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ASCORBIC ACID

Ascorbic Acid [50-81-1] (1) is the name recognized by the IUPAC-IUB Commission on Biochemical Nomen-
clature for Vitamin C (1). Other names are: L-ascorbic acid, L-xyloascorbic acid, and L-threo-hex-2-enoic acid
y-lactone. The name
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(1) L-Ascorbic acid

implies the vitamin’s antiscorbutic properties, e.g., the prevention and treatment of scurvy. L-Ascorbic
acid is widely distributed in plants and animals. The pure vitamin, C¢HgOg, mol wt 176.13, is a water-soluble,
strongly reducing, optically active (chiral) colorless crystalline substance.

L-Ascorbic acid biosynthesis in plants and animals as well as the chemical synthesis starts from D-
glucose. The vitamin and its main derivatives, sodium ascorbate, calcium ascorbate, and ascorbyl palmitate,
are officially recognized by regulatory agencies and included in compendia such as the United States Pharma-
copeia / National Formulary (USP/NF) and the Food Chemicals Codex (FCC).

The most significant chemical characteristic of L-ascorbic acid (1) is its oxidation to dehydro-L-ascorbic
acid (L-threo-2,3-hexodiulosonic acid y-lactone) 1 (Fig. 1). Vitamin C is a redox system containing at least three
substances: L-ascorbic acid, monodehydro-L-ascorbic acid, and dehydro-L-ascorbic acid. Dehydro-L-ascorbic
acid and the intermediate product of the oxidation, the monodehydro-L-ascorbic acid free radical 1, have
antiscorbutic activity equal to L-ascorbic acid.

The reversible oxidation of L-ascorbic acid to dehydro-L-ascorbic acid is the basis for its known physiolog-
ical activities, stabilities, and technical applications (2). L-ascorbic acid is by far the most predominant form
found in blood plasma and tissues. Dehydroascorbic acid is rapidly reduced intracellularly to L-Ascorbic acid
by enzymatic and/or chemical mechanisms. The importance of vitamin C in nutrition and the maintenance of
good health is well documented. Over 22,000 references relating only to L-ascorbic acid have appeared since
1966. A good review article about chemistry and biochemistry is found in Ref. (3).

L-Ascorbic acid was isolated first by Albert Szent-Gyorgyi in 1928. However, its early history is associated
with the etiology, treatment, and prevention of scurvy (4-6). Scurvy is one of the oldest diseases known to
humankind. It affected many people in ancient times in Egypt, Greece, and Rome and influenced the course
of history. Outbreaks of the disease resulting from inadequate amounts of vitamin C in rations spontaneously
ended many military campaigns and long ocean voyages (7). During the Middle Ages, scurvy was endemic in
northern Europe, occurring mostly in the winter season when fresh fruits and vegetables were unavailable.
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Fig. 1. Vitamin C redox system.

By the end of the seventeenth century, scurvy became a severe problem among sailors on long voyages. It was
treated as a venereal disease, with disastrous results.

The first clues to the treatment of scurvy occurred in 1535-1536 when Jacques Cartier, on advice from
Newfoundland Indians, fed his crew an extract from spruce tree needles to cure an epidemic. Various physicians
were recommending the use of citrus fruits to cure scurvy in the mid-sixteenth century. Two hundred years
later, in 1753, it was proved by James Lind, in his famous clinical experiment, that scurvy was associated with
a dietary lack of fresh vegetables. He also demonstrated that oranges and lemons were the most effective cure
against this disease. In 1753, in A Treatise on the Scurvy, Lind published his results and recommendations (8).
Forty-two years later, in 1795, the British Navy included lemon juice in seamen’s diets, resulting in the familiar
nickname “limeys” for British seamen. Evidence has shown that even with undefined scorbutic symptoms,
vitamin C levels can be low, and can cause marked diminution in resistance to infections and slow healing
of wounds. Research leading to the discovery of vitamin C began in 1907 Axel Holst and Theodor Frohlich
observed that guinea pigs were as susceptible to scurvy as humans and that the disease could be produced
experimentally in these animals (9). These findings led to the development of an assay for the biological
determination of antiscorbutic activity of food products (10). Between 1910 and 1921, the vitamin was obtained
in almost pure form from lemons and some of the physical and chemical properties were determined (11). It
was discovered that vitamin C is easily destroyed by oxidation and best protected by reducing agents, and
that 2,6-dichlorophenolindophenol is reduced by solutions of the vitamin. Subsequent studies showed that
the dichlorophenolindophenol test measured only the vitamin and not dehydroascorbic acid, which also has
antiscorbutic activity. The isolation of vitamin C was first accomplished by Szent-Gyo6rgyi in 1928 from cabbage,
paprika, and the adrenal glands of animals (12). The relationship between vitamin C and the antiscorbutic
factor was established in 1932 by Szent-Gyorgyi and, at the same time, by King and Waugh (13). Also in 1932,
the chemical structure of ascorbic acid was determined independently by Haworth and Hirst (14). One year
later, in 1933, Reichstein synthesized D-ascorbic acid and L-ascorbic acid (15). L-Ascorbic acid was synthesized
from D-glucose (4) because the chiral centers of C-2 and C-3 were in the correct configuration to become C-4
and C-5, respectively, of L-ascorbic acid (16).
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This synthesis was the first step toward industrial vitamin production, which began in 1936. The synthetic
product was shown to have the same biological activity as the natural substance. It is reversibly oxidized in the
body to dehydro-L-ascorbic acid 1 (L-threo-2,3-hexodiulosonic acid y-lactone), a potent antiscorbutic agent with
full vitamin activity. In 1937, Haworth and Szent-Gyorgyi received the Nobel Prize for their work on vitamin
C.

In 1970 Linus Pauling claimed that vitamin C alleviates the symptoms of the common cold or even may
prevent the cold. His conclusion was based on a single placebo-controlled trial on children in the Swiss Alps.
Sudies carried out since then, administering 1 gr Ascorbic acid per day, indicating that the vitamin does indeed
have physiological effects on the common cold. This finding is of major importance, because the prevailing
opinion was that the only physiological effect vitamin C has is to prevent scurvy (17,18). However, there is
still a difference of opinion between scientists that the vitamin has no proven effects on the common cold. In
general, vitamin C enhances immune response in men, speeds up the healing of wounds, and contributes to
our well-being overall.

1. Structure Determination

Albert Szent-Gyorgyi demonstrated that “hexuronic acid,” C4gHgOg, which was first isolated from sources such
as cabbage juice, was identical to vitamin C (L-ascorbic acid). Ultraviolet absorption studies carried out in
the mid-1930s led to the proposal that L-ascorbic acid was 3-oxo-L-sorbosone (5), which exists in a variety of
tautomeric forms, including (6), (7), and L-ascorbic acid (1). The chemical structure of L-ascorbic acid was de-
termined independently by Haworth and Hirst using x-ray crystallographic techniques (14). Soon afterwards,
additional data supporting the structure 1 were published by other authors (19-21). Excellent review articles
summarizing the early work on vitamin C have appeared (22, 23). Years later, with improved x-ray tech-
niques (24, 25) and neutron-diffraction methods (26), the structure of L-ascorbic acid was refined (27, 28). The
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five-membered ring containing the enediol group is almost planar. The conformation of the side chain in the
crystal is as shown by structure 1. The chiral center at position C-4 has the R- or D-configuration, whereas C-5

has the S- or L-configuration.
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As a result of having two chiral centers, four stereoisomers of ascorbic acid are possible (Table 1) (Fig. 2).
Besides L-ascorbic acid (Activity = 1), only D-araboascorbic acid (erythorbic acid 2) shows vitamin C activity
(Activity = 0.025 — 0.05). The L-ascorbic acid structure (1) in solution and the solid state are almost identical.
Ascorbic acid crystallizes in the space group P2; with four molecules in the unit cell. The crystal data are
summarized in Table 2.
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Fig. 2. Isomers of ascorbic acid.
Table 1. Isomeric Ascorbic Acids
Substance Structure Mp, °C [alp (H20), ° Activity
L-ascorbic acid (1) 192 +24 1
D-xyloascorbic acid (D-ascorbic acid, 2 192 -23 0
D-threo-hex-2-enonic acid y-lactone)
D-araboascorbic acid (erythorbic acid, 2 174 -185 0.025-0.05
D-erythro-hex-2-enonic acid y-lactone)
L-araboascorbic acid (L-erythro-hex-2-enonic acid
y-lactone) 2 170 +17 0
Table 2. X-Ray Crystal Data of L-Ascorbic Acid Ref. 27.
Space group P2,
a 1.7299 nm
b 0.6353 nm
c 0.6411 nm
B 102° 11/
v 0.68859 nm?®
Z 4
dealed 1.699 g/em?
w(CuK,) 13.9 cm!

Crystalline dehydro-L-ascorbic acid 1 is reported to exist as the dimer (11) (29). In water, it is present as

the hemiacetal monomer (12). An equivocal proof of its presence using today’s physical techniques is still not
possible (30).
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2. Properties

2.1. Physical Properties

Table 3 contains a summary of the physical properties of L-ascorbic acid. Properties relating to the structure
of vitamin C have been reviewed and summarized (36). Stabilization of the molecule is a consequence of
delocalization of the m-electrons over the conjugated enediol system. The highly acidic nature of the H-atom on
C-3 has been confirmed by neutron diffraction studies (26).

2.2. Chemical Properties

The most significant chemical property of L-ascorbic acid is its reversible oxidation to dehydro-L-ascorbic acid.
Dehydro-L-ascorbic acid has been prepared by uv irradiation and by oxidation with air and charcoal, halogens,
ferric chloride, hydrogen peroxide, 2,6-dichlorophenolindophenol, neutral potassium permanganate, selenium
oxide, and many other compounds. Dehydro-L-ascorbic acid has been reduced to L-ascorbic acid by hydrogen
iodide, hydrogen sulfide, 1,4-dithiothreitol (1,4-dimercapto-2,3-butanediol), and the like (37).

The degradation of L-ascorbic acid in aqueous solution depends on several factors, e.g., pH, temperature,
presence of oxygen, or metals. Comprehensive reviews of degradation reactions and mechanisms have been
published (38—41). In aqueous solution, L-ascorbic acid is more sensitive in the presence of oxygen to bases
than to acids. The pH range with the highest stability is between 4 and 6. L-Ascorbic acid is sensitive to
heat. In the presence of oxygen and heat, it is oxidized at a rate proportional to the temperature rise. On
standing, dehydro-L-ascorbic acid 1, the initial oxidation product, undergoes irreversible hydrolysis to 2,3-
dioxo-L-gulonic acid (threo-2,3-hexodiulosonic acid 3), which is further oxidized to oxalic acid 3 and L-threonic
acid ((R-(R*,S*)-2,3,4-trihydroxybutanoic acid)) 3 (Fig. 3).

In acidic solution, the degradation results in the formation of furfural, furfuryl alcohol, 2-furoic acid,
3-hydroxyfurfural, furoin, 2-methyl-3,8-dihydroxychroman, ethylglyoxal, and several condensation products
(40). Many metals, especially copper, catalyze the oxidation of L-ascorbic acid. Oxalic acid and copper form a
chelate complex which prevents the ascorbic acid-copper-complex formation and therefore oxalic acid inhibits
effectively the oxidation of L-ascorbic acid. L-Ascorbic acid can also be stabilized with metaphosphoric acid,
amino acids, 8-hydroxyquinoline, glycols, sugars, and trichloracetic acid (42). Another catalytic reaction which



Table 3. Physical Properties of L-Ascorbic Acid

ASCORBIC ACID

Property Characteristic(s) Reference
appearance white, odorless, crystalline solid with a sharp acidic taste
formula; mol. wt. CeHgOg; 176.13
crystalline form monoclinic; usually plates, sometimes needles
mp °C 190-192 (dec) 27
density, g/cm3 1.65 27
optical rotation [@]®® +20.5° to +21.5° (¢ = 1 in water) [«]?® +48 (c = 1 in methanol) 27
pH 27
5 mg/mL 3
50 mg/mL 2
pK1 4.17 27
pKo 11.57 27
redox potential first stage: E +0.166 V (pH 4) 27
solubility, g/mL 27
water 0.33
95 wt. % ethanol 0.033
absolute ethanol 0.02
glycerol USP 0.01
propylene glycol 0.05
ether insoluble
chloroform insoluble
benzene insoluble
petroleum ether insoluble
oils insoluble
fats insoluble
fat solvents insoluble
Spectral Properties
uv pH 2: Epax (1%, 1 cm) 695 at 245 nm (nondissociated form) 28
pH 6.4: Eqax (1%, 1 cm) 940 at 265 nm (monodissociated form)
ir (KBr) characteristic wavelengths, ¢m—! 29
3455, 3405, 3155 v OH groups
2570 associated OH groups
1770, 1670 carbonyl lactone
1254 C-0O-C lactone
1057 § OH groups
nmr® 1H nmr (Dy0) 30
§497(d,1H, Jy5 =2 Hz, H-4),4.10 (ddd, 1 H, J55 =5 and 7 Hz, J,5 = 2 Hz, H-5),
3.78 (m, 2 H, C-6)
13C nmr (Dy0) 31

§174.0 (C-1), 118.8 (C-2), 156.3 (C-3)
77.1(d, Je_snis = 158 Hz, C-4)

69.9 (d, Je_sm_s5 = 145.0 Hz, C-5),
63.2 (t, Jo_e.116 = 145.0 Hz, C-6)

7

“ d = Doublet; ddd = doublet of doublet of doublet; m = multiplet; and t = triplet.

accounts for loss of L-ascorbic acid occurs with enzymes, eg, L-ascorbic acid oxidase, a copper protein-containing
enzyme.

2.3. Stability

Ascorbic acid, a colorless crystalline compound, is very soluble in water and has a sharp, acidic taste. In
solution, the vitamin oxidizes on exposure to air, light, and elevated temperatures. Solutions of ascorbic acid
turn yellowish, followed by development of a tan color. This browning reaction of ascorbic acid leads to the
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Fig. 3. Degradation of L-ascorbic acid.

formation of many degradation products (43) Ascorbic acid is stable to air when dry but gradually darkens on
exposure to light.

3. Synthesis

3.1. Chemical Synthesis

The first synthesis of ascorbic acid was reported in 1933 by Reichstein and co-workers (14, 44-47) (Fig. 4).
Similar, independent reports published by Haworth and co-workers followed shortly after this work (14, 48-50).
L-Xylose 4 was converted by way of its osazone 4 into L-xylosone 4, which reacted with hydrogen cyanide forming
L-xylonitrile 4. L-Xylonitrile cyclized under mild conditions to the cycloimine of L-ascorbic acid. Hydrolysis of
the cycloimine yielded L-ascorbic acid. The yield for the conversion of L-xylosone to L-ascorbic acid was ca 40%.

The L-xylosone pathway to L-ascorbic acid was never commercialized because L-xylosone was not readily
available and was too expensive to prepare. The route, however, was valuable for L-ascorbic acid structure
determination and for the preparation of derivatives.

Most current industrial vitamin C production is based on the efficient second synthesis developed by
Reichstein and Griissner in 1934 (16). Various attempts to develop a superior, more economical L-ascorbic acid
process have been reported since 1934. These approaches, which have met with little success, are summarized
in Crawford’s comprehensive review (51). Currently, all chemical syntheses of vitamin C involve modifications
of the Reichstein and Griissner approach (Fig. 5). In the first step, D-glucose (4) is catalytically (Ni-catalyst)
hydrogenated to D-sorbitol 5. Oxidation to L-sorbose 5 occurs microbiologically with Acetobacter suboxydans.
The isolated L-sorbose is reacted with acetone and sulfuric acid to yield 2,3:4,6 diacetone-L-sorbose, (DAS)
(2,3:4,6-bis-O-isopropylidene-a-L-sorbofuranose) 5. The remaining unprotected primary hydroxyl group of DAS
is oxidized, either catalytically (O, Pd), electrochemically, or by sodium hypochlorite with nickel chloride
as catalyst to the corresponding carboxylic acid. The resulting 2,3:4,6-diacetone-2-keto-L-gulonic acid (DAG)
(2,3:4,6-bis-O-isopropylidene-2-oxo-L-gulonic acid) 5 is treated with hydrogen chloride in an inert solvent sys-
tem. Under these conditions, acetone removal occurs followed by consecutive lactonization and enolization to
form L-ascorbic acid (1).
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Fig. 4. First syntheses of L-ascorbic acid.

3.2. Fermentation

Much time and effort has been spent in undertaking to find fermentation processes for vitamin C (52). One
such approach is now practiced on an industrial scale, primarily in China. It is not certain, however, whether
these processes will ultimately supplant the optimized Reichstein synthesis. One important problem is the
instability of ascorbic acid in water in the presence of oxygen,; it is thus highly unlikely that direct fermentation
to ascorbic acid will be economically viable. The successful approaches to date involve fermentative preparation
of an intermediate, which is then converted chemically to ascorbic acid.

3.2.1. L-Sorbose to 2-KGA Fermentation

In China, a variant of the Reichstein-Griissner synthesis has been developed on an industrial scale (see Fig.
5). L-Sorbose is oxidized directly to 2-ketogulonic acid (2-KGA) 5 in a mixed culture fermentation step (53).
Acid-catalyzed lactonization and enolization of 2-KGA produces L-ascorbic acid (1).

A Chinese publication (52) with 17 references reviews the use of genetically engineered microorgan-
isms for the production of L-ascorbic acid and its precursor, 2-KGA (54). For example, a 2-keto-L-gulonic acid
fermentation process from sorbose has been published with reported yields over 80% (55).

3.2.2. D-Glucose to 2-KGA Fermentation

A different fermentative route to 2-KGA proceeds via 2,5-diketo-L-gluconic acid (56, 57). In a two-stage fermen-
tation (Shionogi-Process), D-glucose (4) is oxidized to 2,5-diketo-D-gluconic acid (2,5-DKGA) 6 with Erwinia
sp., followed by stereospecific reduction at C-5 by Corynebacter sp., forming 2-ketogulonic acid 5 (Fig. 6). The
2-KGA is rearranged upon treatment with acid to give ascorbic acid. A production of ascorbic acid by this route
is reportedly being developed, ca 1997. An analogous process using a recombinant strain of Erwinia citreus
was developed at Biogen (58).
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Fig. 5. Syntheses of L-ascorbic acid.

3.2.3. p-Glucose to L-Ascorbic Acid Fermentation

The direct heterotrophic fermentation of D-glucose to L-ascorbic acid with algae is disclosed in a European
Patent Application (59). The overall yield of L-ascorbic acid is 4%.
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Fig. 6. D-Glucose to 2-KGA fermentation.

3.3. Conversion of 2-KGA to L-Ascorbic acid

The known fermentation processes leading to 2-ketogulonic acid (2-KGA) (24) as an intermediate with either
glucose (4), sorbitol (20), or sorbose (21) as starting material. A process is disclosed to produce L-ascorbic acid
through reaction of 2-ketogulonic acid with concentrated hydrochloric acid at temperatures between 40°C and
80°C without using an organic solvent (60).

2-ketogulonic acid is converted to L ascorbic acid with aqueous mineral acid in a solvent mixture containing
an inert organic solvent, an aliphatic ketone, and an acid chloride. L-ascorbic acid yields > 90% and in good
quality are claimed (61).

A different process for producing L-Ascorbic acid is patented in which 2-ketogulonic acid is rearranged
using an acid (HCI gas) in an ether (or an inert organic solvent containing an ether) in the presence of water
and a surfactant. L-ascorbic acid has been obtained in high yield (> 90%) and purity (62).

3.4. Purification of L-Ascorbic acid

L-Ascorbic acid can effectively and effiently be separated from other organic acids such as 2-ketogulonic acid
etc. using a strong acidic cation exchange resin as adsorbant and water as eluant. A simulated moving bed
process is the industrial chromatography method of choice. Recovery rate of L-ascorbic acid: 97.4% (63).

A process is disclosed to recover L-ascorbic acid from diluted aqueous solutions (i.e., fermentation broth)
through adsorption on basic resins carrying a pyridine function. Desorption takes place with a neutral solvent
at higher temperature than the adsorption took place. Advantages claimed: No acids are required , no salts are
produced (64).

The recovery of L-ascorbic acid from a feed containing at least one ascorbic acid precurser, i.e., sodium
ascorbate - using an organic extractant followed by stripping has been disclosed. The process can be applied to
extract L-ascorbic acid from rose hips, citrus fruits, and persimmon (65).

4. Industrial Technology

Vitamin C was the first vitamin to be manufactured by chemical synthesis on an industrial scale. Major
suppliers of vitamin C are Hoffmann-La Roche, BASF, Takeda, E. Merck, and various companies in China.
Additional production occurs in Eastern Europe and India.

Reichstein and Griissner’s second L-ascorbic acid synthesis became the basis for the industrial vitamin
C production. Many chemical and technical modifications have improved the efficiency of each step, enabling
this multistep synthesis to remain the principal, most economical process up to the present (ca 1997) (51).
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Fig. 7. L-Ascorbic acid manufactured by Reichstein and Griissner Synthesis.

L-Ascorbic acid is produced in large, integrated, automated facilities, involving both continuous and batch
operations. The process steps are outlined in Figure 7. Procedures require ca 1.7-kg L-sorbose/kg of L-ascorbic
acid with ca 66% overall yield in 1977 (66). Since 1977, further continuous improvement of each vitamin C
production step has taken place. Today’s overall ascorbic acid yield from L-sorbose is ca 75%. In the mid-1930s,

the overall yield from L-sorbose was ca 30%.
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The catalytic hydrogenation of D-glucose to D-sorbitol is carried out at elevated temperature and pressure
with hydrogen in the presence of nickel catalysts, in both batch and continuous operations, with >~97% yield
(67, 68). The cathodic reduction of D-glucose to L-sorbitol has been practiced (69). D-Mannitol is a by-product
(70).

Sterile aqueous D-sorbitol solutions are fermented with Acetobacter suboxydans in the presence of large
amounts of air to complete the microbiological oxidation. The L-sorbose is isolated by crystallization, filtration,
and drying. Various methods for the fermentation of D-sorbitol have been reviewed (71). Acetobacter suboxydans
is the organism of choice as it gives L-sorbose in >90% yield (72). Large-scale fermentations can be carried
out in either batch or continuous modes. In either case, sterility is important to prevent contamination, with
subsequent loss of product.

In the third step, L-sorbose is reacted with acetone and excess sulfuric acid at low temperatures. The sor-
bose dissolves on conversion into the 2,3-mono-O-isopropylidene-L-sorbose (2,3 monoacetone-L-sorbose) (MAS),
and 2,3:4,6-bis-O-isopropylidene-a-L-sorbofuranose (2,3:4,6-diacetone-L-sorbose) (DAS). The equilibrium mix-
ture consists of ca 656% DAS and 35% MAS. The sulfuric acid acts as a catalyst and a dehydrating agent. The
reaction mixture is worked up by dilution, neutralization, and extraction to separate the DAS from the MAS.
MAS is recycled and the mother liquors are distilled to recover acetone and solvents. The original Reichstein
and Griissner process has been optimized over decades by other workers, giving ca 85% yield (66). Other acidic
catalysts, besides sulfuric acid, have been investigated, eg, zinc chloride—phosphoric acid, p-toluenesulfonic
acid, copper(Il) sulfate, and cationic exchange resins. Ferric chloride and perchloric acid are active catalysts
that give >90% yields of DAS with azeotropic removal of the water (73). Other methods, including use of
acetone dimethylacetal as a water removal reagent, have been reported (74). The use of other ketonic and
aldehydic protective agents for L-sorbose, eg, cyclohexanone and its derivatives, formaldehyde, benzaldehyde,
etc, has also been described (16, 75).

2,3:4,6-Diacetone-L-sorbose (DAS) is oxidized at elevated temperatures in dilute sodium hydroxide in the
presence of a catalyst (nickel chloride for bleach or palladium on carbon for air) or by electrolytic methods. After
completion of the reaction, the mixture is worked up by acidification to 2,3:4,6-bis-O-isopropylidene-2-oxo-L-
gulonic acid (2,3:4,6-diacetone-2-keto-L-gulonic acid) (DAG), which is isolated through filtration, washing, and
drying. With sodium hypochlorite/nickel chloride, the reported DAG yields are >90% (76). The oxidation with
air has been reported, and a practical process was developed with palladium—carbon or platinum—carbon as
catalyst (77, 78). The electrolytic oxidation with nickel salts as the catalyst has also been published (79).

DAG is treated with ethanol and hydrochloric acid in the presence of inert solvent, eg, chlorinated
solvents, hydrocarbons, ketones, etc. The L-ascorbic acid precipitates from the mixture as it forms, minimizing
its decomposition (80). Crude L-ascorbic acid is isolated through filtration and purified by recrystallization
from water. The pure L-ascorbic acid is isolated, washed with ethanol, and dried. The mother liquor from the
recrystallization step is treated in the usual manner to recover the L-ascorbic acid and ethanol contained in it.
The crude L-ascorbic acid mother liquor contains solvents and acetone liberated in the DAG hydrolysis. The
solvents are recovered by fractional distillation and recycled. Many solvent systems have been reported for
the acid-catalyzed conversion of DAG to L-ascorbic acid (51). Rearrangement solvent systems are used which
contain only the necessary amount of water required to give >80% yields of high purity crude L-ascorbic acid
(81).

The DAG conversion to L-ascorbic acid also can occur by a base-catalyzed mechanism. Methyl 2-oxo-L-
gulonate (methyl DAG) is converted, on treatment with sodium methoxide, to sodium-L-ascorbate, which is
then acidified to L-ascorbic acid. Various solvent systems have been evaluated and reported (51).

A promising route to L-ascorbic acid is a combined biological/chemical process developed by ENCO En-
gineering, Switzerland. 2-KGA, key intermediate compound, either obtained from a biological or a chemical
process is converted to 2-ketogulonic-acid-ester in a two stage esterification process, before further processed to
ascorbate using preferably sodiumbicarbonate (alkaline lactonization) followed by sodium ascorbat conversion
to L-ascorbic acid with ion exchange resins. The two-stage esterification warrants efficient removal of water
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introduced by 2-KGA and liberated through esterification reaction. The anhydrous ester forms less by-products
during lactonization to L-ascorbic acid which increases yield and improves product purity. Vitamin C has been
obtained which fulfills all USP requirements (82).

A process for the preparation of L-ascorbic acid starting from an aqueous sodium ascorbate solution
using an electric field is advantageous because no additional chemicals are required. Sodium ascorbate is
cleaved under the influence of an electric field into sodium cations and ascorbate anions.The opposite charged
ions are separated through ion-selective membranes and collected in acid and base compartments. Protons
and hydroxide ions are generated simultaneously as well. L-ascorbic acid is formed in the acid compartment,
sodium hydroxide in the base compartment. Both product solutions are removed separately. Currently, process
is not commercialized (83).

Merck KGaA and BASF Aktiengesellschaft formed an joint venture with sorbitol producer Cerestar
Deutschland GmbH (1998) to manufacture L-ascorbic acid. The three companies will use a modern fermentation
process to produce 2-KGA from sorbitol. The plant will be built on Cerestar’s site at Krefeld, Germany (84).

5. Packaging

L-Ascorbic acid is screened or pulverized into a variety of particle sizes. It is usually packaged in 25-kg and 50-kg
quantities in standard, polyethylene-lined containers, eg, fiber drums, corrugated boxes, etc. The recommended
storage conditions are low humidity and temperatures of <23°C.

6. Environmental Issues

The environmental concerns of an ascorbic acid manufacturing facility are those typical of a chemical pro-
cessing plant. Its operating design must be patterned to conform to environmental protection regulations.
Measures must be taken to contain solvents and to keep emissions within official guidelines. Special con-
densers, continuous instrumental monitoring, and emergency containment and cleanup systems are required.
Wastewater-treatment facilities have to be provided to remove by-product organics and inorganics from effluent
streams before disposal. The extent of these treatment facilities depends upon the location of the plant and
the local tolerances. Usually, there are secondary treatment facilities for organic removal; at some plant sites,
additional treatment may be required to remove inorganic salts and traces of residual metal catalyst.

7. Economic Aspects

Strong growth in demand during the period 1985-1995 from existing and new applications. Demand continues
to increase. Annual growth is projected at 2 to 3 percent through to 2005 (85). Total world demand in 1995 was
estimated to be approximately 60,000 metric tons.

The production in the US is at about 20,000 metric tons in 1999 (Hoffmann-La Roche, Inc. and Takeda,
Inc.). There could be a capacity of about 30,000 to 40,000 metric tons in China. Chinese producers supply now
coated material as well. Vitamin C prices in 1999 range from $ 5.50 to $ 6.50/kg for bulk amounts representing
a drop of more than 50 percent in the last four years (85). About 55% of the U.S. consumption goes directly
to pharmaceutical preparations. The remaining 45% is used in the manufacture of food and beverages or in
animal feeds.
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8. Specifications

Specifications for ascorbic acid, sodium ascorbate, calcium ascorbate, and ascorbyl palmitate are found in the
United States Pharmacopeia/ National Formulary (86) and the Food Chemicals Codex (87). The official assay
for all four compounds is the iodimetric titration with 0.1 NV iodine solution and starch as the indicator.

9. Analytical Methods

Many different analytical methods have been developed to determine L-ascorbic acid in feed, biological, and
pharmaceutical samples. An excellent review article describes the methodology for finding the proper L-ascorbic
acid assay method (88). Comprehensive reviews of all analytical methods, including the extraction of ascorbic
acid from foods and biological samples, have been published (89-92). Ascorbic acid has been determined by a
variety of methods, including uv absorption; redox and derivatization reactions; electrochemical and enzymatic
oxidation reactions; chromatographic, eg, hple methods; and biological methods with animals. The guinea pig,
one of the few animal species requiring ascorbic acid, is used in the bioassay for ascorbic acid activity. The
various methods practiced have been described in detail (93).

Because of the time and expense involved, biological assays are used primarily for research purposes.
The first chemical method for assaying L-ascorbic acid was the titration with 2,6-dichlorophenolindophenol
solution (94). This method is not applicable in the presence of a variety of interfering substances, eg, reduced
metal ions, sulfites, tannins, or colored dyes. This 2,6-dichlorophenolindophenol method and other chemical
and physiochemical methods are based on the reducing character of L-ascorbic acid (95). Colorimetric reac-
tions with metal ions as well as other redox systems, eg, potassium hexacyanoferrate(III), methylene blue,
chloramine, etc, have been used for the assay, but they are unspecific because of interferences from a large
number of reducing substances contained in foods and natural products (96). These methods have been used
extensively in fish research (97). A specific photometric method for the assay of vitamin C in biological samples
is based on the oxidation of ascorbic acid to dehydroascorbic acid with 2,4-dinitrophenylhydrazine (98). In the
microfluorometric method, ascorbic acid is oxidized to dehydroascorbic acid in the presence of charcoal. The
oxidized form is reacted with o-phenylenediamine to produce a fluorescent compound that is detected with an
excitation maximum of ca 350 nm and an emission maximum of ca 430 nm (99).

Another method that determines both ascorbic acid and dehydroascorbic acid first reduced the dehy-
droascorbic acid to ascorbic acid and then retains the ascorbic acid on an anionic Sephadex column (100).
The ascorbic acid is oxidized on the column to dehyroascorbic acid by p-benzoquinone, which simultaneously
elutes the dehydroascorbic acid. The dehydroascorbic acid is reacted with 4-nitro-1,2-phenylenediamine and
absorbance of the resulting yellow solution produced is measured at 375 nm.

Chromatographic methods, notably hplec, are available for the simultaneous determination of ascorbic acid
as well as dehydroascorbic acid. Some of these methods result in the separation of ascorbic acid from its isomers,
eg, erythorbic acid and oxidation products such as diketogulonic acid. Detection has been by fluorescence, uv
absorption, or electrochemical methods (101-104). Polarographic methods have been used because of their
accuracy and their ease of operation. Ion exclusion (105) and ion suppression (106) chromatography methods
have recently been reported. Other methods for ascorbic acid determination include enzymatic, spectroscopic,
paper, thin layer, and gas chromatographic methods. Excellent reviews of these methods have been published
(88, 107, 108). Gas chromatographic/mass spectrometric measurement of L-ascorbic acid and L-ascorbic acid
degradation in solution has been studied (109, 110).
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10. Uses

L-Ascorbic acid is used as a micronutrient additive in pharmaceutical, foods, feed, and beverage products, as
well as in cosmetic applications. The over-the-counter (OTC) vitamin market is strong, growing in demand, and
vitamin C is available in the form of pills and tablets to supplement the daily diet to maintain peak physical
performance.

Industrial uses of L-ascorbic acid relate to its antioxidant and reducing properties. It is used as an
antioxidant in the commercial preparation of beer, fruit juices, cereals, and canned and frozen foods, etc.

A proposal was made to use L-ascorbic acid as an antioxidant replacement for sulfites in the food industries
(111, 112). Ascorbic acid’s antioxidant property also inhibits nitrosamine formation in cured meat. The addition
of ascorbic acid in flour improves baking qualities of dough and appearance of baked goods (113). Vitamin C
also prevents discoloration of food during cooking and storage. Its fatty acid esters, e.g., L-ascorbyl palmitate,
are used to stabilize fats and oils (111). Ascorbic acid and its more stable derivatives L-ascorbyl-2-sulfate,
ascorbyl polyphosphate, L-ascorbyl 2-monophosphate, etc, are added to fish feed to improve feed utilization and
decrease the rate of infection (114-116). The biological and pharmacological activities of L-ascorbyl-2-sulfate
have been reviewed (117, 118). Ascorbic acid is also used in agriculture as an abscission agent for fruit, in
photography as a developing agent, in metallurgy as a reducing agent, in the polymer industry as a catalyst,
in cosmetic formulations, in the manufacture of inks, in explosives, and in a variety of other applications (113,
119).

In applications (eg, as food preservative) where vitamin C untiscurvy activity is unimportant, often D-
erythorbic acid (D-araboascorbic acid) can also be used, providing the same antioxidant and reducing properties
as L-ascorbic acid.

11. Derivatives

Ascorbic acid has a variety of reactive positions that can be used to synthesize derivatives (120). Various
derivatives and analogues have been prepared in attempts to find substances with increased biological activity
(121, 122).

Only L-ascorbic acid and its salts and C-6-substituted esters have full vitamin activity; sodium L-
ascorbate, calcium L-ascorbate, and L-ascorbyl palmitate are commercially significant. The lipophilic 6-0-
ascorbyl-palmitate is a good antioxidant in model systems and is also effective in cellular system. L-ascorbic
acid 2-sulfate is bioavailable to fish. 6-Chloro-6-deoxy-L-ascorbic acid was prepared in 1977 and its antioxidant
activity, compared to L-ascorbic acid, is 80%. Derivatives, such as 6-deoxy-L-ascorbic acid, L-ascorbic acid 3-O-
methylether, and 2-amino-2-deoxy-L-ascorbic acid have been prepared; their respective antioxidant activities
compared to L-ascorbic acid are 30%, 4—2%, and 0%. Many more derivatives with and without antioxidant and
antiscorbutic activity have been synthesized (123, 124). The highest vitamin C antioxidant activity correlates
with the enediol lactone group, D-configuration for the C-4 hydrogen group, at least a two-carbon substituent
on C-4, and L-configuration for the C-5 hydroxyl group. The primary C-6 hydroxyl group has minor impact on
the biological activity.

A wide variety of different hydrophobic compounds that possess the vitamin C ring as the polar group
and one or more hydrocarbon side chains (basic molecular architecture of amphiphiles) have been synthesized
recently. These molecules behave as surfactants in aqueous dispersions, produce supramolecular aggregates
such as micelles, vesicles, or spreading monolayers, depending on their structure, and hold the same antioxidant
properties. Large amounts of hydrophobic ascorbic acid-based chemicals are produced for the food, drug, or
cosmetics industry (125). Research was conducted on vitamin C and its lipophilic derivatives, ascorbyl-6-
caprylate, 6-laurate, and 6-palmitate in membrane mimetic systems to study vitamin C derivative antioxidant
properties in hydrophobic systems (126).
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A patent was granted recently for the manufacturing of water soluble phosphonoxy-L-ascorbic acid mag-
nesium salt. This cosmetic material has a skin whitening effect (127).

Mono- and di-ester of cinnamic acid or its derivatives and vitamin C are antioxidants with use in cosmetic,
and pharmaceutical compositions. Claims are made, that these compounds protect skin lipids from oxidation
(128).

Methods for the preparation of L-ascorbic acids having isotopic C, H, O in various positions have been
described and reviewed (129, 130). Labeled L-ascorbic acid has played an important role in the elucidation of
the metabolic pathway of L-ascorbic acid in plants and animals.

12. Biosynthesis
In all plants and most animals, L-ascorbic acid is produced from D-glucose (4) and D-galactose (26). Ascorbic

acid biosynthesis in animals starts with D-glucose (4). In plants, where the biosynthesis is more complicated,
there are two postulated biosynthetic pathways for the conversion of D-glucose or D-galactose to ascorbic acid.

CHO
H—(!J—DH
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H—LJJ—DH
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(26) p-Galactose

12.1. Biosynthesis in Animals

Amphibians and reptiles carry the enzyme L-gulono-y-lactone oxidase which can transform a sugar-like glucose
or galactose into ascorbic acid in the kidneys. In mammals (131) and birds (132) this enzyme system has been
transferred from the kidneys to the liver. Humans, other primates, guinea pigs, fruit bats, and monkeys
from the top of the evolutionary tree, as well as insects and other invertebrates from the bottom end of the
evolutionary tree, cannot synthesize L-ascorbic acid. Thus, they must consume vitamin C from exogenous
sources to survive (133). Animals that are able to produce ascorbic acid do so by the glucuronic acid pathway in
the liver or kidneys. The reactions involved in rats are illustrated in Figure 8. In this pathway, the D-glucose
chain remains intact, and the C-1 and C-6 of D-glucose become C-6 and C-1, respectively, of L-ascorbic acid as
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Fig. 8. Pathway for the biosynthesis of L-ascorbic acid in rats using C-1-labeled D-glucose; * indicates position of *C.

the sequence of carbon-chain numbering is inverted. By measuring the incorporation of *C from D-glucose-1-
14C into urinary L-ascorbic acid, it was determined that the label is found at the C-6 position of L-ascorbic acid
(134).

In animals, the glucuronic pathway (Fig. 9) is an important route for glucose utilization leading to
the formation of glucuronides and mucopolysaccharides. D-Glucose is first phosphorylated to D-glucose-6-
phosphate, then isomerized to D-glucose-1-phosphate, which reacts with uridine-triphosphate (UTP) to form
UDP-glucose. UDP-glucose is oxidized and hydrolyzed to D-glucuronic acid. D-Glucuronic acid is reduced to
L-gulonic acid. L-Gulonic acid lactonizes and forms L-gulono-y-lactone. Finally, oxidation of this intermediate
is carried out by L-gulono-y-lactone oxidase, the essential oxidizing enzyme, leading to L-ascorbic acid.

D-Galactose may also serve as a precursor of vitamin C because it can be converted to D-glucose. The
pathway is important in the metabolism of sugars under normal and diseased conditions and in regulating
physiological functions (135). The biosynthesis of L-ascorbic acid is inhibited by deficiencies of certain vitamins,
eg, vitamin A, vitamin E, and biotin, but is stimulated by certain drugs, eg, barbiturates, chlorobutanol,
aminopyrine, and antipyrine, and by carcinogens, eg, 3-methylcholanthrene and 3,4-benzpyrene (136-138). It
has been proposed that the excretion of D-glucaric acid can be used to diagnose both the exposure to the body
for foreign substances and the drug metabolic capacity of the liver (139).

12.2. Biosynthesis in Plants

As in animals, L-ascorbic acid is also the product of hexose phosphate metabolism in plants, but its biosynthesis
is more complicated. There are two biosynthetic pathways for the conversion of D-glucose or D-galactose to L-
ascorbic acid in plants (140). The main pathway is postulated as involving retention of configuration by oxidation
at C-1 to yield D-gluconic-acid 10. Lactonization to yield D-glucono-y-lactone 10 is followed by oxidation at C-2
or C-3 and epimerization at C-5 to afford 1L-2-oxogulono-y-lactone 10 (Fig. 10). The other biosynthetic pathway
from D-glucose and D-galactose may be postulated similarly to Figure 8 to account for configurational inversion
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Fig. 9. Glucuronic acid pathway. NAD=nicotinamide—adenine dinucleotide; NADH=reduced nicotinamide—adenine dinu-
cleotide; NADP=nicotinamide—adenine dinucleotide phosphate; NADPH=reduced nicotinamide—adenine dinucleotide phosphate;
NDP=nucleoside diphosphate; UDP=uridine diphosphate; and UTP=uridine triphosphate.

(141). The main precursor of L-ascorbic acid is L-galactono-y-lactone, rather than L-gulono-y-lactone, which is
less active (141, 142), and is thought to be epimerized to L-galactono-y-lactone prior to oxidation to L-ascorbic
acid (Fig. 11). Little is known about the functions of ascorbic acid in plants. It is involved in cellular respiration

and may contribute to plant growth (143).

13. Sources of Vitamin C

Fruits and vegetables that are good sources of vitamin C include peppers, greens, broccoli, cabbage, spinach,
potatoes, tomatoes, strawberries, and citrus products. Meats, fish, poultry, eggs, and dairy products contain
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Fig. 10. Suggested pathway for the biosynthesis of L-ascorbic acid (with retention of configuration) in higher plants based
on D-glucose-1-1*C experiments; * indicates position of the label.

small amounts and grain contains none (144—-147). The vitamin C content of some representative foods is listed
in Table 4. Potatoes and cabbage have traditionally been the most important sources of vitamin C for the
majority of people in the Western World during the winter season.

The contribution of any fruit and vegetable to the vitamin C content of the diet varies depending on
climate, soil, and freshness. In actuality, there is a 30% coefficient of variability for ascorbic acid in fresh
food products (148). In the case of field-grown spinach, for example, transportation and storage losses have
been reported to be as high as 90% (148). During storage after harvesting, the vitamin C content of fruit and
vegetables will decrease depending on time and temperature of storage. Ascorbic acid readily oxidizes both
enzymatically and chemically on exposure to oxygen. Based on its water solubility, losses are caused through
leaching during washing and blanching operations. Heat sterilization of canned foods inactivates completely
the enzyme ascorbic acid oxidase which destroys vitamin C. Freezing inactivates the enzymes and is likewise
a good method for preserving the vitamin C content of foodstuffs.

Restoration means adding to the food the amount of vitamin C which has been lost during food processing.
The term enrichment or fortification is used when a nutrient is added to a food in an amount in excess of that
naturally present. Fortification of foods with vitamin C is widely practiced. Technologically, it is important to
avoid oxygen, copper, iron, and heat as much as possible to minimize the overages necessary above label claim
to ensure compliance throughout the shelf life of the product (149). In canned foods, breakfast drinks, and
cereal products (131), enrichment by 25-50% is common.
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14. Physiology and Biochemistry

14.1. Biochemical Functions

O L-2-Oxogalactono-y-lactone-6-1*C L-Ascorbic acid-6-11C

Proposed pathway for the biosynthesis of L-ascorbic acid (with inversion of configuration) in plants using C-1-

Ascorbic acid has various biochemical functions, involving, for example, collagen synthesis, immune func-
tion, drug metabolism, folate metabolism, cholesterol catabolism, iron metabolism, and carnitine biosynthesis.
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Table 4. Content of L-Ascorbic Acid in Representative

Foods

Food substances

L-Ascorbic acid, mg/100 g

Meat, fish, and milk

beef, pork, fish <2
liver, kidney 1040
cow’s milk 1-2
Vegetables
asparagus 15-30
brussel sprouts, broccoli 90-150
cabbage 30-60
carrots 9
cauliflower 60-80
kale 120-180
leek 15-30
onion 10-30
peas, beans 10-30
parsley 170
peppers 125-200
potatoes 10-30
spinach 50-90
tomatoes 20-33
Fruit
apples 10-30
bananas 10
grapefruit 40
guava 300
hawthorne berries 160-800
oranges, lemons 50
peaches 7-14
pineapples 17
rose hips 1000
strawberries 40-90

Clear-cut evidence for its biochemical role is available only with respect to collagen biosynthesis (hydroxylation
of prolin and lysine). In addition, ascorbic acid can act as a reducing agent and as an effective antioxidant.
Ascorbic acid also interferes with nitrosamine formation by reacting directly with nitrites, and consequently
may potentially reduce cancer risk. The results of in vitro cancer cell studies demonstrated that L-ascorbic acid
could exhibit a cytostatic or cytotoxic effect (150-154). New derivatives of N,N-disubstituted-amino-ascorbic
acid-compounds have shown anticarcinogenic properties on some lines of tumor cells in vitro (155). First
systematic review of epidemiological studies of vitamin C and blood pressure have been completed and pub-
lished. Higher intakes or plasma levels of vitamin C have been associated with lower blood pressure in sev-
eral studies (156). The oxidative modification of LDL (low-density lipoprotein) may be an early step in the
pathogenesis of atherosclerosis. There is also evidence that vitamin C may protect against atherosclerosis by
enhancing HDL(high-density lipoprotein)-cholesterol levels, and reduce LDL(low-density lipoprotein) levels.
HDL-cholesterol is considered to be protective against heart disease (157). However more research is needed.
A recently published review concluded that L-ascorbic acid might improve human fertility through various
mechanisms. The results of controlled human studies support a possible role of vitamin C in human fertility
as well (158).Vitamin C may delay or prevent cataract development (159), and might play a role in glucose
metabolism and diabetes (160). A general review article covers vitamin C and nervous tissues—in vivo and
in vitro aspects (161). Vitamin C is also involved in the hydroxylation reaction of cholesterol in the liver to
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bile acids (cholesterol catabolism) (162). Impaired cholesterol transformation to bile acids causes cholesterol
accumulation in the liver and blood, atherosclerotic changes in coronary arteries, and formation of cholesterol
gallstone.

14.2. Enzymatic Reactions

The polypeptide collagens are the main component of skin and connective tissue, the organic substance of
bones and teeth, and the ground substance between cells. The role ascorbic acid plays in collagen formation
has been reviewed (163). The synthesis of collagens involves enzymatic hydroxylations of proline and of lysine.
The former produces a stable extracellular matrix and the latter is needed for glycosylation and formation of
cross-linkages in the fibers. Vitamin C’s role in collagen formation is of importance in wound healing. Intake of
8-50 times the RDA level of 60 mg ascorbic acid per day before and after surgery increases the rate of wound
healing considerably (164-166). Under conditions of L-ascorbic acid deficiency there is not only impaired wound
healing, but increased wound susceptibility to infections, which are many times more severe (167). Many of
the clinical signs of scurvy such as spongy and inflamed gums, loose teeth, swollen and tender joints, impaired
wound healing, and so on are attributed to defects in collagen synthesis. The tentative mechanism of collagen
degradation and protection by L-ascorbic acid is described by J.B. Chatterjee (168).

Ascorbic acid is involved in carnitine biosynthesis. Carnitine (y-amino-g-hydroxybutyric acid, trimethyl-
betaine) (30) is a component of heart muscle, skeletal tissue, liver and other tissues. It is involved in the
transport of fatty acids into mitochondria, where they are oxidized to provide energy for the cell and animal.
Carnitine is synthesized in animals from lysine and methionine by two hydroxylases, both containing ferrous
iron and L-ascorbic acid. Ascorbic acid involved as electron donor in the metabolism of L-tyrosine, cholesterol,
and histamine (169).

OH ﬁ'
(CHg)3N +\/l\/co-

(30) Carnitine

L-Tyrosine metabolism and catecholamine biosynthesis occur largely in the brain, central nervous tissue,
and endocrine system, which have large pools of L-ascorbic acid (169). Catecholamine, (L-Dopa), a neurotrans-
mitter, is the precursor in the formation of dopamine, which is converted to norepinephrine (noradrenaline) and
epinephrin (adrenaline). The precise role of ascorbic acid has not been completely understood. Ascorbic acid is
important biochemical functions with various hydroxylase enzymes in steroid, drug, and lipid metabolism. The
cytochrome P-450 oxidase catalyzes the conversion of cholesterol to bile acids and the detoxification process
of aromatic drugs and other xenobiotics, e.g., carcinogens, pollutants, and pesticides, in the body (170-178).
The effects of L-ascorbic acid on histamine metabolism related to scurvy and anaphylactic shock have been
investigated (179). Ascorbic acid plays an essential role in the metabolism of folic acid. Folic acid is involved
in many one-carbon transfer reactions in the formation of for example, choline, carnitine, creatine, adrenaline.
Ascorbic acid is involved in the conversion of folate to tetrahydrofolate (180). Ascorbic acid has many biochem-
ical functions which affect the immune system of the body (160) It plays an important role in the prevention of
cancer, cataracts, and other disorders (181).

14.3. Antioxidant Activity

Ascorbic acid serves as an antioxidant to protect intracellular and extracellular components from free-radical
damage. It scavenges free radicals and forms the less reactive ascorbyl radical. The ascorbate free radical is
naturally detectable by EPR (electron paramagnetic resonance) at low steady state levels in biological samples,
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such as plasma (182) and skin (183, 184). The ascorbyl radical can be either reduced to ascorbic acid or oxidized
to dehydroascorbic acid (185). Vitamin E is the major fat-soluble antioxidant involved in protecting cells from
free-radical impact. During the process of fatty acid oxidation, tocopherol (vitamin E) forms the tocopheroxyl
radical. Ascorbic acid has been proven to protect membrane and other hydrophobic compartments from such
damage by regenerating the antioxidant form of vitamin E (186). This has been demonstrated multiple times
in vitro, but little in vivo data have been obtained to support the common view that ascorbate regenerates
tocopheroxyl radical (187). These free-radical scavenging reactions of vitamin C are important in protecting
the intracellular and extracellular structure of the lung by quenching free radicals generated by smoke, ozone,
and singlet oxygen. L-ascorbic acid has been shown to improve pulmonary function in some studies (188). One
of the most predominant forms of oxidative damage through radicals is lipid peroxidation. In vivo oxygen free
radicals and reactive oxygen species are produced by many aerobic cells and these leading to oxidative damage,
degenerative diseases as well as aging; however mechanisms are not clear (173—-180).

Increased levels of free radicals are found in such diseases as asthma, Alzheimer’s disease, atheroscerosis,
ischaemic heart disease, and multiple sclerosis (189). Free radicals and oxidative processes also are involved
in both cancer initiation and tumor promotion (190). The possibility that free-radical damage is also involved
in the pathogenesis of HIV is an area of intense interest (191).

Consumption of foods high in vitamin C (not necessarily ascorbic acid alone) is clearly associated with
a decreased risk of certain cancer (192). Phytochemicals may be divided into health promoting compounds
and toxicants (193). There is a need for more research focusing on the effects of multiple combinations of
antioxidants and phytochemicals. In general, in disease prevention people with low fruit and vegetable intake
have a cancer rate that is about twice that of individuals with high intakes of these goods. Fruits and vegetables
contain a number of compounds including vitamin C that may contribute to cancer prevention.

14.4. Inhibition of Nitrosamine Formation

Nitrites can react with secondary amines and N-substituted amides under the acidic conditions of the stomach
to form N-nitrosamines and N-nitrosamides. These compounds are collectively called N-nitroso compounds.
There is strong circumstantial evidence that in vivo production of N-nitroso compounds contribute to the
etiology of cancer of the stomach (194-196), esophagus (195, 197), and nasopharynx (194, 198). Ascorbic acid
consumption is negatively correlated with the incidence of these cancers, due to ascorbic acid inhibition of in
vivo N-nitroso compound formation (199). The concentration of N-nitroso compounds formed in the stomach
depends on the nitrate and nitrite intake. Nitrite is part of the preserving process for cured meats. Cigarette
smoke also contains high levels of nitrite.

14.5. Iron Absorption

A very important effect of ascorbic acid is the enhancement of absorption of nonheme iron (Fe?+) from foods.
In individuals with iron deficiency, ingestion of vitamin C enhances the absorption of non-heme iron from food
consumed at the same meal (200), while the absorption of heme iron is not affected by vitamin C intake (201).
Ascorbic acid also enhances the reduction of ferric iron to ferrous iron. This is important in increasing iron
absorption. Many hydroxylation reactions need ferrous iron (Fe?+) as well (202, 203). In addition, ascorbic
acid is involved in iron metabolism. It serves to transfer iron to the liver and to incorporate it into ferritin
(204-206) [serum ferritin was first measured in 1972 (207)]. Ascorbic acid also forms soluble chelate complexes
with iron (Fe?+) (208—211). It seems ascorbic acid has no effect on high iron levels found in people with iron
overload (212). Over 10% of nonblacks and up to 30% of blacks have a gene for iron overload (207). It is well
known, in fact, that ascorbic acid in the presence of iron can exhibit either prooxidant or antioxidant effects,
depending on the concentration used (213). Strong prooxidative nature of the iron-ascorbate couple has been
demonstrated in vitro and warrants further study in in vivo reactions (214). Evaluation of age-related dietary
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trends over time and factors involved in iron absorption led to the hypothesis that the combination of citric
acid and ascorbic acid causes an increase in iron load in aging populations (215. Iron overload may be the most
important common etiologic factor in the development of heart disease, cancer, diabetes, osteoporosis, arthritis,
and possibly other disorders (215). The synergistic combination of citric acid and ascorbic acid needs further
study, particularly because the iron overload produced may be correctable (213).

14.6. Deficiency

Scurvy is a vitamin C-specific disease. It is characterized by anemia and alteration of protein metabolism;
weakening of collagenous structures in bone, teeth, and connective tissues; swollen, bleeding gums with loss
of teeth; fatigue and lethargy; rheumatic pains in the legs and degeneration of the muscles, skin lesions, and
capillary weakness, massive hematomas in the thighs; and hemorrhages in many organs, including the eyes.
Small (10—-60 mg/d) quantities of L-ascorbic acid are sufficient to reverse the trend of both subclinical and
clinical scurvy and alleviate their symptoms. Plasma and leukocyte ascorbic acid levels are the most reliable
markers of vitamin C intake. Leukocyte levels are more reliable, less sensitive to recent vitamin C intake,
and better reflect tissue ascorbate. Normal leukocyte vitamin C levels are 20-40 1g/108 cells (214). Plasma
concentrations of ascorbic acid less than 0.2 mg/dL and leukocyte concentrations below 2 1g/108 cells are seen
in scurvy (216). Plasma ascorbic acid levels of 0.5 mg/dL are considered to prevent deficiency symptoms. Normal
plasma levels are 0.8-1.4 mg/dL.

Vitamin C levels may be regulated and controlled tightly by both nonenzymatic and enzymatic recycling
mechanisms that may become dysfunctional in certain disease states of diabetes, cataract, heart disease,
cancer, and so on (217). Adequate vitamin C levels are essential in maintaining optimal health.

14.7. Absorption, Transport, and Excretion

The vitamin is absorbed through the mouth, the stomach, and predominantly through the distal portion of the
small intestine and, hence, penetrates into the bloodstream. Ascorbic acid is widely distributed to the cells of
the body and is mainly present in the white blood cells (leukocytes) which are involved in the destruction of
bacteria (218-221). The ascorbic acid concentration in these cells is about 150 times its concentration in the
plasma (222, 223). Dehydroascorbic acid is the main form in the red blood cells (erythrocytes).

Up to 80% of oral doses of ascorbic acid are absorbed in humans with intakes of less than 0.2 g of vitamin
C. Absorption of pharmacological doses ranging from 0.2 g to 12 g results in an inverse relationship, with less
than 20% absorption at the higher doses. A single oral dose of 3 g has been reported to approach the absorptive
capacity (tissue saturation) of the human intestine.

The adrenal glands and pituitary glands have the highest tissue concentration of ascorbic acid. The brain,
liver, and spleen, however, represent the largest contribution to the body pool. Plasma and leukocyte ascorbic
acid levels decrease with increasing age (224). Elderly people require higher ascorbic acid intakes than children
to reach the same plasma and tissue concentration (225).

Ascorbic acid is very soluble in water and mainly excreted in the urine. No ascorbic acid is excreted during
vitamin C deficiency. A minimum amount is lost in the feces, even after intake of gram dosages (226).

14.8. Mobilization and Metabolism

The total ascorbic acid body pool in healthy adults has been estimated to be approximately 1.5 g, which
increases to 2.3—2.8 g with intakes of 200 mg/d (223-230).

Depletion of the body pool to 600 mg initiates physiological changes, and signs of clinical scurvy are
reported when the body pool falls below 300 mg (216). Approximately 3—4% of the body pool turns over daily,
representing 40—60 mg/d of metabolized, or consumed, vitamin C. Smokers have a higher metabolic turnover
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Table 5. The 1989 RDA and US RDA for Vitamin C

Group Age, yr Vitamin C, mg
RDA
infants 0-0.5 30
0.5-1.0 35
children 1-3 40
4-10 45
males 11-14 50
15 - 51+ 60
females 11-14 50
15 - 51+ 60
pregnant 70
lactating
1st 6 mo 95
2nd 6 mo 90
cigarette smokers 100
U.S. RDA

infants under 13 mo 35
children under 4 yr 40
adults and children over 4 yr 60
pregnant or lactating women 60

rate of vitamin C (approximately 100 mg/d) and a lower body pool than nonsmokers, unless compensated
through increased daily intakes of vitamin C (231). The metabolism of ascorbic acid varies among different
species.

In rats and guinea pigs, respiratory carbon dioxide is the major oxidation product of vitamin C (232).
Given to humans in physiological doses, approximately 10% of a dose will be recovered in the urine, and
urinary oxalic acid is the predominant metabolite. The formation of urinary metabolites is limited to 30-50
mg/d. Intake of up to 10 g/d ascorbic acid does not result in a considerable increase of urinary metabolites. The
vitamin is excreted largely unmetabolized (233). In humans, the metabolites are dehydroascorbic acid, oxalate,
2,3-diketo-L-gulonic acid and derivatives of L-threose and L-threonic acid. L-Ascorbate-2-sulfate has been found
in human urine as well (234). The feces are not a significant excretory route unless doses over 1 g are given.

The half-life of ascorbic acid is inversely related to the daily intake and is 13—40 d in humans and 3 d in
guinea pigs, which is consistent with the longer time for humans to develop scurvy 216.

14.9. Requirements

The level of ascorbic acid intake required is dependent in part upon the body’s handling of the nutrient 180, 190.
The recommendations for the daily intake of vitamin C in various countries range from 30 to 100 mg/d. There
is an extensive lack of knowledge about the biochemical and physiological functions of vitamin C. Although as
little as 10 mg/d of ascorbic acid can prevent clinical scurvy, this intake is insufficient to maintain an adequate
body pool of the vitamin for peak physical and mental health. The RDA (Recommended Dietary Allowances
based on National Academy of Sciences’ 1989) for vitamin C in the United States is currently 60 mg for men
and women to maintain the body pool (Table 5). Vitamin C levels are higher for pregnant and lactating women
to account for losses to the fetus and to breast milk.

The most recent RDA has included a vitamin C recommendation of 100 mg/day for cigarette smokers. An
increasing number of investigators have concluded that the current RDA for vitamin C may not be adequate
for elderly individuals. Plasma vitamin C level is generally accepted as an indicator of vitamin C status.
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A recent study recommended that the current RDA be increased from 60 mg/d to 200 mg. The researchers
indicated, however, that vitamin C daily doses above 400 mg have no value (235). The amount of L-ascorbic
acid that needs to be consumed for optimum well-being is still uncertain. It seems that the current opinions
are very diverse. Increased vitamin C may be needed under stress to maintain optimal physiologic function.

14.10. Toxicity

The acceptable daily allowance, which may be ingested without any risk of harm, is 1050 mg for a 70-kg
healthy person (23). The literature documents that these and much higher intake levels of L-ascorbic acid are
safe (mega doses of vitamin C are being administered as a cure of cancer by “alternative” practitioners.) Since
1993 many well controlled studies have been completed examining high doses of vitamin C intake for safety
and efficacy (236). There is also no evidence in the literature that ingestion of up to 10 g vitamin C per day
constitutes a serious health risk for humans.
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