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Abstract. Laboratory and epidemiological evidence indicate that the enhanced flux of iron
and zinc from the plasma to the storage compartments, such as liver, serves as a protective host
response to combat infection. Studies were performed to determine the status of this nonspecific
immune response in the diabetic animal, since it is commonly held that the diabetic has an
increased incidence and susceptibility to infection. Normal rats and rats previously rendered
diabetic by streptozotocin (STZ) were injected with either saline or Escherichia coli endotoxin,
and plasma levels of zinc, iron, and copper were monitored 8 hr thereafter. Diabetic rats reduced
their plasma zinc and iron levels by 35 and 25%, respectively, in response to endotoxin injection
whereas control rats had a 70% decrease in zinc and a 46% depression in iron. Insulin admin-
istration to the diabetic rats restored the ability to decrease plasma zinc and iron to the same
degree as control rats. Plasma copper did not change in any group. Further investigation suggested
that the defect in trace metal response occurred after the secretion of leukocytic endogenous
mediator (LEM) in the inflammatory response pathway. It is concluded that STZ-diabetic rats
have a diminished ability to decrease plasma zinc and iron in response to endotoxin, and that
this defect is due to an ineffective response of target tissues to the effects of leukocytic endogenous
mediator. Furthermore, it is postulated that the hyperinsulinemia associated with the stress of
infection functions to lower plasma zinc and, possibly, iron, thereby allowing the host to better

combat infection.

In addition to activating cellular immune
systems, the response of higher animals to in-
fection and inflammation is characterized by
marked alterations in carbohydrate, lipid, ni-
trogen, and trace metal metabolism (1, 2). The
host-mediated reduction in plasma levels of
iron and zinc has received increased attention
during recent years. Epidemiological and lab-
oratory studies have provided evidence that
the enhanced flux of iron from plasma to the
liver represents a defense mechanism, viz.,
“nutritional immunity,” whereby the host at-
tempts to withold this growth-limiting nu-
trient from the invading parasite (3). Al-
though the basis for depressed plasma zinc
content remains unknown, it has been pro-
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posed that this process is necessary for acti-
vation of the quiescent population of phago-
cytic cells (4). Thus, the impaired ability of
the host to reduce plasma iron and zinc levels
in response to microbial invasion would be
expected to increase the probability of mor-
bidity.

It is a common, although controversial,
clinical axiom that poorly controlled diabetics
have enhanced susceptibility to and severity
of infections. Indeed depressed T-cell func-
tion has been observed in diabetic humans
(5), as well as in chemically induced (6, 7)
and congenitally (6, 8) diabetic rodents. Like-
wise, nonlymphocytic cells of bone marrow
origin from diabetics exhibit decreased che-
motaxis (9, 10), adherence (11), phagocytic
capability (7, 12-14), and bactericidal activity
(14, 15). We recently found altered tissue lev-
els and metabolism of trace metals in strep-
tozotocin-diabetic rats (16, 17). Here we re-
port that diabetic rats have decreased ability
to reduce plasma iron and zinc levels follow-
ing the administration of either endotoxin or
leukocytic endogenous mediator (LEM).
These results suggest compromised nutri-
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tional immunity in the insulin-deficient dia-
betic animal.

Materials and Methods. Male Sprague-
Dawley rats were purchased from Charles
River Breeding Laboratories and maintained
on a 12 hr light-dark schedule (0400-1600
hr). To induce the insulin-deficient diabetic
state, freshly prepared streptozotocin (STZ)
was administered intraperitoneally (ip) on two
consecutive days at a dose of 50 mg/kg body
weight. Control and diabetic animals were
given free access to chow (Ralston Purina Ro-
dent Chow 5012) and deionized water, except
on the day of sacrifice when food was re-
moved at 0600 hr.

Two weeks after STZ treatment, diabetic
and age-matched control rats were injected at
0800-0900 hr with one of the following: (a)
0.4-0.6 ml saline (0.9% w/v); (b) 0.4-0.6 ml
saline containing Escherichia coli (serotype
0111:B4) endotoxin at a dose of 0.2 mg/kg
body weight; (c) 0.95 ml crude rabbit leuko-
cyte endogenous mediator (LEM); and, (d)
0.95 ml heat-inactivated LEM. Endotoxin was
purchased from Sigma Chemical Co. LEM
(Batch No. 53) was a gift from Dr. P. Z. So-
bocinski and Dr. D. M. Bunner, U.S.A Med-
ical Research Institute of Infectious Diseases,
Fort Detrick, Maryland. Inactivated LEM was
prepared by heating the native material at
95°C for 30 min and subsequently removing
denatured material by centrifugation at
12,000g for 15 min. Native LEM was centri-
fuged similarly. Animals were killed by de-
capitation 8 hr after injection. Blood was col-
lected in heparinized tubes and centrifuged at
1086g for 10 min to prepare plasma.

Zinc, copper, and iron levels in plasma di-
luted 1:5 with deionized water were measured
by atomic absorption spectrometry (Perkin
Elmer Model 560). Plasma glucose was de-
termined by glucose oxidase-/peroxidase-cou-
pled enzyme assay (Sigma Chemical Co. Di-
agnostic Kit No. 510). Data were statistically
analyzed by analysis of variance and Dun-
can’s multiple range test was used to deter-
mine means significantly different at a < 0.05.

Results. Animals receiving streptozotocin
exhibited characteristic changes associated
with the insulin-deficient condition, viz., in-
creased food and water consumption and
urine output, decreased growth rate, and
marked hyperglycemia. Although the plasma
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FIG. 1. Plasma zinc and iron levels in control and STZ-
diabetic rats administered endotoxin. Age-matched con-
trol and 2-week STZ-diabetic rats received either saline
(—E) or endotoxin (+E; 0.2 mg/kg body wt) and were
sacrificed 8 hr later. The numbers in parentheses are the
number of animals in each group in this and subsequent
figure. Data represent mean = SEM. Common letters
above error bars indicate no significant difference at
a < 0.05.

glucose level of controls was not altered by
exposure to either endotoxin or LEM, both
materials caused a slight (approx 15%), but
significant (a < 0.05), increase in the degree
of hyperglycemia in diabetic rats. This exag-
gerated hyperglycemia in endotoxin-treated
diabetic rats has been previously reported (18).

Plasma zinc was approximately 20% higher
in diabetic animals than controls (Fig. 1),
whereas iron (Fig. 1) and copper levels of the
two groups were not significantly different. In-
jection of control rats with endotoxin de-
pressed plasma zinc and iron by 70 and 46%,
respectively (Fig. 1). In contrast, when dia-
betic rats were exposed to endotoxin, the
plasma zinc and iron levels were reduced by
only 35 and 25%, respectively (Fig. 1). Daily
subcutaneous injections of insulin (2 units
NPH, Eli Lilly and Co.) from Day 7 through
13 of the study restored the ability of the di-
abetic host to reduce plasma zinc and iron to
the same degree as control rats following chal-
lenge with endotoxin. When diabetic rats not
exposed to endotoxin were treated with in-
sulin, the concentration of plasma zinc was
reduced to control levels (16). Plasma copper
levels in control, diabetic, and insulin-treated
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FIG. 2. Plasma zinc and iron levels in control and STZ-
diabetic rats treated with either native or heat-treated LEM.
Control and diabetic rats were injected with either crude
(+L) or heat-inactivated (—L) LEM intraperitoneally. An-
imals were sacrificed 8 hr later and plasma content of zinc
and iron measured. Data represent mean + SEM. Com-
mon letters above error bars indicate no significant dif-
ference at a < 0.05.

diabetic rats remained unchanged at 8 hr after
endotoxin administration.

Crude LEM was administered to test
whether the reduced ability of chemically di-
abetic rats to depress plasma levels of zinc and
iron following endotoxin injection was due to
decreased secretion of endogenous mediators
by the phagocytic cells. LEM injection de-
pressed plasma zinc and iron levels of control
animals by 48 and 29%, respectively, com-
pared to the group receiving heat-inactivated
material (Fig. 2). When diabetic rats were in-
jected with LEM, plasma iron content did not
change and the level of plasma zinc, although
significantly decreased, was only restored to
the amount normally present in control an-
imals (Fig. 2). Finally, the copper content of
LEM-treated control and diabetic rats in-
creased from 98 to 116 (o < 0.05) and 97 to
108 (a < 0.05), respectively.

Discussion. The introduction of microbes,
endotoxin, and other foreign materials into
reptiles, birds, and mammals initially acti-
vates the nonspecific cellular immune re-
sponse. Once stimulated, these cells release a
family of hormone-like substances (collec-
tively referred to as LEM) that mediate ele-
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vation of the circulating levels of pituitary,
pancreatic, and adrenal hormones (1, 2). This
altered endocrine profile appears to be di-
rectly responsible for the diverse metabolic
changes that occur during episodes of infec-
tion and inflammation.

Data presented above show that STZ-dia-
betic rats have a diminished ability to reduce
plasma concentrations of iron and zinc in re-
sponse to endotoxin treatment. Since the che-
motactic responsiveness (9, 10) and intracel-
lular metabolism (14, 15, 19) of phagocytic
cells from poorly controlled diabetics are im-
paired, it was possible that the diabetic animal
was unable to produce sufficient quantities of
LEM. However, LEM-treated diabetic rats also
failed to depress plasma iron and only re-
duced zinc to the normal level after injection
with crude rabbit LEM. These data suggest
that the neuroendocrine system of the STZ-
diabetic rat does not respond properly to LEM
and/or there is some abnormality in the hor-
mone-mediated transfer of plasma zinc and
iron to the liver.

The classic endocrine response to acute
stress includes an elevation of plasma gluca-
gon and glucocorticoid levels and a reduction
of the plasma insulin content. The hormonal
status of animals with an infection or inflam-
mation is unique compared to other types of
stress, because it is characterized by hyper-,
rather than hypo-, insulinemia (20, 21). The
role(s) of the additional complement of in-
sulin in biochemical adaptation to infection
remains unknown. We propose that endo-
toxin and LEM-mediated elevation of plasma
insulin content may be necessary to depress
plasma zinc and, possibly, iron. Insulin-de-
ficient diabetic rats are hyperzincemic [Figs.
1 and 2 (16)], whereas the hyperinsulinemic
ob/ob mouse has been reported to have sig-
nificantly lower plasma zinc levels than lean
littermates (22). Moreover, insulin treatment
of STZ-diabetic rats reduces their plasma zinc
content to that of control animals (16) and
restores their ability to respond to endotoxin
and LEM in a normal manner. Further sup-
port for a role for insulin in zinc metabolism
is provided by the recent observations of Hur-
ley and associates (23). These investigators
have found circadian variation in the plasma
zinc concentration in normal rats and that
this phenomenon is related to food intake.
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Plasma zinc levels were constant during the
light period when animals consumed little diet.
A sharp decline (25%) in the plasma content
of this metal was correlated with the initiation
of feeding during the dark period. Nutrient
absorption is correlated with the secretion of
additional amounts of insulin. Further studies
are required to determine if the influence of
insulin on zinc metabolism is direct or indi-
rect.

Finally, considering the proposed ratio-
nales for host-mediated reduction of plasma
iron (3) and zinc (4) during periods of infec-
tion and inflammation, our data suggest that
altered trace-metal metabolism in the STZ-
diabetic rat contributes to impaired immu-
nocompetance.
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