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Regulation of Metabolic Rate and Substrate Utilization by Zinc Deficiency

Stephanie A. Evans, J. Michael Overton, Almamoun Alshingiti, and Cathy W. Levenson

he trace metal zinc (Zn) is essential for the catalytic activity of many enzymes involved in energy nutrient metabolism and

ppears to regulate hormones, such as insulin, leptin, and thyroid hormone that play key roles in metabolism. Thus, this study

sed the continuous monitoring of oxygen consumption, carbon dioxide production, locomotion, and food intake to

etermine the effect of dietary Zn restriction on metabolic rate (MR), basal metabolic rate (BMR), and respiratory quotient

RQ). Rats were fed a Zn-adequate (ZA, 28 ppm) or Zn-deficient (ZD, <1 ppm) diet for 8 days, followed by a 4-day refeeding

eriod. To control for reductions in food intake that characteristically occur in ZD rats, an additional group was pair-fed (PF)

he same amount ZA food eaten by ZD rats. The mean caloric intake of ZD rats was significantly lower than ZA rats by day

. By day 8, ZD and PF rats weighed 64% and 67% of ZA rats, respectively, (P < .01). Pair feeding resulted in increased

ocomotor activity, such that the distance traveled for PF rats (316 � 43 m) was 6 times that of ZA (53 � 6 m). Despite the fact

hat PF and ZD rats had the same food intake, there was no increase in locomotor activity in ZD rats suggesting that the

echanisms responsible for increased physical activity in food restricted animals may be Zn dependent. Furthermore,

ifferences in activity between PF and ZD animals were not reflected in differences in MR. Both ZD and PF significantly

educed MR compared with ZA rats beginning on day 4. There was a significant relationship between RQ and caloric intake

r � 0.708, P < .01), but no specific effect of Zn status. Thus, while there may be an effect of Zn on locomotion and the

nergetic cost of activity, it appears that the most profound effect of Zn status on MR and substrate utilization is the result

f Zn deficiency–induced anorexia.
2004 Elsevier Inc. All rights reserved.
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IETARY ZINC (Zn) deficiency has been closely associ-
ated with a reduction in food intake in both humans and

aboratory rats. Several studies have examined the dietary in-
ake patterns of patients suffering from anorexia and have
hown that many anorexics do not meet the current recommen-
ations for Zn intake.1,2 It has also been shown that anorexics
ave significantly depressed urinary Zn levels compared with
ealthy controls. Zn supplementation not only corrected the
rinary Zn excretion levels,1 but also significantly enhanced
eight gain compared with placebo controls.3,4 Thus, Zn sup-
lementation has been recommended as part of the treatment
or anorexia nervosa.4

In laboratory rats, food intake is significantly reduced 3 to 5
ays after the initiation of a Zn-restricted diet. The reduction in
ood intake is also characterized by a feeding cycle that results
n a measurable increase in food intake approximately every 4
ays.5-9 In most studies, Zn deficiency results in an overall 40%
o 50% decrease in food intake.5,6 However, in severe Zn
eficiency, food intake can be reduced by as much as 70%.7,8

n deficiency–induced anorexia appears to be the result of a
oss of appetite for carbohydrate. When given a choice between
arbohydrate, fat, and protein, Zn-deficient (ZD) rats main-
ained fat and protein intake while essentially eliminating car-
ohydrate consumption.6

While the effect of Zn on food intake has been well charac-
erized, the effect of Zn deficiency on macronutrient metabo-
ism and metabolic rate (MR) is not known. An early study
sed a pair-feeding regimen to show that ZD rats weighed less
han rats that were consuming the same amount of Zn-adequate
ZA) food.8 This observation was recently confirmed,5 suggest-
ng that Zn deficiency has an impact on MR that is independent
f food intake.
The hypothesis that Zn status regulates MR is supported by

he fact that Zn is essential for the catalytic activity of a variety
f enzymes needed for macronutrient metabolism, including
any dehydrogenases in the glycolytic and tricarboxylic acid

athways.10 Zn deficiency downregulates the synthesis of pyru-
11
ate kinase, a prominent regulator of hepatic glycolysis. Zn

etabolism, Vol 53, No 6 (June), 2004: pp 727-732
tatus also appears to regulate several key hormonal regulators
f metabolism. For example, Zn deficiency reduces growth
ormone-releasing factor that is responsible for the release of
rowth hormone from the pituitary.12 Furthermore, Zn is a
ormal constituent of insulin. Thus, Zn deficiency results in
mpaired cellular glucose uptake.13 There is also evidence that
ompared with pair-fed (PF) rats, ZD rats have lower circulat-
ng levels of triiodothyronine (T3)14 and have an impaired
bility to synthesize and secrete leptin,15 a hormone that among
ther functions has been shown to regulate substrate utilization
nd MR.16

Given the roles of Zn in macronutrient metabolism, this
tudy was designed to fully characterize the effect of Zn defi-
iency on MR and substrate utilization by the continuous (23
ours) monitoring of MR, feeding behavior, and water intake in
D, ZA, and PF rats. Because any measurement of MR must
lso take into account physical activity, locomotion was mea-
ured continuously in every rat. Furthermore, the use of con-
inuous indirect calorimetry allowed us to calculate the respi-
atory quotient (RQ) and track substrate utilization during the
evelopment and maintenance of Zn deficiency.

MATERIALS AND METHODS

nimals and Diets

Weanling male Sprague-Dawley rats were individually housed in
hoebox cages (18 � 9.5 � 5 inches, 13 L vol) in custom-constructed
nvironmental chambers that provided computer control of temperature
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728 EVANS ET AL
Ta � 23 °C) and a 12-hour light-dark schedule (lights on at 7 AM).17

ats were provided ad libitum access to deionized water and commer-
ially prepared, powdered, egg white-based ZA (28 ppm; n � 6) or ZD
�1 ppm; n � 9) diets. Because Zn deficiency causes anorexia, the
eduction in food intake was controlled for by the inclusion of PF rats
n � 9). PF rats were provided the weighed amount of ZA food eaten
y the ZD rats on the previous day. After 9 days, ZD animals were
efed the ZA diet. Body weights and food and water consumption were
easured daily during the 12th hour of the light phase. The Animal
are and Use Committee (ACUC) at Florida State University approved
ll animal protocols.

ngestive Behavior

Feeding behavior was monitored by a photo beam sensor across the
ntrance to the feeder. The duration of photo beam breakage (50 msec
esolution) was monitored by computer and accumulated in 30- second
ins. The water bottle was positioned in a lick block modified to
easure contact at the bottle’s spout. Drinking behavior was computer
onitored by the number of licks, which was accumulated every 30

econds.17 Averages were calculated for data during 12 hours of dark-
hase and 11 hours of light-phase ingestive behaviors.

ubstrate Utilization and MR

The shoebox cages were fitted with a custom-made polycarbonate lid
roviding a near air-tight seal for continuous determination of oxygen
onsumption (VO2;mL/min) and carbon dioxide production (VCO2;
L/min) using indirect calorimetry. A constant flow rate of fresh air

nto the chamber was set at 0.85 L/min. Mixed cage air was sampled for
0 seconds every 4 minutes and dried and compressed prior to reaching
as analyzers.24 VO2 and VCO2 were determined by open circuit respi-
ometry to isolate successive samples.24 MR is described as VO2

ormalized to body weight (mL/min/kg0.75). RQ was determined by
ividing VCO2 by VO2. Basal MR (BMR) was calculated by averaging
he lowest 15 four-minute VO2 bins. Averages were calculated for data
uring 12 hours of dark-phase and 11 hours of light-phase activity.

ocomotor Activity

Locomotor activity was measured using a custom-designed force
latform with a pivot under its center. The shoebox cage was positioned
n this platform to obtain quantification of locomotor activity. Stiff
train-gauge load-beam transducers attached under 2 adjacent corners

Fig 1. Effect of Zn deficiency on caloric intake. Young male rats

ere fed a ZA (28 ppm, ■ ) or ZD (1 ppm, �) diet for 8 days. Deficient

ats were then fed the ZA diet for an additional 4 days. Symbols

epresent mean � SEM.
f the platform prevented the platform from swaying on the pivot. The r
ransducers measured changes in the chamber’s center of gravity,
llowing localization of the animal’s position in 2 dimensions. The
umulated distance of locomotor activity in meters was saved every 30
econds.17 Averages were calculated for data during 12 hours of dark-
hase and 11 hours of light-phase activity.
The effect of Zn deficiency on voluntary wheel running was also

xamined. Male weanling rats fed the previously described ZA, ZD,
nd PF diets were individually housed in stainless steel cages with
unning wheels. Wheel running was monitored during both the light
nd dark phases. Running (m) was recorded for the light and dark
hases.

tatistical Analysis

Data are presented as mean � SEM. Each experiment was analyzed
ith a 2-way analysis of variance (ANOVA) and repeated measures

nalysis to measure the time by group interaction using SPSS 11.0
oftware (SPSS, Chicago, IL). Significant main effects were analyzed
or differences between groups using Tukey’s post hoc test with sig-
ificance set at P � .05. Correlations were also run using SPSS 11.0
oftware between caloric intake and fluid intake, RQ dark and RQ light,

values less than .05 were considered statistically significant.

RESULTS

ood Intake

At the beginning of the experiment, caloric intake (kcal) was
imilar for all groups. Feeding behavior (time spent in food bins
nd number of entries into the bin) was not different between
he 3 groups (data not shown). As expected, food intake in-
reased in the ZA group with time (Fig 1). Rats fed the ZD diet
ailed to increase their food intake. Thus, the mean caloric
ntake of ZD rats was significantly lower than ZA rats by day

and remained reduced until the end of the deficiency period
hen intake of the ZD rats was 27% of ZA (P � .01). ZD rats
isplayed a feeding cycle that was characterized by increased
ood intake approximately every 4 days. Refeeding of ZD rats
ith the ZA diet resulted in food intakes that increased steadily

o control levels over the 5-day refeeding period (Fig 1). By
xperimental design, the caloric intake of the PF rats was the
ame as the ZD rats. Water intake followed the same pattern as

Fig 2. Effect of Zn deficiency on body weight. Young male rats

ere fed a ZA (28 ppm, ■ ) or ZD (1 ppm, �) diet. An additional group

as pair-fed the weighed amount of food eaten by each deficient rat

● ). After 8 days, deficient rats were then fed the ZA diet for an

dditional 4 days. Body weights, represented as mean � SEM, were
ecorded daily in grams.
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729ZINC REGULATION OF METABOLISM
ood intake in each of the groups (data not shown) with a
orrelation of r2 � 0.742.

ody Weight

As expected, there was a significant increase in body weight
ver time in the ZA rats. Furthermore, the reduction in food
ntake by ZD and PF rats led to significant reductions in body
eight gain compared with ZA control rats such that by day 8
D rats weighed 64% and PF rats weighed 67% of ZA rats

P � .01; Fig 2). Body weights of ZD and PF animals were not
tatistically different at any point during the deficiency or
efeeding periods. While Zn refeeding restored caloric intake,
ody weights of ZD and PF rats remained significantly lower to
he end of the study (P � .01).

hysical Activity

There were no differences in locomotor activity between
roups at the beginning of the study (Fig 3). Dark-phase activ-
ty was significantly higher in PF rats beginning on day 4 (P �
05). On day 8, PF dark phase locomotor activity (316 � 43 m)
as 6 times that of ZA (53 � 6 m) and ZD (59 � 5 m). Light
hase locomotor activity was significantly lower in all animals

Fig 3. Effect of Zn deficiency on locomotor activity. Young male r

as pair-fed the weighed amount of food eaten by each deficient rat

days. Locomotor activity, expressed in meters (mean � SEM) was

Fig 4. Effect of Zn deficiency on voluntary wheel running. Young

roup was pair-fed the weighed amount of food eaten by each de
ecorded during the light and dark phases.
ompared with dark phase. However, by day 4, the activity of
he PF animals (93.5 � 33.9 m) was �2-fold higher than ZA
40.6 � 4.4 m) or ZD (41.8 � 3.3 m) rats, with a significant
ncrease in locomotor activity on the last day of the deficiency
eriod in PF rats (day 8, P � .05). Most significantly, ZD
nimals were less active in both the light (P � .01) and dark
hases (P � .001). Voluntary wheel running during the dark
hase increased with time in ZA, ZD, and PF animals, with no
ifferences between the groups. In the light phase, only PF rats
ignificantly increased their wheel running over baseline (P �
01). There were no differences between light phase wheel
unning of ZA and ZD rats (Fig 4).

R

An examination of oxygen consumption (VO2)as a measure of
R showed that Zn deficiency and pair feeding significantly

educed MR compared with ZA rats beginning on day 4 (Fig 5).
hese differences were maintained throughout the refeeding pe-

iod. However, when the data were normalized for differences in
ody weight (VO2/mL/min/kg0.75), the MR of ZA and ZD rats
ere different during the deficiency phase, but were corrected by

he second day of refeeding (Fig 5). Interestingly, there were no

ere fed a ZA (28 ppm, ■ ) or ZD (1 ppm, �) diet. An additional group

fter 8 days, deficient rats were then fed the ZA diet for an additional

ded during the light and dark phases.

rats were fed a ZA (28 ppm, ■ ) or ZD (1 ppm, �) diet. An additional

t rat (● ). Wheel running, expressed in meters (mean � SEM) was
ats w

(● ). A
male

ficien
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730 EVANS ET AL
ifferences in MR of ZD and PF rats on any day. Furthermore,
MR increased as expected in ZA rats with time (Fig 6). While
D and PF rats had lower BMR than ZA, there were no significant
ifferences in the BMR of ZD and PF (Fig 6).

Q

There was a significant relationship between RQ and caloric
ntake (r2 � 0.708, P � .01) such that as caloric intake
ecreased in ZD and PF rats, there was decrease in RQ.
ecreases in RQ were more pronounced, particularly in PF

Fig 5. Effect of Zn deficiency on MR. Young male rats were fed a Z

eighed amount of food eaten by each deficient rat (● ). MR as deter

xpressed as a function of body weight (VO2/mL/min/kg) was recor

epresent mean � SEM.

Fig 6. Effect of Zn deficiency on basal MR. Young male rats were fe

he weighed amount of food eaten by each deficient rat (● ). BMR (m
ins.
ats, during the light phase where the RQ of ZD rats was higher
han PF rats (P � .01; Fig 7).

DISCUSSION

This study was designed to test the hypothesis that Zn
eficiency leads to alterations in substrate utilization and MR.
his hypothesis was based on the fact that Zn is needed for a
ide variety of enzymes and hormones known to participate in

he regulation of MR and energy nutrient oxidation. Further-

ppm, ■ ) or ZD (1 ppm, �) diet. An additional group was pair-fed the

d by oxygen consumption (VO2, mL/min) or as oxygen consumption

uring the dark and light phases of each experimental day. Symbols

A (28 ppm, ■ ) or ZD (1 ppm, �) diet. An additional group was pair-fed

� SEM) was calculated by averaging the lowest 15 four-minute VO2
A (28
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731ZINC REGULATION OF METABOLISM
ore, there was recently a report showing that 10 days of Zn
estriction resulted in a significantly lower MR compared with
oth ZA and PF rats.5 However, the difference between ZD and
F rats was not apparent after 20 or 30 days of Zn restriction.5

he inconclusive nature of this report may be due to the fact
hat MR was measured for only 40 minutes during the light
ycle on days 10, 20, and 30. Furthermore, locomotion, which
ould be expected to have an effect on energy expenditure and

hus oxygen consumption, was measured only during the dark
ycle.

We have now measured feeding behavior, MR, locomotion,
nd RQ in ZD, ZA, and PF rats. These continuous measure-
ents include data collected during the initial phases of Zn

eficiency and during the 4-day feeding cycle, as well as during
he refeeding phase. The results show that MR (as measured by
xygen consumption) of ZD rats was not different from PF rats.
hus, it appears that the alterations in MR seen in ZD rats can
e explained by the reduction in food intake that occurs with Zn
eficiency rather than a specific effect of Zn on metabolism.
urthermore, despite previous reports of differences in body
eights between ZD and PF rats, the current study failed to find

ignificant differences. However, it should be noted that there
as indeed a trend toward higher body weights in the PF

nimals during the deficiency period. After refeeding (day 9),
his trend was abolished and body weights of ZD and PF rats
ere nearly identical. Because others have reported differ-

nces, it is not known if the trend toward lower body weights
n the ZD is a physiologically significant one. Regardless, it
ppears that any differences in body weight can be minimal-
zed, if not entirely eliminated, by the rigorous pair-feeding
egimen used in this study.

RQ is used to estimate substrate utilization. A ratio of CO2

roduction to O2 consumption near 1.0 indicates the predom-
nance of glucose oxidation either directly from dietary sources
r from glycogen stores. Reductions in RQ are the result of a
hift toward fat and protein oxidation, with pure fat oxidation
roducing an RQ of 0.703.18 The RQ data reported here show
hat when rats were fed the ZD diet there is a rapid shift from
arbohydrate utilization to fat oxidation. However, like MR,

Fig 7. Effect of Zn deficiency on RQ. Young male rats were fed a Z

eighed amount of food eaten by each deficient rat (● ). RQ was dete

ight and dark phases of each day.
hanges in RQ can be largely attributed to caloric intake, rather Z
han Zn status. In fact, RQ is so tightly controlled by food
ntake that it closely reflects the 4-day feeding cycle that
haracterizes Zn deficiency. The finding that the RQ in PF rats
s lowest during the light phase is also a result of food intake
atterns. PF rats were supplied food at the beginning of the dark
hase. Because the food restriction was significant, the PF rats
te all of their food at the beginning of the dark period, and
ere thus without food during the remainder of the dark period

nd throughout the light period.
Despite the lack of Zn effect on MR or RQ, both locomotor

ctivity and voluntary wheel running were increased in PF rats
ue to food restriction, an effect not seen with Zn deficiency.
fter this surprising observation in rats studied in home cages,
e examined the possibility that this finding was a nonspecific

esult, perhaps due to lethargy or muscle dysfunction. How-
ver, in separate groups of rats allowed free access to running
heels, strikingly similar ZD, PF, and ZA distances were
bserved in the dark phase, where most of the activity normally
ccurs in the rat. Therefore, the lack of increase in light phase
ctivity appears to be a specific outcome of diminished Zn
tatus. This finding is interesting in light of previous work
howing that Zn status may influence child and infant activity
atterns, and that Zn supplementation may increase activity
ollowing supplementation in ZD subjects.19,20 Furthermore, it
as repeatedly been shown that caloric restriction increases
ight phase activity,21-24 an effect commonly referred to as
ctivity-based anorexia (ABA). It has been suggested that ABA
s a good model for human anorexia because patients with this
isorder frequently display elevated physical activity patterns
espite reduced food intake and severe weight loss.21 More-
ver, it has been suggested that a physiologic purpose of caloric
estriction-induced hyperactivity may be thermoregulation.21-24

hile there are likely to be a variety of factors, including
istorted body image and a desire for excessive weight loss,
hat contribute to increased physical activity in patients with
norexia nervosa, this raises the interesting possibility that the
eurobiologic or hormonal mechanisms responsible for ano-
exia-induced hyperactivity are dependent on the trace metal

ppm, ■ ) or ZD (1 ppm, �) diet. An additional group was pair-fed the

d by dividing VCO2 by VO2 and expressed as mean � SEM during the
A (28

rmine
n. Furthermore, it is curious to note that while PF animals
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732 EVANS ET AL
isplayed consistently more locomotor activity than ZD rats,
here were no significant differences in MR between these 2
roups. This observation cannot be explained by a higher BMR
n ZD rats, as there were no differences found in BMR between
D and PF rats. Rather, it suggests the possibility that there is

n increased metabolic cost of activity in ZD rats. t
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In conclusion, it appears that the most profound effect of Zn
tatus on MR and substrate utilization is the result of Zn
eficiency–induced anorexia. However, there may be specific
ffects of Zn on the mechanisms governing anorexia-induced
hanges in locomotor activity, voluntary wheel running, and

hermoregulation, in addition to the energetic cost of activity.
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