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The interrelationship between diabe-
tes and various vitamins and miner-
als is characterized by a high degree

of reciprocity. Chronic uncontrolled hy-
perglycemia can cause significant alter-
ations in the status of these nutrients, and
conversely, some of these substances, es-
pecially those that have been character-
ized as micronutrients, can directly mod-
ulate glucose homeostasis (1). Differences
in patient populations studied and meth-
odological uncertainties account for the
discrepancies in most reported studies.
Certain subgroups of individuals with di-
abetes, such as elderly patients, vegans
(who consume no animal products), and
pregnant and lactating women, are at par-
ticular risk for deficiencies for such nutri-
ents. Additionally, caloric restriction for
obese patients and the effects of a high
fiber diet and a host of drugs on the me-
tabolism of vitamins and minerals are of
concern (2,3).

Here we review the current status
of our knowledge about the interrelation-
ship between diabetes and several impor-
tant vitamins and minerals and provide a
balanced perspective on what is known

about this topic. Some of these concepts
have been discussed in previous publica-
tions (1,4). In some cases, support for
specific recommendations for how to deal
with abnormalities that exist in patients
with diabetes is not readily available.

Accurate assessment of vitamin/
mineral status has proved difficult, with
the notable exception of iron. A tradi-
tional assumption has been that the levels
of such nutrients in body fluids, such as
plasma, reflected tissue pools, and there-
fore, decreased levels of the nutrient were
indicative of suboptimal status. Although
the assumption may be valid in cases of
deficiency or excess that can be readily
established in experimental animals, the
correlation between plasma levels and tis-
sue status in marginal deficiency is not
always apparent. Note that metabolism
and use of many nutrients is homeostati-
cally regulated and subject to factors such
as hormones and other physiological in-
fluences (5). Thus, alterations in levels of
these substances in tissues and body flu-
ids may actually represent highly inte-
grated and necessary adaptive responses
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of the host to specific physiological con-
ditions rather than depleted tissue pools.

In addition, early work on the ef-
fect of some micronutrient deficiencies,
notably chromium, was fraught with
problems because a deficient state was
rare and could not be easily assessed.
Most of these problems have been sur-
mounted. Nevertheless, the interpreta-
tion of reported studies or reconciliation
between inconsistent experimental out-
comes is still problematic.

Here we review the available liter-
ature on micronutrient status of individ-
uals with diabetes, discuss the effect of
various nutrients on carbohydrate toler-
ance, and suggest guidelines for evalua-
tion of nutrient status and management of
possible deficiencies. Because of the limi-
tations of the literature and paucity of
studies after the 1960s and 1970s, inter-
vention should be approached with cau-
tion.

Magnesium was the subject of a
1992 Consensus Development Confer-
ence sponsored by the American Diabetes
Association (6); therefore, it will be cov-
ered only briefly in this technical review.

TRACE MINERALS

Chromium
Chromium (Cr) is found in tissues
throughout the body. Glucose tolerance
factor (GTF) is the Cr-containing com-
pound related to glucose homeostasis (7-
10). GTF is a complex that contains nic-
otinic acid, elemental Cr, and amino acids
such as glutamic acid, glycine, and cys-
teine. Brewer's yeast, liver, and kidney are
rich sources of GTF. Previous studies,
however, have concluded that nicotinic
acid is not a component of GTF in bovine
colostrum (11). The precise biochemical
basis for the effect of Cr on glucose ho-
meostasis is not known, although some
evidence suggests that GTF enhances the
binding of insulin to its receptors (7,8).
However, the 4-h lag period between ad-
ministration of GTF and enhancement of
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insulin action suggests that a complex
cascade of events are involved in Cr-
induced potentiation of insulin action
(12). Cr also alters lipid metabolism, al-
though this may be secondary to its effect
on glucose metabolism; other unrelated
mechanisms cannot be excluded at this
time. Results from controlled human
studies have been reviewed recently, and
factors requiring further investigation
have been recommended.

Dietary deficiency of Cr in labora-
tory animals is associated with elevated
blood glucose, cholesterol, and triglycer-
ide levels (13,14). GTF administration in
diabetic mice reduces elevated plasma
glucose concentration by 14-29% and
lowers elevated plasma cholesterol and
triglyceride levels by 35 and 45%, respec-
tively (12). In two patients on prolonged
total parenteral nutrition during a
6-month to 5-year period, Cr deficiency
was implicated in the emergence of glu-
cose intolerance that was reversed with Cr
supplementation (15,16). For one of
these patients, Cr supplementation not
only reversed glucose intolerance but also
ameliorated the neuropathy, high free
fatty acid levels, and low respiratory quo-
tient. These symptoms had not re-
sponded to the improved glucose toler-
ance with insulin therapy (15). However,
Cr supplementation has not resulted in
improved glucose tolerance in healthy
adults (17-20). In a subgroup of elderly
subjects (21-23) and those with blood
glucose values >100 mg/dl at 90 min
post glucose challenge, Cr supplementa-
tion has been shown to improve glucose
tolerance (24). A 28-day study in 12
healthy elderly volunteers found that the
combination of Cr and nicotinic acid im-
proved glucose tolerance when Cr or nic-
otinic acid administered alone was inef-
fective (25). In a well-controlled study, Cr
supplementation (4 jamol/day) for 4
weeks improved glucose tolerance of
middle-aged male and female subjects ex-
hibiting impaired glucose tolerance after
consumption of a low-Cr diet (<0.4
/amol/day) for 4 weeks (26).

In individuals with diabetes, three

double-blind crossover studies on Cr
supplementation did not result in any im-
provement of blood glucose control (27-
29). All three studies evaluated elemental
Cr, and one evaluated brewer's yeast as
well. In another study, however, 1.6 g of
brewer's yeast per day (equivalent to 30
jag of elemental Cr) resulted in a 17% de-
crease in glycosylated hemoglobin levels
and a 36% increase in high-density li-
poprotein (HDL) cholesterol levels (30).

A similar controversy exists re-
garding the effect of Cr on plasma lipid
profiles of diabetic and nondiabetic sub-
jects. Several studies have indicated that
supplementation of 200 jag Cr (as ele-
mental Cr or brewer's yeast) per day may
reduce total cholesterol by 5-12% and in-
crease HDL cholesterol by 8-36% with-
out altering the level of serum triglycer-
ides (17,18,28-30). It is possible that Cr
supplementation may improve plasma
lipid profile and enhance insulin action
only in patients with frank Cr deficiency.
However, prevalence of Cr deficiency in
diabetic patients is not known. No reli-
able methods exist to evaluate marginal
Cr deficiency. Plasma Cr concentration in
non-insulin-dependent diabetes mellitus
(NIDDM) patients is not significantly dif-
ferent from that in healthy control sub-
jects (28). Insulin-dependent diabetes
mellitus (IDDM) patients, however, ex-
hibit an elevated basal plasma Cr concen-
tration (28). In contrast, hair Cr content
of diabetic children (31) and, possibly,
IDDM women (32) is reduced. Mean lev-
els of Cr in hair or erythrocytes in adult
male IDDM or NIDDM patients were not
significantly different from those of con-
trol subjects (33), although the range of
Cr levels was lower in the diabetic pa-
tients. These observations suggest that
there might be a subgroup of diabetic pa-
tients with Cr deficiency, but hair analysis
and erythrocyte concentration are not ap-
propriate clinical tools for assessing Cr
status.

Some suggest that plasma Cr re-
sponse to an oral glucose load is a poten-
tial test for estimating the status of tissue
Cr stores. Using this criterion, male sub-

jects with IDDM or NIDDM appeared to
have adequate Cr stores (33). Conversely,
a group of women with glucose intoler-
ance showed a decline in plasma Cr levels
in response to an oral glucose load, which
suggests inadequate stores or possibly a
Cr deficiency (18). Dietary supplementa-
tion with brewer's yeast resulted in eleva-
tion of plasma Cr after glucose ingestion
(18). The plasma Cr response to oral glu-
cose administration increased more in
NIDDM subjects than in normal control
subjects, but this difference was not found
when IDDM subjects were compared
with control subjects. Among the normal
control subjects, obese subjects had a sig-
nificantly greater increase in plasma Cr
levels compared with lean subjects (34).
Of interest is the finding that carbohy-
drates that cause increased insulin release
also stimulated urinary loss of Cr (35).
Plasma measurements of elemental Cr
level may not be the best assay of func-
tional Cr status. Whether bioassay for
GTF activity would yield more physiolog-
ically relevant information remains to be
seen. Sensitive tools for the assessment of
Cr status are needed.

Most individuals with diabetes
apparently are not Cr deficient. Although
severe Cr deficiency can lead to glucose
intolerance, its role in the pathogenesis of
overt diabetes does not appear to be sig-
nificant.

Zinc
Zinc (Zn) is an essential constituent of en-
zymes in many major metabolic pathways
and is found in nucleic acids and bone.
The role of Zn in carbohydrate metabo-
lism has been the subject of considerable
interest. Approximately 0.5% of crystal-
line insulin is Zn. Zn deficiency in some
studies has been associated with reduced
insulin secretion and increased tissue re-
sistance to insulin action (36-39). Zn en-
hances the binding of insulin to hepato-
cyte membranes (40) and potentiates the
lipogenic effect of insulin in rat adipocytes
(41). The effect of Zn on insulin secretion
is biphasic. Very high or very low Zn
plasma concentrations impair insulin se-
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cretion (42-44). As with Cr deficiency,
severe Zn deficiency may cause glucose
intolerance, but its role in the pathogene-
sis of diabetes is not proven.

Much of our knowledge of the ef-
fect of diabetes on tissue Zn stores has
been based on animal model studies. In
genetically obese diabetic mice (db/db),
decreased concentrations of tissue Zn
have been reported (45). In contrast, Zn
deficiency has not been seen in streptozo-
cin- or alloxan-induced diabetic mice.
The true prevalence of Zn deficiency
among diabetic patients is unknown. In
one study, 9% of patients with NIDDM
had low serum Zn levels (<70 /Ag/dl).
The serum Zn levels in the nondiabetic
comparison group in this study ranged
from 70 to 120 ptg/dl. Although the se-
rum Zn levels could not be related to
blood glucose levels, the lower serum Zn
levels in the diabetic patients is probably
the result of diabetes-related hyperzinc-
uria and impaired intestinal Zn absorp-
tion (46-47). Walter et al. (48) found re-
duced serum plasma Zn concentrations in
a group of NIDDM and IDDM subjects.
Lower content of Zn in lymphocytes,
granulocytes, and platelets has also been
found in diabetic subjects (49). In addi-
tion, IDDM subjects have reduced levels
of thymulin, a biomarker of Zn biological
activity (50). However, evaluation of
streptozocin-induced diabetic rats has
shown that absorption of Zn may be al-
tered, but not necessarily impaired (47).
In diabetes, absorption (influx) appears
to be normal, and endogenous secretion
from the pancreas may be decreased,
which compensates for urinary excretion
(5). This homeostatic control would facil-
itate maintenance of normal tissue stores
even when urinary losses are elevated.
Thus, secretion of endogenous Zn via the
gut normally appears to be the primary
means of regulating whole body Zn status
(5). Total body clearance values for Zn in
IDDM boys and girls with zincuria and
glycosuria were markedly higher than in
control subjects (24.6 ± 0.6 ml •
kg - ' - rT 1 ) .

Pharmacological doses of supple-

mental Zn had no effect on glycated he-
moglobin levels in diabetic patients (49).
However, Zn supplementation may have
other effects. In a subgroup of NIDDM
patients with Zn deficiency, Zn supple-
mentation improved T-cell response to
phytohemagglutinin stimulation without
enhancing natural killer cell activity (52).
Although Zn status is important for the
functional integrity of the immune sys-
tem, additional factors peculiar to the di-
abetic state are involved in the changes of
the immune system in diabetes (53). Zn
status can influence cardiac jS-adrenergic
responsiveness, but diabetes-related
changes in cardiac adrenergic receptor ac-
tivity seem to be independent of Zn status
(54). Studies also have shown that the in-
cidence of pregnancy-related complica-
tions was higher in marginally Zn defi-
cient diabetic rats than in those with
adequate or high Zn status (55). Last, the
observation by Begin-Heick et al. (56)
that Zn supplementation attenuated hy-
persecretion of insulin in ob/ob mice pro-
vides another argument that either the di-
etary Zn requirement of the diabetic
rodent is increased and/or chronic
changes in micronutrient metabolism are
associated with abnormal function.

A beneficial effect of Zn supple-
mentation on healing venous leg ulcers
has been suggested in uncontrolled stud-
ies of elderly subjects (57,58). Venous leg
ulcers in patients with serum Zn levels
> 110 /Ag/dl, either at baseline or after Zn
supplementation, healed faster than did
those in patients with lower serum Zn lev-
els (58). A pharmacological dose of Zn
(>250 mg of elemental Zn daily) has re-
sulted in increased levels of low-density
lipoprotein (LDL) cholesterol and de-
creased levels of HDL cholesterol (59).
This effect appears to be related to im-
paired copper metabolism associated
with high Zn intake. Double-blind stud-
ies on the effects of Zn supplements on
diabetic foot ulcers are needed. Although
Zn is involved in testicular steroidogene-
sis, its role in diabetic patients with sexual
dysfunction is still unknown (60). No
current evidence supports Zn supple-

mentation for treating diabetes-related
impotence.

Zn exemplifies the difficulty of ac-
curate assessment of micronutrient sta-
tus. Plasma levels of this trace metal have
been shown to be significantly lower dur-
ing pregnancy and inflammatory epi-
sodes of animals and humans with ade-
quate Zn nutriture. In addition, sampling
factors, such as time of day, fasting versus
fed state, and collection of either plasma
or serum, may influence levels of Zn even
when analytical methods of the highest
quality are employed. Hair analysis does
not reliably determine Zn status, and re-
sults can be affected by hair-care prod-
ucts. Thus, moderate reduction of Zn in
plasma and serum is not necessarily in-
dicative of lower Zn status, and differ-
ences between studies assessing similar
parameters may appear contradictory be-
cause of failure to account for physiolog-
ical influences and procedural details. It is
important to recognize that a change in
the level of Zn (or any other trace metal)
needs to be correlated with abnormal bio-
chemical and, more importantly, physio-
logical functions to demonstrate that al-
tered metal status reflects deficiency or
excess.

Although individuals with diabe-
tes, especially those with poor blood glu-
cose control, are at high risk of Zn defi-
ciency, at present, no clear guidelines
exist for diagnosis and treatment of mar-
ginal Zn status in these patients.

Copper
Copper (Cu) is an essential nutrient for all
mammals and is a constituent of tyrosi-
nase, cytochrome oxidase, ceruloplas-
min, and other ferroxidases. High con-
centrations of Cu are found in the brain,
liver, heart, and kidney.

Although Cu deficiency is associ-
ated with impaired glucose tolerance in
experimental animals (61), Cu deficiency
is usually not a problem in diabetes. Most
studies in individuals with diabetes or in
animal models of diabetes have found
that serum and tissue Cu concentrations
are either normal or increased compared
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with nondiabetic control subjects
(48,62-71). Elevated serum Cu concen-
tration also has been found in association
with arteriosclerosis (72-73). The patho-
genetic implications of these observations
are not clear because Cu deficiency, not
excess, is associated with elevated serum
cholesterol levels (74). Sjogren et al. (75)
found that skeletal muscle content of Cu
in IDDM subjects may be reduced even
when plasma Cu concentrations are ele-
vated. This is in contrast with much of the
data available on tissue content of Cu in
diabetic humans and rats (62-70) and
needs to be further evaluated. Streptozo-
cin-induced diabetic rats have increased
intestinal Cu absorption and increased
urinary excretion of Cu reversed with in-
sulin treatment (76,77). In one study of
patients with NIDDM, serum Cu and ce-
ruloplasmin levels were elevated, and
older individuals with diabetes or those
with diabetes complications appear to
have higher (> 150 jug/dl) levels of serum
Cu (62). When excess Cu accumulates in
tissues, especially in the kidney, it may be
toxic.

Magnesium
Although more than half of the body's
magnesium (Mg) is in bone, it also is con-
centrated in soft tissue. Mg is an essential
component of many enzymes and is sec-
ond only to potassium in cellular concen-
tration. It is important in maintaining the
electrical potential in nerve and muscle
membranes and is also involved in glu-
cose homeostasis. Mg modulates glucose
transport across cell membranes and is a
cofactor in various enzymatic pathways
involved in glucose oxidation (78-81).

Individuals with diabetes, espe-
cially those with glycosuria and ketoaci-
dosis, may have excessive urinary losses
of Mg (82-86). Hypomagnesemia is com-
mon in these patients and can potentially
cause insulin resistance (87). One study
found that serum Mg levels correlated in-
versely with duration of diabetes in chil-
dren (88).

The effect of diabetes on tissue
content of Mg is variable (88-92). IDDM

patients have been reported to have nor-
mal levels of Mg in erythrocytes, leuko-
cytes, and muscle (89-92), but in one of
these studies, the Mg content in trabecu-
lar bone of iliac crest biopsies was re-
duced by 30% (92). In another study,
NIDDM patients also had reduced Mg
content of skeletal muscles, which could
not be predicted from the serum Mg mea-
surements (93).

Although biological sequelae of
modest Mg deficiency in individuals with
diabetes are not proven, Mg deficiency
may possibly contribute to the insulin in-
sensitivity in patients with NIDDM. For
example, one study showed that the insu-
lin secretory capacity improved with di-
etary Mg supplementation for 4 weeks
(94). These patients did not have clinical
or biochemical evidence of Mg deficiency
before the study. Epidemiologically, Mg
deficiency also has been associated with
diabetic retinopathy (95) and ischemic
heart disease in some but not all studies
(48,96,97). Although no evidence indi-
cates that Mg supplementation can alter
these two diabetes-related complications,
the Mg status of individuals with diabetes
in poor blood glucose control or at risk
for Mg depletion, such as with thiazide
diuretic use (98), should be assessed. Mg
supplementation may be warranted using
Mg-containing antacids for those patients
with modest deficiency. However, moni-
toring is problematic, and dose and dura-
tion of treatment are not well established.

Manganese
Manganese (Mn) is concentrated in the
pituitary, liver, pancreas, and mammary
glands and is an essential element for nor-
mal bone structure, reproduction, and
central nervous system function. Pyru-
vate carboxylase contains Mn, and Mn is
involved in the enzyme systems responsi-
ble for polysaccharide elongation and
mucopolysaccharide synthesis.

Alterations in Mn metabolism also
have been implicated in glucose intoler-
ance. Mn deficiency in laboratory animals
causes impaired glucose tolerance, which
is readily normalized after Mn supple-

mentation (99). The Mn status in diabetes
is controversial. The hepatic tissue con-
tent of Mn in diabetic animals is increased
(68,100,101). In one study reported 30
years ago, the majority of individuals with
diabetes (62%) had elevated serum Mn
levels (>1.6 ju-g/dl), and 7% had reduced
serum levels (<1.0 jag/dl) (63). Mn sup-
plementation in NIDDM subjects did not
have glucose-lowering effects (102), al-
though an earlier study had found Mn-
induced lowering of plasma glucose
(103). The biological significance of the
reported association between elevated se-
rum Mn levels and myocardial infarction
(104) or atherosclerosis (105) is not
known at this time.

Iron
Iron (Fe) is a constituent of hemoglobin,
myoglobin, and several enzymes. In con-
trast to other essential minerals, excretion
of Fe occurs only through the loss of Fe-
containing tissues and erythrocytes. Fe
excess found in hemochromatosis is com-
monly associated with glucose intoler-
ance. An intriguing report of diabetic in-
dividuals with elevated ferritin levels (but
without classical hemochromatosis) sug-
gested improved glycemic control after
therapy with deferoxamine and corre-
sponding reduction in Fe levels (106).
This observation has not been made by
others (107). Further analyses are neces-
sary before instituting routine therapy
with deferoxamine. The role of Fe in glu-
cose homeostasis appears to be relatively
minor (108), although Fe metabolism
may be altered in diabetes (109). Never-
theless, individuals with diabetes do not
appear at special risk of Fe deficiency un-
less diabetes is complicated by renal fail-
ure or gastrointestinal neuropathy with
malabsorption. Experimental animal
models of diabetes tend to have increased
tissue Fe content in liver, kidney, and fe-
mur (70). Whether similar changes are
found in diabetic individuals is not
known.
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Selenium
Selenium (Se) is an antioxidant nutrient
and parallels many of the functions of vi-
tamin E. The interrelationship between
vitamin E and Se is not well understood.
Se deficiency in rats is associated with re-
duced insulin secretory capacity. In one
study, glucose intolerance developed
when Se deficiency was coupled with vi-
tamin E deficiency (110). Se deficiency in
humans has been associated with reduced
glutathione peroxidase activity, an en-
zyme that has a protective role against tis-
sue damage caused by free radical-in-
duced lipid peroxidation (111). Several
case reports have found Se deficiency to
be associated with certain forms of car-
diomyopathy (112-114). The Se status of
individuals with diabetes is not well stud-
ied. In one study, the serum Se level of
children with diabetes was higher than
that of normoglycemic control subjects.
These higher levels were independent of
either fasting plasma glucose or glycated
hemoglobin levels (115). Additional ob-
servations related to the impact of diabe-
tes on Se, vitamin E, and antioxidant sta-
tus have been reviewed (116).

At present, there is no reason to
believe that individuals with diabetes are
at risk for Se deficiency unless they live in
Se-deficient areas.

VITAMINS

Vitamin A
Vitamin A exists in animal tissue in sev-
eral forms, but largely occurs as retinol. It
is stored in the liver in combination with
fatty acids as retinol esters. The carote-
noid beta-carotene, a precursor of vita-
min A, is found in plants. Beta-carotene is
converted to vitamin A in the intestinal
mucosa, but can enter the lymphatic sys-
tem intact. Both vitamin A and beta-
carotene appear to have a role in immu-
nity and may be important in wound
healing.

Vitamin A has an important role
in the regulation of insulin secretion by

cultured islet cells (117). At low concen-
trations, retinol stimulated insulin secre-
tion, and high concentrations of the vita-
min inhibited secretion. The clinical
significance of these observations are not
clear at the present time. Vitamin A sup-
plementation in diabetic rats did not alter
glucose levels in the blood or in the urine
(118). Diabetic individuals reportedly
have normal serum levels of beta-caro-
tene and retinol, and they do not appear
to have any impairment in the absorption
or conversion of beta-carotene to retinol
(119). However, in some patients with in-
creased serum beta-lipoprotein levels, the
serum level of retinol was reported to be
elevated (119). In another study, young
IDDM patients were found to have low
serum retinol and retinol-binding protein
concentrations (120).

The majority of individuals with
diabetes are not likely to be vitamin A-de-
ficient. Megadoses of vitamin A have seri-
ous potential toxicity and teratogenic ef-
fects. No toxicity has been associated with
beta-carotene, but hyperpigmentation of
the skin on the palm of the hand and the
sole of the foot is common.

Group B vitamins
This group of vitamins, particularly thia-
mine (B^, riboflavin (B2), nicotinic acid
(B3), pyridoxine (B6), and vitamin B12,
have important roles in glucose metabo-
lism. The B vitamins are water soluble.
Poor diabetes control can result in excess
excretion, which could potentially alter
nutrient requirement. These vitamins will
be discussed in detail because they have
been extensively evaluated in clinical
studies.

Thiamine (Bx). Thiamine pyrophos-
phate functions as a coenzyme in the me-
tabolism of a-keto acids and 2-keto sug-
ars. Thiamine is essential for the oxidative
decarboxylation of pyruvic acid.

Thiamine status of diabetic indi-
viduals is highly controversial. IDDM pa-
tients typically have low blood thiamine
levels, and older NIDDM patients usually
have normal blood levels of thiamine
(1,121). One Japanese study, however,

found elevated plasma thiamine levels in
individuals with diabetes of unspecified
type, which they attributed to impaired
tissue transport of thiamine (122). Note
that erythrocyte transketolase activity has
been reported to be reduced in diabetic
individuals independent of thiamine sta-
tus (123). It is possible, therefore, that
borderline thiamine status may further
impair the activity of this key enzyme.

Although the occasional patient
with diabetic neuropathy may respond to
pharmacological doses of thiamine, there
is no justification for routine thiamine
supplementation in diabetes manage-
ment at the present time.
Niacin (B3). The term "niacin" is used to
refer to nicotinamide and nicotinic acid.
Nicotinamide functions as a component
of coenzymes involved in glycolysis, fat
synthesis, and tissue repair. Nicotinic
acid, in relatively large doses, is used
pharmacologically in the treatment of hy-
perlipidemia, but it can result in deterio-
ration of carbohydrate tolerance. On the
other hand, one study in healthy elderly
volunteers found that the combination of
nicotinic acid and Cr improves glucose
tolerance (24). Several uncontrolled stud-
ies have suggested that nicotinamide may
protect the pancreatic /3-cell function in
newly diagnosed diabetic patients and
improve their metabolic control (124-
126). The precise mechanisms of the
/3-cell protective effect of nicotinamide is
not known. However, a recent double-
blind randomized clinical trial failed to
show any beneficial effect of nicotinamide
in inducing remission of early-onset
IDDM (127).
Pyridoxine (B6). Vitamin B6 functions as
a coenzyme for many of the enzymes in-
volved in amino acid metabolism. Vita-
min B6 deficiency has been commonly re-
ported to occur among individuals with
diabetes (128-130). In one study, pa-
tients treated with insulin typically had
lower plasma levels of pyridoxine com-
pared with those using oral agents (128).
Patients with poor diabetes control also
may have lower plasma levels of pyridox-
ine.
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Pyridoxine has an important role
in carbohydrate metabolism. Pyridoxine
deficiency in experimental animals and
humans is associated with glucose intol-
erance and impaired secretion of insulin
and glucagon (131-133). Although the
mechanism of the pyridoxine effect on
carbohydrate metabolism is not clear, it
may be related to the regulatory effect of
pyridoxine on tryptophan metabolism.
Indeed, certain catabolic metabolites of
tryptophan, such as quinolinic acid and
hydroxyanthranilic acid, can impair car-
bohydrate metabolism (134,135). Indi-
viduals with diabetes also may have ab-
normalities in tryptophan metabolism
with accumulation of xanthurenic acid
and hydroxykynurenine. The former of
these metabolites has been shown to bind
insulin and to reduce its biological activ-
ity (136). However, abnormalities of tryp-
tophan metabolism may be an epiphe-
nomenon rather than a direct cause of
carbohydrate intolerance.

In a study of women with glucose
intolerance related to contraceptive ste-
roid use, pyridoxine administration nor-
malized tryptophan metabolism but im-
proved glucose tolerance only in those
with frank pyridoxine deficiency (137).
In addition, pyridoxine administration
has not been shown to affect blood glu-
cose levels in women with gestational
diabetes (138,139). Similarly, supple-
mentation of pyridoxine in diabetic indi-
viduals with pyridoxine deficiency did
not improve blood glucose control (140).
In one study of patients with NIDDM and
normal pyridoxine status, administration
of pyridoxine for 6 weeks resulted in de-
creased glycosylated hemoglobin levels
without a change in fasting blood glucose
levels (141). This may have been the re-
sult of either a modification in nonenzy-
matic glycosylation of hemoglobin or im-
proved postprandial blood glucose
values.

Overall, it appears that individu-
als with diabetes, especially those requir-
ing insulin therapy and those with poor
blood glucose control, may likely have
low plasma pyridoxine levels. Individuals

with diabetes also may have biochemical
abnormalities related to pyridoxine defi-
ciency, such as altered tryptophan metab-
olism. However, pyridoxine supplemen-
tation in these patients does not appear to
be beneficial. Nevertheless, some benefit
has been noted in some patients with di-
abetic neuropathy (142), but the clinical
efficacy of this treatment is not proven.
Administration of megadoses of B6, in
fact, may be associated with toxic effects,
including neuropathy (143).
Vitamin B12. Vitamin B12 is a cobalt-
containing compound found in all cells. It
is a component of various coenzymes and
is involved in nucleic acid synthesis. A
deficiency of either Vitamin B12 or folic
acid can cause megaloblastic anemia, but
B12 deficiency also results in neuronal cell
dysfunction. Vitamin B12 absorption is
largely regulated by gastric secretion of
intrinsic factor.

Vitamin B12 deficiency is usually
associated with IDDM in the context of
polyglandular autoimmune diseases
(144). On the other hand, the prevalence
of NIDDM and pernicious anemia in-
creases independently with age (145).
Thus, finding these two diseases concur-
rently in the same individual is not un-
common. No evidence, however, indi-
cates any causal relationship between
diabetes and vitamin B12 deficiency. A
possible relationship between vitamin B12

and diabetic neuropathy was suggested
by the demonstration that leg parasthe-
sias improved after intrathecal injection
of high-dose methylcobalamin (146).
Randomized controlled studies are
needed to confirm this observation.

Ascorbic acid (Vitamin C)
Vitamin C is involved in the synthesis of
collagen and generally functions as a re-
ducing agent. It is involved in immunity
and wound healing. Ascorbic acid is the
most common dietary supplement used
by patients. Experimental data in animals
suggest that very high doses of dehy-
droascorbic acid, an oxidative metabolite
of ascorbic acid, is a neurotoxic and dia-
betogenic agent (147,148). The clinical

implication of this observation is unclear.
One study in India reported that individ-
uals with diabetes exhibited plasma
ascorbate levels that were lower and
plasma dehydroascorbic acid concentra-
tions that were higher than those of
matched control subjects (149). Diabetic
individuals in England and the U.S. re-
portedly have normal plasma levels of
ascorbic acid (150-152). Ascorbate and
glucose have a common transport mech-
anism (153,154), and the depletion of tis-
sue stores of ascorbic acid by chronic hy~
perglycemia in streptozocin-induced
diabetes has been reported (155). Ascor-
bic acid content of white blood cells and
platelets has been found to be low in dia-
betic patients (153,156). Whether these
low levels account for some of the abnor-
malities in the functions of white blood
cells and platelets in diabetic individuals
is not clear. One study has also suggested
that vitamin C deficiency may be clini-
cally associated with microangiopathy
(157).

Vitamin C supplementation at a
dose of 500 mg/dl for 15 days did not
affect blood glucose levels in unselected
NIDDM patients (158). In patients with
low dietary ascorbic acid intake, supple-
mentation therapy (500-1,000 mg/day)
has reportedly reduced hypercholesterol-
emia (159) and cutaneous vascular fragil-
ity (160). However, one study in an un-
selected population found that ascorbic
acid supplementation (500 mg/day) had
no effect on hyperlipidemia (161). The ef-
fect of supplemental ascorbic acid on
polyol metabolism is of interest. Both in
vivo and in vitro administration of ascor-
bic acid reduced sorbitol accumulation in
human erythrocytes (162). Plasma level
of ascorbic acid in diabetic rats was nor-
malized with dietary niyo-inositol supple-
mentation or treatment with an aldose re-
ductase inhibitor (163). The clinical
significance of these observations is yet to
be proven.

A higher turnover of ascorbic acid
was found in patients with NIDDM (164),
which may indicate the need for higher
dietary requirements. Therefore, on theo-

DIABKTHS CARE, VOLUME 17, NUMBER 5, MAY 1994 469

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/17/5/464/515992/17-5-464.pdf by guest on 10 April 2024



Technical Review

retical grounds, a case can be made that
the current Recommended Dietary Al-
lowances (RDAs) for ascorbic acid may
need to be increased for diabetic individ-
uals to 100 mg/day as was recommended
for cigarette smokers (165). However, for
most patients, dietary supplementation of
ascorbic acid is not justifiable. Potential
drawbacks of using large doses of ascor-
bic acid supplements include interference
with blood glucose monitoring, possible
precipitation of oxalate stones, and re-
bound scurvy in the occasional patient
(166).

Vitamin E
Vitamin E is a potent antioxidant prevent-
ing oxidation of vitamin A, unsaturated
fatty acids, and other nutrients. Although
vitamin E deficiency is not a feature of
diabetes, recent evidence indicates diabe-
tes is a state of increased free radical ac-
tivity and diabetic patients may have
higher requirements for antioxidants
such as vitamin E. Several clinical studies
have indicated that diabetic patients, with
IDDM or NIDDM, may have elevated
plasma and tissue levels of total vitamin E
and a-tocopherol (167-171). Whether
these changes are compensatory in nature
or are secondary to a defect in vitamin E
metabolism is not clear. The inverse cor-
relation between a-tocopherol content of
the platelets and adenosine diphosphate-
induced platelet aggregability (172) sug-
gests that higher a-tocopherol levels in
the platelets of individuals with diabetes
may have a protective role. Platelet a-to-
copherol content, however, may be rela-
tively insufficient (173). In double-blind
trials, vitamin E supplementation of
IDDM and NIDDM patients normalized
platelet thromboxane production and
platelet aggregability (174-177).

More recently reported data sug-
gest that vitamin E administration may re-
duce glycosylation of glycohemoglobin in
both rats and human diabetic subjects
(178,179). Vitamin E supplementation
(900 mg/dl for 4 months) improved insu-
lin action in 15 subjects with NIDDM and
in healthy control subjects (180). There

are no data supporting the concept that
this will reduce the risk for any complica-
tions of diabetes that may be mediated
through glycosylation of proteins.

Additional studies are needed be-
fore recommending widespread supple-
mentation of the diabetic diet with a-to-
copherol. Note that plasma a-tocopherol
levels are positively correlated with
plasma cholesterol and apolipoprotein
B-containing lipoproteins, especially
LDL cholesterol levels (181,182). Thus,
the plasma lipid levels should be taken
into consideration when plasma a-toco-
pherol levels are being evaluated.
Whether sufficient levels of vitamin E
could be administered to human subjects
to affect oxidized lipoprotein levels and
reduce their atherogenic potential re-
mains to be seen (183).

Vitamin D
Vitamin D functions principally as a reg-
ulator of calcium and phosphate metabo-
lism. In IDDM patients, significant
changes in vitamin D and calcium metab-
olism have been found along with re-
duced bone mass. These changes include
low serum 1,25-dihydroxy-cholecalcif-
erol (calcitriol), normal or increased lev-
els of 24,25-dihydroxy-cholecalciferol,
low serum Mg and ionized calcium, and
low serum immunoreactive parathyroid
hormone. Because vitamin D-binding
protein in the serum is unaltered in indi-
viduals with diabetes, the low level of se-
rum 1,25 (OH)2D cannot be attributed to
decreased transport capacity (184). These
biochemical changes have not been con-
sistent features of IDDM patients. The sta-
tus of renal function is an important de-
terminant of vitamin D and calcium
metabolism. This may account for some
of the variability in the reported studies.
The changes in bone mass and vitamin D
metabolism are more pronounced in pu-
bertal children with diabetes (184-186).
No association is found between the se-
verity of bone loss and the severity or du-
ration of diabetes (187). Unlike prepu-
bertal children with diabetes who appear
to have normal parameters of calcium

metabolism (188), pubertal diabetic ado-
lescents and some IDDM adults (189) and
pregnant patients with diabetes are at risk
of bone loss. Plasma concentrations of 25
hydroxycholecalciferol (calcidiol) and
1,25 (OH)2D are lower in pregnant
women with diabetes compared with
pregnant women without diabetes
(190,191). Adult NIDDM patients have
minimal changes in bone mass and calcit-
riol metabolism (192), but some people
with NIDDM, especially women, may
have reduced bone mineral content (193-
195). Epidemiological studies, however,
have failed to show increased incidence of
fractures in individuals with diabetes.
Children and elderly individuals with di-
abetes, as well as pregnant or lactating
mothers with diabetes, who are at risk of
developing metabolic bone disease,
should be evaluated for possible supple-
mentation with calcium and vitamin D.
Although the RDA for calcium in adults is
800 mg, the National Institutes of Health
(NIH) Consensus Development Confer-
ence on Osteoporosis recommended that
elderly individuals receive at least 1,000
mg of elemental calcium a day. It should
be acknowledged, however, that there
still are no conclusive data to support this
recommendation of the NIH Consensus
Development Conference (196).

Folic acid
Folic acid is involved in the transport of
single carbon groups such as formyl,
formaldehyde, and methanol. Folic acid
deficiency presents primarily as megalo-
blastic anemia. Folate deficiency is not a
common problem in diabetes (129,197).
In one large survey, only 3% of individu-
als with diabetes were found to have fo-
late deficiency (129). However, elderly
individuals with diabetes, especially
those of low socioeconomic class, are at
high risk of folate deficiency. Such pa-
tients and those on drugs known to alter
folate metabolism, such as phenytoin,
should be given appropriate supplemen-
tation.
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WHAT IS THE PRIMARY THERAPEUTIC GOAL?

Primary Diagnosis

Diabetes Other Medical Problem(s)

Is there evidence of poor
micronutrient status?

Is diabetes secondary to
micronutrient imbalance,

e.g., I K, chromium from TPN?

Is patient undergoing or
recovering from surgery?

Should micronutrients be given
as prophylaxis?

Are micronutrients
> RDA indicated?

Figure 1—Schematic presentation of the relative priorities in assessing micronutrient status of dia-

betic patients.

ASSESSMENT OF SELECTED
VITAMIN A N D MINERAL
NEEDS— The vitamin and mineral
needs of individuals with diabetes can
vary widely. The care needs for patients
with diabetes are often complex, and care
providers may have difficulty setting pri-
orities. Figure 1 illustrates the establish-
ment of relative priorities when assessing
micronutrient status. This decision pro-
cess can guide recommendations regard-
ing the potential role of micronutrients in
the overall health needs of the individual,
while focusing on diabetes. When diabe-
tes is not the primary diagnosis, the nu-

tritional intervention may need to be
modified to address micronutrient re-
quirements related to other health prob-
lems.

The RDAs are designed to ensure
adequate nutrients for healthy people. Di-
abetic individuals who are in good health
appear to have nutritional needs that are
addressed by the RDAs. However, many
acute and chronic medical problems asso-
ciated with diabetes can affect nutritional
needs. Diabetes itself can be secondary to
a deficiency of a micronutrient such as Cr
or Zn. When total parenteral nutrition is
used for longer than a month, assessment

of trace element status and supplementa-
tion may be needed. This may be needed
sooner if a patient's nutritional status was
greatly compromised before starting total
parenteral nutrition.

Micronutrients can play an im-
portant role in the overall status of the
patient. Acute and chronic complications
of diabetes may be associated with micro-
nutrient imbalance or deficiency. Poorly
controlled diabetes may result in exces-
sive loss of water-soluble vitamins and
minerals. Improving metabolic control
alone may not achieve normal levels of
nutrients in patients with multiple medi-
cal problems.

The role of supplementation with
micronutrients such as Zn in wound heal-
ing may be a priority in the management
of individuals with diabetes. For patients
with critical medical problems or meta-
bolic stress, vitamin and mineral require-
ments can be altered and may exceed the
RDAs. When patients with diabetes are at
risk of developing marginal and moderate
vitamin and mineral deficiencies, rigor-
ous dietary monitoring is indicated and
nutrient supplementation may be indi-
cated.

More sensitive methods for diag-
nosing marginally deficient micronutri-
ent levels in individuals are needed. Re-
cent studies have suggested that
assessment of serum thymulin activity,
lymphocyte and granulocyte Zn, mito-
gen-induced secretion of interleukin-2 by
cultured peripheral blood mononuclear
cells, and erythrocyte metallothionein
(intracellular Zn binding protein) may all
be useful indicators of Zn status (198-
200). The assessment methods need to
target nutrient function rather than quan-
tifying the level of mineral per se.

GENERAL
RECOMMENDATIONS— For the
general population who eat a wide variety
of foods, inadequate intake of micronu-
trients is rare. The underlying principle
behind the Exchange Lists for Meal Plan-
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Table 1—Recommended Dietary Allowances and food sources of selected micronutrients

Recommended daily
intake Food Sources Comments on possible excess

Chromium

Zinc

Copper

Magnesium

Manganese

Iron

Selenium

Vitamin A

Vitamin Bt

Vitamin B(1

Vitamin B12

Vitamin C

Vitamin E

Vitamin D

Folate

50-200 /x.g*

15 mg (men)t
12 mg (women)

1.5-3 mg*

350 mg (men)t
280 mg (women)
2.0-5.0 mg*

10 mg (men)t
15 mg (women)

70 /xg (men)t
55 /xg (women)
1000 jag RE (men)t
800 /-ig RE (women)

1.5 mg (men)t
1.0 mg (women)
2.0 mg (men)t
1.6 mg (women)

2.0 /xg (men)t
20 /xg (women)
60mgt

10 mg (men) TEt
8 mg (women) TE
5/i-gt

200 /itg (men)t
180 /xg (women)

Brewer's yeast, liver, kidney, wheat
germ, American cheese

Meat and other animal foods, whole
grains

Organ meats, seafood, nuts, seeds

Widely distributed; nuts, legumes,
unmilled grains

Whole grains, vegetables, fruits

Meats, eggs, fortified cereals

Seafood, organ meats, whole grains

Liver, fish liver oils, milk, eggs,
carrots, spinach

Cereal grains, brewer's yeast, organ
meats, pork

Chicken, fish, unmilled rice, soy, eggs

Meats and other animal products

Citrus fruits, green peppers, broccoli,
strawberries

Vegetable oils, wheat germ, nuts

Fortified milk, eggs, butter, margarine

Widely distributed; liver, yeast, leafy
vegetables

Substantial margin of safety. No adverse effects seen in rats
given up to 100 mg/kg in diet

Impaired Cu status has been noted with intakes of 18.5 or
25 mg/day; GI irritation and vomiting with intakes of 2
g or more in sulfate form

No deleterious effects can be expected in humans whose
intake is 0.5 mg/kg per day

May be of concern in patients with impaired renal
function who take large doses of Mg-containing drugs

Low toxicity; occasional intake of 10 mg/day by adults can
be considered safe

Deleterious effects of daily intakes between 25 and 75 mg
are unlikely in healthy persons; may be toxic for
children who ingest adult medicinal iron supplements

Some reports of selenium intoxication when large doses of
supplements were taken (>5 mg/day)

Signs of toxicity (headache, vomiting, diplopia, liver
damage) may occur in adults with sustained daily
intakes > 15,000 /xg retinol (50,000 1U)

Easily cleared by kidneys; oral doses of 500 mg daily for 1
month showed no toxicity

Neurological symptoms (ataxia, sensory neuropathy) were
seen in 103 women who took 117 ± 93 mg for >6 mo
to 5 years

No clear toxicity has been reported from daily oral intake
up to 100 /xg

Although many people habitually ingest 1 g/day with no
side effects, others have reported adverse effects; risks of
sustained high intake are not known and, therefore,
high intake is not recommended

Appears nontoxic by mouth, no deleterious signs when
ingested up to 100-800 mg/day

May be toxic in some at levels of 5 times the RDA (45 /xg
in children)

Avoid large doses, especially in those with epilepsy
controlled by phenytoin

* 1989 Estimated Safe and Adequate Daily Dietary Intake (ESASSI). 11989 Recommended Dietary Allowance (RDA). The RDA figures given are for adults (age 25-50)
and the ESADD1 given are for adults (no age definition). Adapted from National Research Council: Recommended Dietary Allowances. 10th ed. Washington, D.C.,
National Academy Press, 1989.

ning (201) or other food grouping sys-
tems is to ensure consumption of foods
from each of the different food groups to
provide minimum required levels of mi-
cronutrients. However, certain sub-
groups of the population may be at risk
for consuming less than adequate levels of
micronutrients because of limited food
choices or tolerance. The diabetes health-

care team should pay particular attention
to the nutritional history of people in
these subgroups and assess the adequacy
of their intake. Those who appear to be
more at risk for micronutrient deficien-
cies include the following subgroups:

1. Dieters: Adults who consume
< 1,200 calories a day have diffi-

culty consuming adequate levels of
all micronutrients, especially Fe
and folic acid.

2. Vegans: People who omit the con-
sumption of animal foods will have
difficulty obtaining adequate vita-
min B12, calcium, riboflavin, Fe,
and Zn.

3. Elderly: The elderly may have more
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difficulty meeting the RDAs because
of physical or other factors that limit
the variety of foods eaten.

4. Pregnant and lactating women: Fe,
Zn, calcium, and folic acid require-
ments are increased.

5. Women who have very heavy men-
strual bleeding: Increased Fe to re-
place losses may be needed.

6. People taking medications that af-
fect vitamin or mineral status or
who have other complicating fac-
tors: Both drug-induced diuresis
and chronic renal disease can lead
to Mg deficiency.

A nutrition assessment should be
completed for all people with diabetes,
and a brief annual dietary history will
help determine adherence with their meal
plan. A nutrition history is important, es-
pecially for individuals in the subgroups
named above. The history usually in-
cludes a 24-h recall or food record and
the food frequency assessment. The 24-h
recall and the description of a typical
day's intake alone may not reflect the
overall variety of foods consumed. The
food record reflects an intake for a slightly
longer period. Assessing the frequency of
foods consumed can provide additional
information about target nutrient intake.
Drinking water can be a source of trace
minerals that can potentially affect total
intake. When the interviewer is focusing
on vitamin and mineral status, particular
attention should be paid to the following:

1. A balance of all food groups—To
best assure that nutritional require-
ments are met, adults should con-
sume a minimum of 2 cups of low-
fat milk or yogurt per day; 4-5
ounces of lean meat or protein alter-
nate; 6-11 servings of whole grain
breads, cereals, and starches; and at
least 5 servings of fruit and vegeta-
bles, including a good source of
ascorbic acid and vitamin A.

2. Use of whole-grain products—
Whole-grain breads and cereals are
preferred more than enriched prod-
ucts because they contain more Mg,
Zn, folate, vitamin B6, Cr, vitamin

E, fiber, and many other nutrients.
These nutrients will be present in
breads made from a whole-grain
flour as the first ingredient (whole
wheat) but will not be replaced in
enriched wheat (white or refined)
flour that has been colored with
molasses or caramel coloring to ap-
pear brown.

3. Food preparation methods—Wa-
ter-soluble vitamins (such as ascor-
bic acid) tend to be leached out
when vegetables and other foods
are cooked in excess water.

4. Nutritional supplements—Estab-
lish whether any supplements are
taken on a regular basis. Many peo-
ple fail to mention supplements as
part of a food history or as part of
their medications unless specifically
asked. The dose of nutrient supple-
ments should generally be limited
to the RDA or to the level therapeu-
tically indicated for the special cir-
cumstances reviewed above.

The RDA and the common dietary
sources of some micronutrients are sum-
marized in Table 1.

CONCLUSIONS— For patients with
diabetes, micronutrient supplementation
should be individualized based on dietary
history, clinical findings, and laboratory
evaluation of nutritional status.

The literature on micronutrient
status of individuals with diabetes is re-
plete with controversial reports. Future
studies should focus on clarifying various
methodological uncertainties in assessing
status. Specific biomarkers that character-
ize the nutrient function should be iden-
tified and used in screening. Serum
thymulin and erythrocyte metallothion-
ein appear to be good markers of Zn sta-
tus. Serum ferritin concentration is a
good index of Fe status. Similar markers
for other micronutrients should be
sought. At the present time, routine vita-
min and mineral supplementation in dia-
betes management does not appear to be
justified. Patients on weight-reducing di-

ets of ^1,200 calories, vegans, elderly in-
dividuals, pregnant or lactating women,
and those taking medications known to
alter micronutrient metabolism need a
comprehensive nutritional assessment.
When a deficiency is diagnosed by the
clinical and laboratory evaluation, appro-
priate diet counseling and/or supplemen-
tation should be instituted.

Reports suggest that for patients
with leg ulcers or poor wound healing, a
3-month trial of Zn supplementation may
be warranted. Doses of 70 mg of elemen-
tal Zn three times daily with meals have
been suggested, but dose, duration, and
monitoring of therapy still are problem-
atic. For those with marginal vitamin C
intake and vascular fragility, vitamin C
supplementation (500 mg-1 g/day) may
be considered as a trial. Older patients,
including those with diabetes, should be
encouraged to take at least 1,000 mg of
elemental calcium per day, which is con-
sistent with the NIH Osteoporosis Con-
sensus Conference (196). For patients
with diabetic neuropathy, a 2-month trial
of thiamine, vitamin B: (50 mg/day), or
vitamin B6 (50 mg/day) may be consid-
ered. However, the efficacy of these sup-
plements is not proven. Further studies
and clinical trials are needed to develop
appropriate recommendations regarding
potential use of these vitamins and min-
eral supplements in treating neuropathy.
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