information is provided 

by the identification of the same bands in immunoblot experiments 

using anti-SVCT2 antibodies and mitochondrial preparations obtained 

with two different isolation procedures (Figure 4F). Finally, the 

mitochondrial localization of SVCT2 is also consistent with the results 

obtained in immunoblotting experiments using markers for the 
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nuclear, mitochondrial, plasma membrane, endoplasmic reticulum 

and cytosol enriched fractions (Figure 4G). 

We then moved to experiments aimed at the assessment of the 

kinetic characteristics of U937 cell mitochondrial SVCT2. As 

previously indicated, this transporter is expected to display low 

substrate affinity, due to the cytosolic milieu, different in ionic 

composition from extracellular fluids [31]. On the other hand, the 

very high accumulation of AA in mitochondria might represent an 

indication of the expression of a high affinity transport of the vitamin. 

 

 



29 
 

 
 
 
Figure 4. Subcellular localization of SVCT2 in U937 cells. (A–E) Co-

localization of anti-SVCT2 immunoreactivity with a mitochondrial fluorescent 

probe (MitoTracker Red) in U937 cells. Representative fluorescence images 

of cells double stained for SVCT2 (green, A) and mitochondria (red, B). In 

the merged images, the regions containing both MitoTracker Red and FITC 

fluorescence appear yellow (C). (D) Colocalisation analysis and 

quantification. (E) The Pearson's (PC) and Manders' (M1 and M2) overlap 

coefficients represented as the average of ten individual cells. (F) 

Mitochondrial fractions obtained from two different lots of untreated U937 

cells were processed for Western blot analysis using antibodies against 
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SVCT2. Blots were re-probed for HSP-60. Mitochondria were isolated by a 

differential centrifugation procedure (Method 1) or by sucrose gradient 

centrifugation (Method 2). (G) U937 cells were homogenized and 

fractionated by differential centrifugation and the different fractions (N: 

nuclear fraction; M: mitochondria; ER: endoplasmic reticulum; PM: plasma 

membranes enriched fraction; C: cytoplasmic fraction) were processed for 

Western blot analysis. Blots shown are representative of 2 separate 

experiments with similar outcomes [59]. 

 
 
 
We initially performed a time course analysis of AA(30 M) uptake in 

isolated mitochondria (MB: 5 mM HEPES, 210 mM mannitol, 70 mM 

sucrose, 1 mM Na-EGTA, pH 7.4)and found that these organelles take 

up AA at a constant rate of 0.48± 0.055 nmol/mg prot/min for at 

least 5 min (Figure 5A). We then exposed mitochondria for 3 min to 

increasing concentrations of AA and obtained a response well 

described by a hyperbolic curve saturating at 60 M AA (Figure 5B). 

Analysis of the transport data by the Eadie–Hofstee method (Figure 

5C) produced a straight line (r2 = 0.95), consistent with the presence 

of a functional component, allowing the calculation of an apparent Km 

of 26.96 ± 1.46 μM and a Vmax of 1.24± 0.045 nmol/mg prot/min. It 

is interesting to note that similar experiments using a K+-containing 

buffer (IB: 15 mM HEPES-Na, 15 mM NaCl, 120 mM KCl, 1 mM MgCl2, 

pH 7.6) produced identical results (Figure 5D and E) with an even 

lower Km (22.40 ± 1.6 μM), despite the recent indication that K+ may 
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in fact reduce the affinity of the mitochondrial AA transporter [45]. 

Results illustrated in Figure 5F provide evidence for a progressive loss 

of activity at descending pH values. We also performed experiments 

using intact Raw 264.7 cells, which only express SVCT2 (Figure 6A, 

inset a). The concentration–dependence for the accumulation of the 

vitamin is reported in the inset (b) to Figure 6A. Eadie-Hofstee 

analysis of this data produced a straight line (r2 = 0.95), as 

previously shown for U937 cell mitochondria, allowing the calculation 

of a similar Km value (22.4 ± 1.66 μM). To draw a comparison, 

similar experiments were performed in intact U937 cells, which 

express both SVCT1 and 2 (Figure 6B, inset a). This experiments 

generated a hyperbolic dose-response curve (Figure 6B, inset b) that, 

when analyzed by the Eadie-Hofstee method (Figure 6B), revealed a 

non linear relationship that fits well with a model describing the 

involvement of two saturable transport systems for AA, with different 

affinities for the substrate; the higher affinity component had an 

apparent Km of 8.4 ± 0.76 μM and Vmax 0.11 ± 0.007 nmol/mg 

prot/min, whereas the lower affinity component had apparent Km and 

Vmax values of 85.5 ± 7.9 μM and 0.48 ± 0.03 nmol/mg prot/min, 

respectively. These Km values are in the expected range for SVCT2 

and SVCT1 [60-62].An additional important similarity was found for 

the pH-dependent regulation of SVCT2-mediated AA transport. Our 

results obtained with intact Raw 264.7 cells (Figure 6C) are in 

keeping with the notion that SVCT2 activity is impaired at acid pH 
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[63]; a virtually superimposable curve was obtained in experiments 

performed with isolated mitochondria (Figure 5F). 

 

 
 
Figure 5. Kinetic properties of mitochondrial SVCT2 in U937 cells. 

(A) Time-dependence of AA accumulation in isolated mitochondria exposed 

to 30 μM14C-AA in MB. (B) AA content in isolated mitochondria exposed to 

0–60 μM14C-AA in MB. (C) Eadie–Hofstee plot of the data in B. (D) AA 

content in isolated mitochondria exposed to 0–1.5 mM14C-AA/AA in IB. (E) 

Eadie–Hofstee plot of the data in D. (F) AA uptake in isolated mitochondria 

exposed to 30 μM AA at different pH values in IB [59]. 
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Figure 6. AA transport in Raw 264.7 and U937 cells. (A) Eadie –

Hofstee plot of the concentration-response curve for AA transport in Raw 

264.7 cells. Inset (a): Raw 264.7 cell lysates were processed for Western 

blot analysis using antibodies against SVCT1 and SVCT2. Inset (b): AA 

content in Raw 264.7 cells exposed to 0–100 μM14C-AA in EB. (B) Eadie–

Hofstee plot of the concentration–response curve for AA transport in U937 
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cells. Inset (a): U937 cell lysates were processed for Western blot analysis 

using antibodies against SVCT1 and SVCT2. Inset (b): AA content in U937 

cells exposed to 0–100 μM AA in EB. (C) AA uptake in Raw 264.7 cells 

exposed to 30 μM AA at different pH values in EB. Values are means, with 

standard deviations calculated from at least three separate experiments 

[59]. 

 
 
Plasma membrane SVCT2-mediated transport of AA is activated by 

high Na+ concentrations, i.e., those normally detected in the 

extracellular milieu [30]. The Na+-dependence of AA transport was 

therefore investigated in mitochondria isolated from U937 cells. The 

results illustrated in Figure 7A are from experiments in which MB was 

supplemented with 30 μM AA and increasing concentrations of Na+. 

These results clearly establish the Na+-dependent activation of the 

mitochondrial SVCT2 at surprisingly low concentrations of the cation. 

Indeed, mitochondrial uptake of AA increased linearly with increasing 

Na+ concentrations, reaching a plateau at 1 mM, with a Na50 (the Na+ 

concentration inducing a 50% of the AA maximal uptake rate) of 

0.525 mM. We then performed similar experiments in which MB was 

replaced with IB. As indicated in Figure 7B, AA uptake was somewhat 

increased under these conditions but, most importantly, the plateau 

was reached once again at 1 mM Na+. The sigmoidal curves outlined 

in Figure 7A and B are indicative of a cooperative mechanism, also 

emphasised by the Hill plot (insets to Figure 7Aand B) leading to a 

calculated nH values of 2.2 ± 0.1 and 2.0 ± 0.16,respectively.We 
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finally tested the Na+-dependence for AA transport in Raw264.7 cells 

and obtained data in line with those previously reported in other 

studies [30]. 

 

 

 

 
 
 
Figure 7. Na+-dependence of AA transport in mitochondria isolated 

from U937 cells and in intact Raw 264.7 cells. (A) Effect of increasing 

Na+ concentrations on 14C-AA (30 μM) uptake in isolated U937 cell 

mitochondria bathed in MB. Inset: Hill plot of the data in A. (B) Effect of 

increasing Na+ concentrations on 14C-AA (30 μM) uptake in isolated U937 

cell mitochondria bathed in IB. Inset: Hill plot of the data in B. (C) Effect of 

increasing Na+ concentrations on AA (30 μM) uptake in intact Raw 264.7 

cells bathed in EB. Inset: Hill plot of the data in C. Values are means, with 

standard deviations calculated from at least three separate experiments 

[59]. 
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Plasma membrane SVCT2–mediated transport of AA has an absolute 

requirement for Ca2+ and Mg2+[31]. Coherently, omission of Ca2+ and 

Mg2+from the extracellular milieu abolished AA (30 μM) transport in 

Raw 264.7 cells, whereas hardly any effect was obtained with the 

omission of either Ca2+ or Mg2+ alone (Figure 8A). Results obtained in 

U937 cells were somewhat different, as some residual AA transport 

activity was found in the absence of both cations (Figure 8A), most 

likely dependent on SVCT1 activity. These results are therefore 

different from those reported in Fig. 5B(using isolated mitochondria), 

in which AA transport studies were performed using a Ca2+/Mg2+-free 

buffer supplemented with EGTA(MB).Further studies revealed that AA 

transport in isolated mitochondria is not affected by removal of EGTA 

and is abolished by Na+ omission, regardless of the presence of 

EGTA. Moreover, AA transport rate in EGTA-free MB was insensitive 

to addition of Ca2+ (0.25 μM) and/or Mg2+ (2.5 mM) (Figure 8B). The 

Ca2+ and/or Mg2+ independence of AA transport in isolated 

mitochondria was also established in experiments in which MB was 

replaced with IB (not shown). These results therefore indicate that 

mitochondrial SVCT2-mediated AA transport is Ca2+ and Mg2+-

independent and is not further stimulated by increases in Ca2+ and/or 

Mg2+ concentrations.  
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Figure 8. Ca2+ and/or Mg2+-dependence of AA transport in intact 

Raw 264.7 cells, U937 cells and mitochondria isolated from U937 

cells. (A) Raw 264.7 and U937 cells were exposed to 14C-AA (30 μM) in EB 

manipulated as indicated in the figure. AA uptake was then determined. (B) 

Mitochondria isolated from U937 cells were exposed to 14C-AA (30 μM) in 

MB manipulated as indicated in the figure and then analyzed for AA 

accumulation. Values are means, with standard deviations calculated from 

at least three separate experiments [59]. 
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In conclusion, our work provides further evidence for the 

mitochondrial localization of SVCT2 in U937 cells and demonstrates 

that this transporter, because of the very low requirements for Na+ 

and divalent cations, has an affinity comparable with that of the 

plasma membrane SVCT2[59]. These results imply that different cells 

types might accumulate AA in their mitochondria through both high 

and low affinity SVCT2. 

The mitochondrial accumulation of AA has important implications in 

an array of events that take place in these organelles. For example, 

we recently found that a short-term pre-exposure to as low as 3 M 

AA prevents the toxic effects mediated by prolonged exposure to 

arsenite [64]. Under these conditions, the metalloid selectively 

triggers the mitochondrial formation of superoxide/H2O2 and the 

ensuing mitochondrial permeability transition followed by delayed 

apoptotic death: the mitochondrial fraction of AA was found to 

prevent superoxide/H2O2 and the above downstream events. 

In general, intra-mitochondrial AA is expected to display antioxidant 

properties associated with prevention of the deleterious effects 

mediated by a large variety of reactive species, including peroxides, 

hydroxyl radicals, superoxide (O2
-), and peroxynitrite [47, 48]. 

Although cytoprotection may also be induced via additional 

mechanisms, growing experimental evidence documents an 

unexpected ability of intra-mitochondrial AA to promote opposite 

effects, in particular after exposure to otherwise inactive 
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concentrations of different oxidants [58, 68, 73]. These enhancing 

effects have nothing to do with extracellular O2
-.generated by 

autoxidation of high concentrations of AA in solution, and are in fact 

mediated by the intracellular fraction of the vitamin via a mechanism 

saturating at low concentrations of AA [64, 74]. 

Given this premise, cellular and mitochondrial transport of AA is likely 

regulated by various independent pathways. Interestingly, we 

recently described [66] a mechanism limiting the activity of both the 

plasma membrane [65] and mitochondrial SVCT2 [59], controlled by 

DHA. Indeed, the combined treatment with AA and DHA leads to the 

same cellular and mitochondrial accumulation of the vitamin observed 

after treatment with DHA alone (Figure 9A and its inset). Thus, while 

cellular uptake of AA appears linked to a rapid transport of the 

vitamin in mitochondria, the results obtained with DHA alone, or 

combined with AA, are of more complex interpretation. More 

specifically, DHA is the species crossing the plasma membrane in 

both of these conditions [65] and it is unclear why, even at fairly high 

concentration (e.g., 30 µM), it is poorly taken up by the 

mitochondria, either directly or as DHA-derived AA. In order to 

address this issue, we investigated the rate of intracellular reduction 

of DHA. In these experiments, the cells were exposed for increasing 

time intervals to 30 µM AA, or DHA, and subsequently processed for 

the assessment of vitamin C accumulation, with or without DTT (10 

mM) treatment of the lysates prior to HPLC analysis (Figure 9B). The 



40 

results are indicative of an immediate reduction of DHA back to AA, 

thereby leading to the straightforward conclusion that, under these 

conditions, direct mitochondrial uptake of DHA is limited by the poor 

substrate concentrations. Significant mitochondrial accumulation of 

AA was however detected in cells exposed to very high concentrations 

of DHA (Figure 9C), an observation consistent with the possibility of a 

direct mitochondrial uptake of the oxidized form of the vitamin. A 

comparison of the results obtained after exposure to AA or DHA 

provides evidence for an enormous difference in the mitochondrial 

accumulation of vitamin C associated with the two treatments. As an 

example, similar mitochondrial accumulation of vitamin C was 

measured in cells exposed to 10 µM AA or 300 µM DHA, i.e., under 

conditions in which the overall cellular accumulation of the vitamin 

was dramatically different (Figure 9C, inset).These results indicate 

that low extracellular concentrations of DHA are associated with rapid 

uptake and rapid reduction back to AA, so that direct mitochondrial 

uptake of DHA cannot take place at significant amounts. At increasing 

extracellular DHA concentrations, however, intracellular steady-state 

concentrations of DHA progressively increase, thereby enhancing the 

possibility of its mitochondrial uptake through hexose transporters. 

The DHA concentration-dependence for the mitochondrial 

accumulation of the vitamin in cells exposed to 30 µM AA is illustrated 

in Figure 9D. 
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Figure 9. Mitochondrial accumulation of vitamin C in cells exposed 

to AA, DHA or the two agents combined. A) The cells were exposed for 

15 min to 30 µM AA, or DHA, either alone or combined, and finally analyzed 

for vitamin C accumulation (inset) or processed for the isolation of the 

mitochondrial fraction prior to vitamin C analysis (main graph). Results 

represent the means ± SD calculated from at least 3 separate experiments. 

*P < 0.001 as compared to the sample exposed to AA (first bar) B) The 

cells were first exposed for increasing time intervals to 30 µM AA, or DHA, 

and then processed for vitamin C analysis, with or without addition of 10 

mM DTT to the lysates. Results represent the means ± SD calculated from 

at least 3 separate experiments. C) The cells were exposed for 15 min to 

increasing concentrations of AA, or DHA, and then processed for the 

isolation of the mitochondrial fraction prior to vitamin C analysis (main 

graph). The inset shows the amount of vitamin C accumulated by the cells 

after exposure to 10 µM AA or 300 µM DHA.  Results represent the means ± 

SD calculated from at least 3 separate experiments. D) Vitamin C 

accumulation in the mitochondria of cells exposed for 15 min to 30 µM AA 

and increasing concentrations of DHA (main graph). The inset shows the 

results of similar experiments in which the vitamin C content was estimated 

in total cell extracts (○). For comparison, vitamin C content after exposure 

to DHA alone is also reported ().  Results represent the means ± SD 

calculated from at least 3 separate experiments. *P < 0.001, as compared 

to exposure to AA alone (two-way ANOVA followed by Bonferroni’s test) 

[66]. 
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The results obtained were best described by a bimodal curve, with a 

fast kinetic observed at DHA concentrations < 3 µM, and a 

remarkably slower kinetic at greater concentrations. 

To investigate the accumulation of vitamin C in isolated mitochondria 

we performed experiments exposing these organelles to 30 M AA or 

DHA. Using radiolabeled AA we obtained surprisingly similar kinetics 

of uptake (Figure 10A). The 5 min exposure time-point was selected 

to determine that i) AA transport is sensitive to Na+ omission and 

insensitive to Cyt B (Figure 10B), thereby implying the exclusive 

uptake of the reduced form of the vitamin and ii) the amount of the 

radioactivity associated with exposure to the mixture ascorbate-

oxidase/14C-AA is Na+-independent and sensitive to Cyt B, and hence 

entirely resulting from DHA uptake. The results illustrated in Figure 

10C provide evidence for an identical, DTT-insensitive accumulation 

of the vitamin in isolated mitochondria exposed to increasing 

concentrations of AA and DHA. The notion that AA and DHA are taken 

up by their specific transporters was assessed as in the above 

experiments (Figure 10D). The results presented in this section 

collectively indicate that AA and DHA are efficiently and similarly 

transported into mitochondria through their respective transporters. 

In addition, once in the mitochondria, AA is kept in its reduced state 

and DHA is immediately reduced back to AA. Moreover the 

mitochondrial AA transporter might be susceptible to DHA-dependent 
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inhibition, as previously observed in the case of plasma membrane 

SVCT2 [65]. 
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Figure 10. Accumulation of vitamin C in isolated mitochondria from 

U937 cells exposed to AA, DHA, or the two agents combined. A) 

Time-dependence of accumulation of vitamin C in isolated mitochondria 

exposed to 30 µM 14C-AA or 30 µM 14C-DHA (obtained by addition of an 

excess of ascorbate oxidase to 30 µM 14C-AA). Results represent the means 

± SD calculated from 3 separate experiments. B) Isolated mitochondria 

were exposed to radiolabeled AA, or DHA, both at 30 µM, and then analyzed 

for vitamin C accumulation. Treatments were performed in MB 

supplemented with Cytocalasin B (Cyt B), or manipulated to replace 

sodium-EGTA with sodium-free EGTA. Results represent the means ± SD 

calculated from at least 3 separate experiments. *P < 0.001, as compared 

to the first bar of each set (one-way ANOVA followed by Dunnet’s test). C) 

Concentration-dependence of the accumulation of vitamin C in isolated 

mitochondria exposed for 15 min to AA, or DHA, with or without addition of 

10 mM DTT to the lysates prior to HPLC analysis. Results represent the 

means ± SD calculated from at least 3 separate experiments.  D) Isolated 

mitochondria were exposed to 30 µM AA, or DHA, either alone or combined, 

and finally analyzed for vitamin C accumulation. Treatments were 

performed in MB, with the manipulations described in (B). Results represent 

the means ± SD calculated from at least 3 separate experiments. *P < 

0.001, as compared to the first bar of each set (one-way ANOVA followed 

by Dunnet’s test) [66]. 
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We performed experiments using purified mitochondria exposed to 30 

M radiolabelled AA alone or associated with various inhibitors. As 

indicated in Figure 11A, mitochondrial uptake of the vitamin was 

suppressed by established inhibitors of plasma membrane SVCT2, as 

40 M pCMB or 200 M S-Pyr [67, 75], and reduced by a 30 M 

concentration of either DHA or quercetin (Figure 11B). We finally 

performed experiments to determine the reversibility of the effects 

mediated by DHA on mitochondrial AA transport. The mitochondria 

were first treated for 15 min with 30 M DHA, then DHA was removed 

and the organelles exposed for an additional 15 min to 30 M AA. As 

indicated in Figure 11C, AA uptake was very little inhibited in 

comparison to the condition of concomitant exposure to AA and DHA. 

In conclusion, our results indicate that SVCT2 is a major physiological 

transporter in the mitochondria of the cell type employed in this 

study, and presumably of other cell types characterized by similar AA 

transporter densities and DHA reductive capacities. In these 

conditions, DHA is not a likely precursor for mitochondrial vitamin C 

accumulation. At low intracellular levels, presumably compatible with 

those achievable “in vivo”, DHA may rather function as an inhibitor of 

mitochondrial transport of AA. 
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Figure 11. DHA-dependent inhibition of AA uptake in isolated 

mitochondria from U937 cells. A) Isolated mitochondria were exposed 

for 15 min to 30 µM 14C-AA alone, or associated with Cyt B (25 µM), pCMB 

(40 µM), S-Pyr (200 µM), DHA (30 µM) or quercetin (30 µM) and then 

processed for the assessment of vitamin C accumulation. Results represent 

the means ± SD calculated from at least 3 separate experiments. *P < 

0.001 as compared to the sample exposed to AA (first bar). B) Isolated 

mitochondria were exposed for 15 min to 30 µM 14C-AA, in the absence or 

presence of increasing concentrations of either DHA or quercetin, and then 

processed for the assessment of vitamin C accumulation. Results represent 

the means ± SD calculated from at least 3 separate experiments. C) 

Reversibility of the DHA-dependent inhibition of mitochondrial AA transport. 

Mitochondria were treated for 15 min with 30 µM DHA (time -15 min to 0), 

centrifuged and then exposed for an additional 15 min to 30 µM 14C-AA, 
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either immediately (time 0) or after a 2.5, 5 or 15 min incubation in fresh 

medium. After treatments, the radioactivity associated with the 

mitochondria was measured as described in the Methods section. For 

comparison, results obtained under conditions of combined exposure to 30 

µM 14C-AA and 30 µM DHA are also included (data in ordinate axis, ▲). 

Results represent the means ± SD calculated from at least 3 separate 

experiments [66]. 
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1.2 Characterization of mitochondrial SVCT2 in D-U937 cells. 

Early studies performed in our laboratory [74] indicated that the 

mitochondrial fraction of vitamin C promotes enhancing effects in 

cells supplemented with otherwise inactive concentrations of 

peroxynitrite, the coupling product of nitric oxide and superoxide. We 

more recently demonstrated that superoxide formation takes place at 

the complex III level in a reaction in which ubisemiquinone serves as 

an electron donor [68, 70]. Superoxide is then dismutated to H2O2, 

which can either damage the mitochondria or exit these organelles 

and produce effects in other subcellular compartments, including 

genomic DNA [68, 69, 71]. A critical event for superoxide formation is 

represented by the process of peroxynitrite-dependent Ca2+ 

mobilization from the ryanodine receptor and the mitochondrial 

clearance of the cation [69].Coherently, loss of functional ryanodine 

receptors leads to a resistance phenotype, as we found in the case of 

U937 cells differentiated to monocytes [72]. The differentiation 

process was indeed associated with down-regulated expression of 

ryanodine receptors and differentiated cells failed to generate 

mitochondrial superoxide, and became resistant to peroxynitrite 

toxicity. Human monocytes and macrophages also fail to express the 

ryanodine receptor and hence display collateral resistance to 

peroxynitrite [72]. As these cells actively produce peroxynitrite in 

inflamed tissues, down-regulation of ryanodine receptors appears as 

an effective strategy to maintain cellular integrity under conditions 
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associated with the release of large amounts of different oxidants, 

including peroxynitrite itself. AA is also involved in events regulating 

cell growth and differentiation in various systems, e.g. in vitro 

differentiation of several mesenchyme-derived cell types [76], and in 

vivo differentiation of connective tissues, such as bone, muscle, and 

cartilage [77]. 

Based on these considerations, we investigated the expression and 

the kinetic characteristics of the cellular and mitochondrial SVCT2 

during DMSO-dependent differentiation of promonocytic U937 cells 

(U-U937) to monocytes (D-U937). The results illustrated in Figure 

12A provide evidence for the expression of the two AA transporter 

isoforms, SVCT1 and 2, at the mRNA level in both U- and D-U937 

cells. A significant down-regulation of SVCT2 mRNA during 

differentiation, with hardly any effect detected in the case of SVCT1 

mRNA, was also detected. The observed down-regulation appeared 

asa very early event of the differentiation process, as it was clearly 

detectable after only 24h of DMSO exposure (data not shown). 

Interestingly, the analysis of SVCT2 expression at the protein level 

(Figure 12B) did not provide evidence of a down-regulation of the 

transporter at day 4 of DMSO exposure, a likely consequence of the 

slow turnover of this protein. As expected, we found no difference in 

terms of SVCT1 protein expression.  
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Figure 12. Effects of U937 cells differentiation on SVCTs mRNA and 

protein expression. A) RT-PCR analysis of SVCT1 and SVCT2 mRNA 

expression in U-U937 and D-U937 cells; RT-PCR for GAPDH was used as an 

internal control; B) WB analysis of total cellular lysate of U-U937 and D-

U937 cells using anti-SVCT1, anti-SVCT2; anti-actin antibody is used as 

loading control.  

 

 

In addition, U-U937 and D-U937 cells were found to take up AA at 

similar rates(Figure 13). Importantly, under these conditions, AA 

uptake was entirely dependent on Na+-AA co-transporter(s). 

Furthermore, AA transport was suppressed by Na+ omission, using a 

buffer in which the ion is replaced by coline, in both the U-U937 and 

D-U937 cells (not shown). 

The above results are therefore indicative of a similar uptake of the 

reduced form of the vitamin in the two cell types, despite the early 

suppression of SVCT2 mRNA expression in D-U937 cells.  
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Figure 13. No effect of U937 cells differentiation on the rate of 

cellular uptake of low concentrations of AA. AA content in U-U937 and 

D-U937 cells exposed for 15 min to 0-60 M AA. Results are the means ±

SD of at least 3 separate experiments. 

In order to characterize mitochondrial AA transport during the 

differentiation process, U-U937 and D-U937 cells were exposed to 

increasing concentrations of AA and processed for the isolation of 

mitochondria for the assessment of their AA content. Interestingly, 

the results illustrated in Figure 14A provide a clear-cut indication that 

the fraction of mitochondrial AA is remarkably lower in D-U937 cells. 

For a correct interpretation of these results, it is important to keep in 

mind our previous findings indicating that, under similar conditions, 

intracellular AA is directly taken up by the mitochondria via an active 

Na+-dependent transporter [44]. An additional information is that 

mitochondria derived from U-U937 cells only express SVCT2 [44]; 
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these results were reproduced in this study (Figure 14A) and the 

same lack of anti-SVCT1 immunoreactivity was found in the 

mitochondria of differentiated cells (Figure 14B).We however 

obtained the unexpected and apparently contradictory result of 

enhanced SVCT2 expression in the mitochondria of D-U937 cells. In 

summary, during the differentiation process of U937 cells, the 

mitochondrial uptake decreases and this phenomenon is associated 

with an enhanced expression of the mitochondrial SVCT2. 

We extended our AA uptake studies in mitochondria isolated from U-

U937 and D-U937 cells. Time-course experiments revealed that the 

rate of AA uptake was linear in the first 5 min in both cell types (data 

not shown). Under these conditions, concentration-response studies 

produced two hyperbolic curves saturating at 30-60 µM AA. Of note, 

as shown in Figure 14C, we obtained a remarkably lower amount of 

the vitamin accumulated in isolated mitochondria from D-U937 cells. 

Analysis of the transport data by the Eadie-Hofstee method produced 

straight lines (Figure 14D), consistent with the presence of a single 

functional component on the mitochondria of both cell types. 

Although apparent Km values were similar (16.05±5.3 µM and 

15.5±4.7 µM for U-U937 and D-U937 cell mitochondria, respectively), 

Vmax values were in fact significantly lower for the D-U937 cells 

(0.41 ± 0.3 nmol/mg prot/min) vs the U-U937 counterpart (0.75 ± 

0.8).  
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The above results provide evidence for a diminution of AA transport in 

the mitochondria of D-U937 cells uniquely based on a decreased 

Vmax of mitochondrial SVCT2 transporter, despite enhanced protein 

expression. While more studies are needed to provide an explanation 

for these results, it nevertheless appears that SVCT2 

immunoreactivity detected in the mitochondria of D-U937 cells is due 

to an inactive form of the transporter. Recent studies [28], have 

reported in brain the existence of a shorter SVCT2 isoform of the 

protein (SVCT2sh), produced by an internal deletion in the mRNA 

sequence, that, while failing to act as an AA transporter, actually 

down-regulates the activity of the normal transporter throw a 

protein-protein interaction. Our results may therefore be compatible 

with the expression of a SVCT2sh in D-U937 cells, an event 

associated with a reduced mitochondrial accumulation of AA. We 

cannot, however, rule out a possible double regulation, at 

transcriptional and post-transcriptional level, specific for these 

organelles. There are indeed numerous lines of evidence on the 

modulation of a protein activity induced by post-translational 

modifications. In silico analysis of the amino acid sequence revealed 

the presence of N-glycosylations and phosphorilation sites that can 

induce conformational modifications of the protein with subsequent 

modulation of cellular localization and activity [78, 79]. 
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Figure 14.Uptake of AA in the mitochondria of undifferentiated and 

differentiated U937 cells. A) AA content in mitochondria purified from U-

U937 and D-U937 cells pre-exposed to 0-60 M AA in EB. B) WB analysis of 

mitochondrial SVCT1 and SVCT2 expression in U-937 and D-U937 cells; 

HSP-60 protein is used as an internal loading control. Results are the means 

± SD of at least 3 separated experiments. C) Mitochondrial AA content in 

isolated mitochondria from U-U937 and D-U937 cells exposed to 0-60 M 

AA. D) Eadie-Hofstee plot of data in C. 
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The expression of mitochondrial SVCT2 is permissive for a significant 

accumulation of AA in these organelles; based on this notion, we 

tested whether such site-specific accumulation -i.e., very high 

mitochondrial and very low cytosolic concentrations [44]- of the 

vitamin, was able to selectively affect the impact of toxic substances 

resulting in mitochondrial dysfunction. For this purpose, we used the 

toxicity paradigm based on U937 cell exposure to peroxynitrite [69-

72]. 

U-U937 and D-U937 cells were pre-exposed to AA and subsequently

treated with 40 uM peroxynitrite, a condition failing to produce 

significant effects in the absence of additional treatments. Figure 15A 

shows the results obtained with cells analyzed for their MitoSox Red 

fluorescence, indicative of mitochondrial O2
-. formation. It can be 

appreciated that preloading with low concentrations of AA is 

associated with the selective triggering of peroxynitrite-dependent 

mitochondrial O2
-. formation in U-U937 cells. In order to obtain a 

similar response, it was necessary to treat the D-U937 cells with 

remarkably greater (30-60M) concentrations of AA. The results from 

these experiments were very much similar to, and coherent with, 

those obtained under identical conditions in cells analyzed for DNA 

damage with the alkaline halo assay (Figure 15B) or for cytotoxicity 

(Figure 15C). 

Taken together, the results reported above indicate that the process 

of U937 cell differentiation is accompanied by events resulting in the 
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gain of a resistance phenotype against the enhancing effects of intra-

mitochondrial AA on peroxynitrite-induced superoxide formation, DNA 

strand scission and cytotoxicity. Since the effects of AA in both the U-

U937 and D-U937 cells were similarly affected by the respiratory 

chain inhibitors (not shown), such a resistance phenotype very likely 

depends on events associated with the mitochondrial uptake of the 

vitamin. 
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Figure 15. MitoSOX red oxidation, DNA cleavage and toxicity in U-

U937 and D-U937 cells exposed to AA and low concentrations of 

peroxynitrite. U-U937 (circles) or D-U937 (squares) cells were exposed for 

15 min to increasing concentrations of AA (0-60 M) and subsequently 

incubated in fresh saline A with 40 µM peroxynitrite. MitoSOX red-

fluorescence (A), DNA damage (B) and toxicity (C) were determined after 

10, 30 and 60 min, respectively. Results represent the means ± SD 

calculated from at least 3 separate experiments. *P < 0.01; **P < 0.001 as 

compared to untreated cells (two-way ANOVA followed by Bonferroni’s 

test). 
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2. ASCORBIC ACID TRANSPORT IN THE SKELETAL MUSCLE.

As previously mentioned, the skeletal muscle contains the largest 

proportion of total body vitamin C [14, 80, 81]. The skeletal muscle 

also represents a critical site of ROS production [82] and AA likely 

mitigates the resulting oxidative damage [83] associated with bouts 

of physical exercise [84] and observed in individuals affected by type 

2 diabetes [85]. Several mouse models exist for the study of the 

effects resulting from decreased levels of AA in vivo. Knockout mice 

have been generated to study global AA deficits due to lack of AA 

synthesis (gulo (−/−) [86], and for tissue specific decreases due to 

knockout of the two AA transporters SVCT2(−/−) [87] and 

SVCT1(−/−) [30]. SVCT2(−/−) do not survive post birth and show 

severe hemorrhage in brain accompanying almost undetectable AA 

levels in SVCT2-dependent organs [86, 87]. 

Proliferation and differentiation represent mutually exclusive and 

closely related cellular processes, placed under the control of specific 

categories of regulatory genes [88, 89]. The antagonism between 

these processes becomes apparent during development, when many 

cell types differentiate following irreversible cell cycle arrest. The 

counterpart of this situation is found instead in cancer cells, in which 

uncontrolled proliferation is associated with the loss of typical 

characteristics of cellular terminal differentiation [87-90].The skeletal 

muscle C2C12 cell line has been widely used in experiments 
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investigating specific changes occurring in differentiating skeletal 

muscle cells. In this cellular model, the transition from a myoblast 

precursor (Mb) to a multi nucleate fiber is finely regulated by the 

expression of specific genes, accompanied by considerable changes in 

the synthesis of proteins and morphological changes [62, 88, 91-93]. 

The C2C12 cells can be maintained in their proliferative state when 

grown in a medium containing high concentrations of nutrients (10 % 

FBS); to induce terminal differentiation, Mb are transferred to 

medium containing low concentrations of nutrients (1% FBS). Under 

these culture conditions MyoD activity is down-regulated and Mb exit 

the cell cycle, orient themselves and acquire the myogenic phenotype 

of mononuclear myocytes; the myocytes fuse and give rise to 

multinucleated myotubes (Mt). In parallel with these events, the 

expression of specific genes of terminal differentiation is induced [62, 

88, 91-93].C2C12 cells are characterized by an efficient system of 

vitamin C uptake, represented by SVCT2 and GLUTs for AA and DHA 

transport, respectively. DHA, once taken up the cells, is then rapidly 

reduced back to AA [83]. Some studies have shown that the 

expression of SVCT2 in muscle cells is regulated both at the 

transcriptional level and translational [29, 78, 94]. Low et al. [95] 

have shown that, in the muscle cells of chicken embryos, the 

transport of vitamin C is a positive modulator, since the expression of 

SVCT2 protein increases during the differentiation from Mb to Mt. 
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On the basis of our previous results [44, 66], we employed the 

C2C12 cells to investigate the expression of mitochondrial SVCT2 

during differentiation of Mb to Mt. Figure 16 shows the 

characterization of undifferentiated (Mb) and differentiated C2C12 

cells(Mt), with the remarkable morphological changes associated with 

the expression of markers of the myogenic process[22]. Results 

reported in Figure 17are indicative of SVCT2 expression at the mRNA 

and protein levels, with same apparent increase detected in SVCT2 

protein of Mt. There was no evidence of SVCT1 expression in Mb and 

Mt. 
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Figure 16. C2C12 Mb and Mt. Representative photographs of Mb (A) and 

Mt (B). (C) Western blot analysis for myogenin and myosin in Mb and Mt. 

Actin was used as a loading control. (D) Creatine phosphokinase (CPK) 

activity of Mb and Mt. (E) Protein content of Mb and Mt.  Results are the 

means ± SD of at least three separate experiments.  
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Figure 17.SVCT1 and 2 expression in C2C12 Mb and Mt. A) RT-PCR 

analysis of SVCT1 and SVCT2 expression in C2C12 Mb and Mt. Total RNA 

was reverse-transcribed and amplified with SVCT1 or SVCT2 primers. 

Amplification of the GAPDH is used as internal control. U937 cells were used 

as positive control for SVCT1 and SVCT2 expression (C+). C- is the reaction 

mix without template. B) Western blot analysis using antibodies against 

SVCT2 in C2C12 Mb and Mt. Actin is used as internal loading control. The 

blot shown is representative of at least 3 separate experiments with similar 

outcomes.  
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Time course studies revealed similar rates of AA (60M) transport in 

Mb and Mt(Figure 18A). We also observed that AA uptake is in both 

cell types sensitive to sodium omission, sulphinilpyrazone, and to ice-

bath temperature (Figure 18B). We then performed dose-response 

studies for AA (0-60 M) uptake and obtained results best described 

by twosimilar hyperbolic curves (Figure 18C). The analysis of the 

transport data by the Eadie-Hofstee method demonstrated in the two 

cell types the presence of single high-affinity transporters, with 

characteristics compatible with the isoform 2 of SVCT (figure 

18D).The Km values were 27.60 uM and 27.04 uM for Mb and Mt, 

respectively. The Vmax values were 0.30 and 0.27 nmol/min/mg prot 

for Mb and Mt, respectively.  

According to these results, it appears that the differentiation 

processes fails to promote significant changes in SVCT2 plasma 

membrane expression and activity.  Similar results were previously 

published [22, 96]. 
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Figure 18. SVCT2-dependent AA uptake in C2C12 Mb and Mt. (A) 

Time-dependent accumulation of AA (60 μM) in Mb and Mt in EB.(B) 

Temperature and sodium dependence of AA (60 μM) uptake in Mb and Mt. 

Effect of S-pyr(200 µM) on AA uptake in the two cell types.(C) Dose-

dependence of AA uptake in Mb and Mt (D) Eadie-Hofstee plot of the data 

reported in B. Values are the means of at least three separate experiments.  
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Wethen moved to mitochondria isolated from Mb and obtained a 

linear accumulation of the vitamin in the first 5 minutes of incubation 

(data not shown). The concentration response-curve (Figure 19A) 

was hyperbolic and approached saturation at AA concentrations 

greater than 500 μM. Analysis of the transport data by the Eadie–

Hofstee method (Figure19B) produced a straight line (r2=0,90), 

consistent with the presence of a single functional component, 

allowing the calculation of an apparent Km of 451.1 ± 63.76 µM and 

a Vmax of 3.195 ± 0.02 nmol/min/mg prot. These results indicate 

that the Mb mitochondrial SVCT2 functions with a low-affinity. 

In order to provide direct evidence for the expression of SVCT2 in Mb 

mitochondria, we performed additional experiments based on various 

approaches. 

The Percoll is a colloidal suspension in polivilpirrolidone (PVP) of silica 

particles (with a diameter of 17 nm) and this isolation of 

mitochondria with this technique presents two major advantages with 

respect to the differential centrifugation method (based on a sucrose 

gradient): (i) Percoll has a low viscosity, that allows a more rapid 

sedimentation at a reduced centrifugation speed in comparison with 

sucrose; (ii) Percoll can be prepared in an isotonic solution for 

maintaining the osmolarity [97-99].  

Samples, obtained as described in Material and Methods, were 

analyzed by Western blot and TEM. 
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Figure 19.C2C12 Mb mitochondrial SVCT2 functions as a low-affinity 

AA transporter. A) Concentration-response curve for the transport of AA in 

isolated mitochondria; B) the Eadie-Hofstee plot of the data reported in (A). 

Values are the means of at least three separate experiments 

 

As show in Figure 20A, evidence for SVCT2 expression in Mb is 

restricted to the mitochondrial (Mc and Mp) (positive for cytocrome c 

and HSP-60) and plasma membrane (PM) (positive for GLUT3) 

fractions. The Mp fraction was however negative for GLUT3, thereby 

implying that the mitochondrial immunoreactivity to the anti-SVCT2 

antibody was not due to a contamination of the PM fraction. Actin 

immunoreactivity was present only in the total lysate (tot). Figure 

20B is a representative image, obtained with the TEM technique, of 

the Mp fraction, that shows an enrichment of mitochondria with a 

fairly good integrity and without strong contaminations due to the 

other fractions. 

A B 
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Figure 20. Mitochondrial expression of SVCT2 in C2C12 Mb. 

(A) Sub-cellular fractionation and mitochondrial purification. The cells were 

homogenized and fractionated by differential centrifugation and the Percoll 

gradient technique. The fractions were separated by SDS-PAGE, transferred 

to PVDF membranes, and immunodetected with appropriate antibodies. 

(Tot: total homogenate; Mc: crude mitochondrial fraction; Mp: purified 

mitochondrial fraction; PM: plasma membrane; ER: endoplasmic reticulum). 

(B) TEM analysis of pure mitochondrial fraction (Mp). Bar= 2m. m= 

mitochondrion, * = empty mitochondrion. 
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Finally, we performed immunocytochemical analysis of C2C12 Mb 

labelled with anti-SVCT2 antibody and with a mitochondrial probe, 

MitoTracker red. Figure 21 (A-D) provides an image of single cells, in 

which the green identifies the expression of SVCT2 (A), the red the 

mitochondria (B) and the yellow the co-localized pixels in the overlay 

image (C). Co-localization analysis was also performed using Image J 

software, generating a co-localization image in black and white pixels 

(D). Panel E shows the Pearson’s (P) and Manders’ (M1 and M2) 

overlap coefficients. The calculated P coefficient was 0.55 and the M1 

coefficient indicated that 70% of the SVCT2 detected overlaps with 

stained mitochondria.  
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Figure 21. Mitochondrial localization of SVCT2 in C2C12 Mb. (A-D) 

Representative fluorescence images of cells double stained for SVCT2 

(green, A) and mitochondria (MitoTracker Red, B). In the merged image (C) 

the co-localization appears yellow. (D) Co-localization analysis and 

quantification performed with Image J software. (E) The Pearson's (P) and 

Mander’s (M1 and M2) overlap coefficients represented as the average of 

ten images. Bar = 25 m. 
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The above experiments provide convincing experimental evidence for 

the plasma membrane and mitochondrial expression of SVCT2 in 

C2C12 Mb. In addition, the mitochondrial SVCT2 appears to be 

characterized by a low affinity for AA. 

We then moved to the more complex part of the study, because the 

problems encountered for the mitochondrial isolation were 

remarkably more significant when Mt were used in the place of Mb. 

The isolation of sub-cellular fractions with a high degree of purity, 

starting from tissues and mammalian cells, has a great interest since 

it allows the study and the characterization of specific proteins and 

organelles. A number of fractionation protocols for the purification of 

specific organelles has been successfully applied to various cells types 

but very serious problems have been encountered using the skeletal 

muscle. This particularly true for the mitochondria of the skeletal 

muscle, that are characterized by a different architecture in 

comparison with other tissues [100-102]. In the skeletal muscle, the 

mitochondria create a three-dimensional network around the 

sarcomeres [102] and retain functional interactions with the 

sarcoplasmic reticulum (SR), with lipid droplets and the cytoskeleton. 

The interaction with the SR is based on a system defined as MAM 

membranes (membranes associated with mitochondria), very difficult 

to remove during the process of mitochondria isolation. Indeed MAM 

membranes generally co-sediment with mitochondria during 

centrifugation [65]. We therefore performed experiments using 
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confocal microscopy and TEM analysis in conjunction with WB analysis 

of the subcellular fractions obtained by Mt using both the differential 

centrifugation and Percoll gradient techniques, as already described 

for Mb. 

Figure 22A shows that the SVCT2 immunoreactivity is present in the 

mitochondrial (Mc and Mp), PM and ER fractions. Cytochrome c, the 

mitochondrial marker, marks weakly the ER fraction, an observation 

compatible with the possibility that the SVCT2 signal in ER is 

attributable to a mitochondrial contamination. However, the opposite 

can also be true because of the persistence of the signal relative to 

calnexin in both mitochondrial preparations. The existence of a cross-

contamination of the mitochondrial and ER fractions was confirmed by 

results obtained via TEM analysis of the Mc fraction. Figure 22C 

documents the presence of a large number of intact mitochondria 

along with some membrane fragments,derived from broken 

mitochondria and/or cellular plasma, and many ribosomes derived 

from ER. The image shown in panel D, is representative of the Mp 

fraction, which appears further enriched in mitochondria with 

however some residual damaged organelle and small fragments of 

the ER. 
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Figure 22. Subcellular localization of SVCT2 in C2C12 Mt. 

(A) Subcellular fractionation and mitochondrial purification. The cells were 

homogenized and fractionated by the differential centrifugation and Percoll 

gradient techniques. The fractions were separated by SDS-PAGE, 

transferred to PVDF membranes, and immunodetected with appropriate 

antibodies. (Tot: total homogenate; Mc: crude mitochondrial fraction; Mp: 

purified mitochondrial fraction; PM: plasma membrane; ER: endoplasmic 

reticulum).TEM analysis of (B) total homogenate, (C) crude mitochondrial 

fraction (Mc) (bar = 10 m), and (D) purified mitochondrial fraction (Mp) 

(bar = 2 m). m = mitochondrion, * = empty mitochondrion, = PM and 

ER pieces. 
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Finally, we performed an immunocytochemical analysis of C2C12 Mt 

labelled with anti-SVCT2 antibody and with a mitochondrial probe, 

MitoTracker red. We observed a heterogeneous expression of the 

mitochondrial SVCT2 (Figure 23). A more detailed analysis led to the 

following considerations: 

 - cells with 1 nucleus are normally characterized by the 

mitochondrial expression of SVCT2 (signal of co-localization>90%). 

This is also true in cells presenting evidence of differentiation, i.e., 

the presence of pseudo-filaments (panels A-B). 

- good evidence for a mitochondrial expression of SVCT2 is 

maintained in Mt with 2 or 3 nuclei (about 75%). In some 

circumstances, however, an extra-mitochondrial signal was also 

noted (panels C-D-E-F-G). The arrows indicated the different 

localization of the green signal. 

- Mt with 3 (or more) nuclei generally displayed a weak mitochondrial 

signal for SVCT2 (panel H). Importantly, however, this conclusion is 

based on the analysis of a limited number of tri-nucleated cells.  

In summary, the results presented in this section suggest that the 

mitochondrial expression of SVCT2, clearly detected in Mb, is 

preserved during the differentiation of C2C12 cells-derived Mt. 

However, the problems encountered during the isolation of 

mitochondria did not allow a clear-cut demonstration of this notion. 

At present, we can only suggest that Mt mitochondrial SVCT2 

expression decreases at increasing levels of Mt differentiation.  
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Figure 23. Mitochondrial localization of SVCT2 in C2C12 Mt. 

Representative fluorescence images of cells double stained for SVCT2 

(green) and mitochondria (MitoTracker Red). In the merged image (A-H) 

the co-localization appears yellow. Bar = 25 and 50 m.  

 

 

We finally performed experiments in the skeletal muscle (tibialis 

anterior) isolated from the hind limbs of CD1 mice. In the initial 

phase of the ex vivo study, we measured the cellular levels of AA. As 

indicated in Figure 24,we detected approximately 4 nmol/mg of total 

proteins, in line with the results obtained by other authors [103].  

We also made an attempt to measure the mitochondrial fraction of AA 

and obtained values close to 0.1 nmol/mg mitochondrial proteins. 

This is indicative of a mitochondrial accumulation of the vitamin since 

the preparations obtained were surprisingly pure and free of ER 

contamination. This notion is established by both TEM and WB 

analyses of the subcellular fractions obtained by the differential 

centrifugation and Percoll gradient techniques. The TEM images 

reported in Figure 23 (B-D) provide evidence of intact mitochondria, 

with well-defined cristae, in both Mc (panel C) and Mp (panel D) 

fractions. WB studies did not provide evidence of a calnexin signal in 

the mitochondrial preparations and, similarly, there was no evidence 

of cytochrome c signal in the ER. On the other hand, we observed a 

very poor expression of SVCT2 transporter isoform in both the total 
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lysate (tot) and the mitochondrial fractions (Mc and Mp), as shown in 

Figure 23 A.  

These results suggest that the muscle, because at the end of the 

differentiation pathway, has a more defined structure that makes the 

mitochondrial separation easier and more efficient. These results, 

however, are also indicative of poor SVCT2 expression in the muscle, 

thereby not allowing us to directly ask the question on the in vivo 

expression of mitochondrial transporter of vitamin C. 
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Figure 24. AA content in the skeletal muscle. 

Vitamin C content (total and mitochondrial fraction) in the skeletal muscle 

(tibialis anterior) isolated from the hind limbs of CD1 mice. 
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Figure 25. Subcellular fractions of mouse tibialis anterior muscle 

and SVCT2 expression.(A) Subcellular fractionation and mitochondria 

purification. The tissue was homogenized and fractionated by the Percoll 

gradient technique and the fractions (Tot: total homogenate; Mc: crude 

mitochondria; Mp: pure mitochondria; ER: endoplasmic reticulum) were 

separated by SDS-PAGE, trasferred to PVDF membranes, and 

immunodetected with appropriate antibodies. (B-D) TEM analysis of total 

homogenate (B) (bar = 10 mm), crude  mitochondria (Mc) (C) (bar = 10 

mm), and pure mitochondria (Mp) (D) (bar = 10 mm). m= mitochondrion, -

> = plasma membranes,  f= muscle fibres.  
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In conclusion, the results presented in my thesis provide conclusive 

evidence for the expression and functional activity of mitochondrial 

SVCT2 in U937 cells.  Most importantly, it appears that mitochondrial 

SVCT2 -unlike the plasma membrane counterpart- is characterized by 

a high affinity, since this transporter is characterized by a very low 

requirement for sodium and is virtually calcium independent. We also 

found that the differentiation of U937 cells to monocytes is 

accompanied by the loss of expression of SVCT2 mRNA and by the 

loss of function of mitochondrial SVCT2.  This event if probably 

important to prevent the AA-dependent enhancing effects on 

peroxynitrite toxicity. Monocyte-derived macrophages indeed actively 

produce peroxynitrite in the inflamed tissues. 

This study also provides evidence for the expression of mitochondrial 

SVCT2 in C2C12 Mb. In these cells, however, the transporter was 

found to work with a low affinity. The differentiation of Mb to Mt was 

accompanied by the formation of a complex network between 

mitochondria and endoplasmic reticulum, which complicated the 

process of isolation of mitochondria. Given this premise, we 

nevertheless conclude that differentiation did not significantly affect 

the expression/activity of plasma membrane SVCT2 but apparently 

resulted in a decreased expression of mitochondrial SVCT2. Studies in 

the mouse skeletal muscle are at present inconclusive since further 

complicated by the poor overall expression of SVCT2.  
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