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ABSTRACT

There is an increasing interest in the involvement of trace
elements such as zinc in the pathogenesis of cardiovascular
diseases. This study was designed to examine whether moderate
zinc deficiency during growth influences blood pressure (BP) and
vascular nitric oxide (NO) pathway. Three-week-old weaned
male Wistar rats were randomly divided into two dietary groups
and fed either a moderately zinc-deficient diet (zinc content 9
mg/kg; n = 12) or a control diet (zinc content 30 mg/kg; n = 12)
for 60 d. The following were measured: systolic BP, nitrates and
nitrites urinary excretion, urinary chemiluminescence intensity,
NADPH-diaphorase activity in the thoracic aorta and intestinal
arterioles, and NO synthase (NOS) catalytic activity using
L-[U14C]-arginine as substrate in the thoracic aorta. Zinc defi-
ciency during growth induced an increase in BP from day 30 of
the experimental period, leading to hypertension on day 60.
Animals that were fed the zinc-deficient diet had lower urinary
excretion levels of nitrates and nitrites and higher intensity of
spontaneous luminescence on day 60. At the end of the experi-
ment, zinc-deficient rats showed decreased NADPH diaphorase
activity in endothelium and smooth muscle of the thoracic aorta

Moderate and marginal zinc deficiency is by far more com-
mon than severe deficiency, especially in infants, children, and
pregnant women in developing and developed countries, as a
result of imbalances between intake and increased require-
ments (1,2). Zinc is an essential trace element required by all
living organisms for many physiologic functions, including
growth, development, and reproduction (3). Zinc has been
documented to act as an antioxidant, to have membrane-
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and intestinal arterioles and decreased activity of NOS in tho-
racic aortic tissue. An imbalance in zinc bioavailability during
postnatal and growing periods may be may be a risk factor in
development of cardiovascular alterations in adult life. The
mechanisms involved may include an impaired vascular NO
system as a result of decreased NOS activity and higher systemic
oxidative stress. (Pediatr Res 58: 672—676, 2005)

Abbreviations
BP, blood pressure
C, control diet
I, spontaneous luminescence intensity
NADPH-d, NADPH diaphorase
NO, nitric oxide
NOS, nitric oxide synthase
NOx, urinary nitrites and nitrates
OD, optical density
SBP, systolic blood pressure
7D, zinc deficient diet

stabilizing properties, to block apoptotic cell death, and to be
essential for endothelial integrity (4—6). Intracellular zinc is
associated with proteins, primarily via complex interactions
with cysteines, acting as an integral component of numerous
metalloenzymes, structural proteins, and transcription factors
(1,7).

There is increasing interest in possible involvement of trace
elements such as zinc in the pathogenesis of cardiovascular
diseases (8). Many enzymes that are involved in the regulation
of arterial blood pressure (BP), such as nitric oxide (NO)
synthase (NOS), angiotensin-converting enzyme, and neutral
endopeptidases, contain zinc in their structure (9—11). The
NOSs are a family of enzymes that catalyze the synthesis of
NO and r-citrulline from r-arginine in the presence of NADPH
and O,. The NOS family consists of three isoforms that are
expressed in many tissues, including endothelium and vascular
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smooth muscle. The endothelial NOS and neuronal NOS iso-
forms are constitutive forms, activated by Ca®"-dependent
calmodulin binding, whereas inducible NOS is regulated at a
transcriptional level by agonists such as cytokines (12).

X-ray crystallography of all three isoforms of NOS shows a
zinc thiolate (ZnS4) cluster formed by a zinc ion coordinated in
a tetrahedral conformation with pairs of symmetrically oriented
and phylogenetically conserved cysteine residues at the N-
terminal oxygenase domain interface. This zinc center is con-
sidered to play an essential role in the catalytic activity of this
enzyme by maintaining stability of the dimer interface and
integrity of the tetrahydrobiopterin binding site (9,12,13).

It has been demonstrated that production of NO by endo-
thelial cells is an important factor in regulation of blood flow
and arterial BP in mammals because it exerts a basal tonic
relaxing action on systemic vasculature. Acute and chronic
inhibition of NOS induces BP elevation in all species that have
been examined to date (14,15). Moreover, there is evidence
that long-term in vivo administration of NOS inhibitors such as
N€-nitro-L-arginine methyl ester induces a dose- and time-
dependent increase in arterial BP in weanling Wistar rats (16).

There is evidence that zinc deficiency can disrupt endothelial
cell function and increase tissue oxidative damage (4,5). BP
levels in cases of zinc deficiency may be influenced by many
factors, such as age and duration of exposure to a zinc-deficient
diet.

There are not enough reports on the cardiovascular effects of
moderate zinc deficiency in growing animals, and the reports
on adult animals and patients show controversial results (8,17).
The aim of the present study was to examine the influence of
moderate zinc deficiency during growth on systemic BP levels
and the vascular nitric oxide (NO) system in adult life.

METHODS

Animals and diets. Three-week-old weaned male Wistar rats from the
breeding laboratories of the Facultad de Farmacia y Bioquimica (Universidad
de Buenos Aires, Argentina) were randomly divided into two dietary groups
and fed either a moderately zinc-deficient diet (ZD; initial body weight 51 *=
2; n = 12) or a control diet (C; initial body weight 52 * 2; n = 12) for 60 d.
The ZD and the control diets contained 8 and 30 mg/kg of zinc, respectively,
when examined using an atomic absorption spectrophotometer (Varian Spec-
trophotometer Spectr AA-20, air acetylene flame, 0.5 nm slit, wavelength of
213.9 nm) (18).

Diet composition is outlined in Table 1. Both diets had the necessary
nutrients, except zinc content in the mineral mix of the ZD diet, to meet rats’
requirements for growth according to AIN-93 recommendations. Rats were
born from mothers that were fed a regular commercial pelleted rat food. The
zinc concentration of this diet guaranteed that all mothers got more zinc than
required during pregnancy and lactation (239 mg/kg) (19).

Animals were housed separately in plastic cages in a humidity- and
temperature-controlled environment, illuminated with a 12-h light-dark cycle.
All of the laboratory material was previously washed with nitric acid (20%)
and deionized water. Animal care was carried out according to the National
Institutes of Health’s Guide for the Care and Use of Laboratory Animals (20).

Animals were allowed food and deionized water ad libitum. Food consump-
tion was monitored every 2 d during the whole experiment, and rat body
weight was measured at weaning and at 15, 30, 45, and 60 d using an analytical
scale (precision *£0.1 g).

Systolic BP (SBP) was measured indirectly in awake animals by the
tail-cuff method using a Grass polygraph (model 79H; Grass Instrument Co.,
Quincy, MA) at 15, 30, 45, and 60 d after initiation of the dietary treatment.
Before measurement of SBP, rats were warmed (30°C) in a thermostatted and
silent room for 40 min. The BP value for each rat was calculated as the average
of six separate measurements during each session. The first value measured
was not used in determination of SBP levels.
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Table 1. Composition of the experimental diets (g/kg of diet)

Diet C ZD
Potassium Caseinate* 200 200
Soybean oil 70 70
Mineral mixf - 35
Zinc-free salts mixture} 35 -
Vitamin Mix§ 10 10
Cholin 1 1
Dextrin 684 684
Zinc 0.03 0.008

* Potassium Caseinate, Nestlé Argentina S.A., containing/100 g: 85.1 g of
protein

7 Composition (g/kg mix): Calcium carbonate (357); Potassium phosphate
monobasic (196); Sodium Chloride (74); Magnesium sulfate 7 hydrate (146.9);
Ferric citrate ammonium (6.06); Zinc chloride (1.79); Manganous sulfate 1
hydrate (0.92); Cupric sulfate 5 hydrate (0.63); Potassium iodate (0.0078);
Sodium selenate anhydrous (0.1025); Ammonium paramolybdate 4 hydrate
(0.008); powdered sucrose (162).

# Composition: identical to mineral mix but without zinc chloride

§ Composition (g/kg mix): Nicotinic acid (3); Ca Pantothenate (1.6); Pyri-
doxine HCI (0.7); Thiamine-HCI (0.6); Riboflavin (0.6); Folic acid (0.2); Vit
B12, cyanocobalamin (2.5); Vit E, all-rac-alfa-tocopheryl acetate, 500 1U/g)
(15); Vit A all-trans-retinyl palmitate, 500 IU/g, (0.8); Vit D5 cholecalciferol,
400 IU/g (0.25); Vit K phylloquinone (0.075); Powdered sucrose (974.655)

After 60 d of dietary treatment, rats were killed by cervical decapitation and
the thoracic aorta artery and a segment of small intestine were immediately
removed.

Sample collection and analysis. At 0, 15, 30, 45, and 60 d after initiation
of the dietary treatment, blood samples were collected from the rats’ tails, and
animals were placed in plastic metabolic cages to collect 24-h urine and feces
samples. Urine volume (ml - min~' - 100 g body weight ') was determined
gravimetrically. Nitrites and nitrates (NOx) in urine samples were measured
according to the procedure described by Verdon er al. (21).

Plasmatic, urinary, and fecal zinc levels were determined using an atomic
absorption spectrophotometer (18). Lanthanum chloride (6500 mg/L in the
final solution) was added to avoid phosphorus interferences in the urine
samples. Feces were dried under infrared light, pounded, and wet-ashed with
nitric acid using Parr bombs (22). NIST reference material RM 8435 (whole-
milk powder) was also subjected to identical treatment to verify accuracy of
the analytical procedures and ashed with each bath of samples to ensure
accuracy and reproducibility of mineral analysis.

Urinary chemiluminescence. Spontaneous luminescence intensity (I) was
determined 60 d after initiation of the dietary treatment according to the
method described by Lissi et al. (23). Spontaneous light emission was mea-
sured during a 20-min period in a liquid scintillation counter (Wallac 1414
WinSpectral, EG&G Company, Turku, Finland) in the out-of-coincidence
mode, using the marrow tritium iso-set module, at 25°C. I is expressed as
spontaneous light emission X urine volume / sample volume X urinary
creatinine.

Determination of NADPH diaphorase activity. The thoracic aorta artery
and a segment of the small intestine from six animals of each group were
processed by the NADPH diaphorase (NADPH-d) histochemical method
according to Rothe et al. (24). This technique is used as a histochemical marker
of isozyme-independent NOS because it has been demonstrated that NADPH-d
activity is inhibited by preincubation with diphenyleneidonium, a potent
inhibitor of NOS (25-27). Observation, OD measurement, and photography
were performed on a Zeiss Axiophot microscope (Carl Zeiss, Oberkochen,
Germany). In all cases, special care was taken to ensure simultaneous fixing
and processing of control and experimental tissues. The time and temperature
of incubation with the reaction mixture were controlled carefully, and the
samples were randomly processed.

Computed image analysis. The NADPH-d-stained cells from the different
groups were measured by using a computerized image analyzer (Kontron-
ZEISS VIDAS). The mean of each OD value was calculated from measure-
ment of OD in different tissue areas of the same section and of different
sections of the same organ. Each set of OD measurements (control and
experimental groups) was performed blindly and under similar light, gain,
offset, and magnification conditions.

Determination of NOS activity. NOS activity was measured in the thoracic
aorta artery of the control and the ZD animals, using [U-14C] arginine as
substrate, as described previously (28,29). Tissue slices (2-3 mm thick) were
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incubated for 30 min at 37°C in Krebs solution with 0.5 Ci/mL [14C]
L-arginine after carbachol addition. The amount of [14C] vr-citrulline was
determined with a liquid scintillation counter (Wallac 1414 WinSpectral). NO
production (measured as pmol of [14C] citrulline) in each tube was normalized
to the weight of the tissue slices that were incubated with the substrate during
equal (30 min) periods of time and thus expressed in pmol of citrulline/g wet
weight.

Statistical analysis. All values are expressed as means = SEM. Prism
(Graph Pad Software, Inc., San Diego, CA) was used for statistical analysis.
Data were analyzed using 7 test and one-way ANOVA followed by a Bonfer-
roni multiple-comparison post hoc test. A p < 0.05 was considered a signif-
icant difference.

RESULTS

There were no significant differences either in body weight
at the end of the dietary treatment (C 358 = 18 g; ZD 328 =
17 g) or in body weight gain during the feeding period (C 306
* 18 g; ZD 277 = 19 g) between the control and the ZD
groups. Furthermore, there were no significant differences in
daily dietary intake (g/d) between the groups (C 16.1 = 0.6;
ZD 14.9 = 0.6). Because daily food intake in both groups was
similar, it was not necessary to pair feed control rats.

Figure 1 shows zinc levels in plasma, urine, and feces during
the experimental period. The ZD diet group showed a de-
creased concentration of plasmatic zinc after 45 and 60 d of
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Figure 1. Plasmatic, urinary, and fecal zinc levels during the experimental
period in the C group (4 ; n = 12) and the ZD diet group (ll; n = 12). Values
are means = SEM; *p < 0.05, fp < 0.001 vs C. Data were analyzed by
ANOVA, followed by Bonferroni’s test.

TOMAT ET AL.

initiation of the dietary treatment, compared with the C diet
group. Fecal and urinary zinc excretion in the ZD group
decreased from day 15 until the end of the experimental period,
compared with animals that were fed the C diet.

Figure 2 shows SBP values for ZD and C rats during the
experimental period. The ZD diet group exhibited higher levels
of SBP after 30, 45, and 60 d of initiation of the dietary
treatment than the C diet group. SBP for ZD animals reached
values >140 mm Hg on day 60.

Changes in urinary NOx are illustrated in Fig. 3. There was
no difference in NOx concentration measured immediately
before the start of the dietary treatment (day 0) between ZD
and C rats. However, NOx excretion in the ZD diet group was
lower, from day 15 until the end of the experimental period,
compared with animals that were fed the C diet.

Table 2 shows NOS activity evaluated by the NADPH-d
activity technique in the thoracic aorta and in intestinal arte-
rioles. NADPH-d staining in endothelium and smooth muscle
sections of the aorta and arterioles was less intense in the ZD
rats than in the C group (Fig. 4). These data are in accordance
with the results of NOS activity obtained with the [14C]
L-arginine in vitro method. The thoracic aortic tissues that were
obtained from the animals that were fed a ZD diet showed
decreased NOS activity, compared with the C animals (ZD
281.43 = 10.16; C 383.95 = 18.5; n = 6 for each group; p <
0.001 versus C). At the end of the dietary treatment, I (cpm/mg
creatinine) in the ZD diet group was higher than in the C diet
group (C 590 = 42; ZD 5124 = 662; n = 8 for each group;
p < 0.001 versus C).

DISCUSSION

The present study showed that moderate zinc deficiency
during growth induced an increase in BP, a decrease in vas-
cular NOS activity, and an enhancement of systemic oxidative
stress. The feeding regimen used in these experiments was
successful in producing a moderate zinc deficiency as mani-
fested by the reduction of plasma, urinary, and fecal zinc levels
in the ZD group. Many reports have shown that severe zinc
deficiency reduces food intake and causes growth retardation in
rats (1,30). The moderate zinc deficiency induced neither
growth retardation nor changes in food intake.
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Figure 2. SBP measured by the tail-cuff technique during the experimental

period in the C group ([[J; n = 12) and the ZD diet group (l; n = 12). Values
are means = SEM; *p < 0.001 vs C. Data were analyzed by ANOVA,
followed by Bonferroni’s test.
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Figure 3. NOx measured during the dietary treatment in the C group ([(]; n
= 12) and the ZD diet group (l; n = 12). Values are means = SEM; *p <
0.05, fp < 0.001 vs C. Data were analyzed by ANOVA, followed by
Bonferroni’s test.

Table 2. Effects of moderate zinc deficiency on NADPH-d activity
in thoracic aorta and intestinal arterioles
OD

C ZD

Thoracic Aorta

Endothelium 0.230 = 0.006 0.145 = 0.002*

Smooth muscle 0.185 = 0.004 0.112 = 0.004*
Intestinal arteries

Endothelium 0.233 = 0.006 0.145 = 0.002*

Smooth muscle 0.190 = 0.004 0.118 = 0.004*

C (n = 6): tissues from control diet group; ZD (n = 6): tissues from zinc
deficient diet group. OD, optical density. Values represent the mean = SEM.
*p < 0.001 vs C. Data were analyzed using Student’s r-test.

There are not enough reports on the cardiovascular effects of
moderate zinc deficiency in growing animals, even though
there is evidence, from animal studies, that postnatal environ-
ment may be of great importance in determining adult BP (31).
Our experimental data demonstrated that moderate zinc defi-
ciency during growth induces an increase in SBP from day 30
after initiation of the dietary treatment, reaching values >140
mm Hg at the end of the experimental period. In agreement
with our results, an inverse relationship between serum zinc
levels and BP in normotensive and hypertensive populations
has been reported (8). However, other studies have shown that
zinc deficiency does not change BP in rats (17,32) and humans
(33). These controversial results indicate that the effects of zinc
deficiency on BP may be influenced by the duration of the
zinc-deficient dietary treatment, the degree of zinc deficiency
in the diet, the period of life involved (pregnancy, fetal life,
weaning, childhood, or adulthood), and the living environment.

In the present study, we demonstrated that zinc deficiency
altered the vascular NO pathway, reducing NOS activity in the
endothelium and smooth muscle of the thoracic aorta and
intestinal arterioles. Many studies have shown that distur-
bances in NOS activity of the artery wall may lead to endo-
thelial dysfunction and reduced endothelium-mediated vasodi-
lation, which contribute to the development of hypertension
(34-36).

The decrease in NOS activity as a result of zinc deficiency
may be related with the fact that the zinc tetrathiolate center at

Figure 4. NADPH-d staining of sections of thoracic aorta and intestinal
arterioles (A). (a) C thoracic aorta. (b) ZD thoracic aorta. (¢) C intestinal
arterioles. (d) ZD intestinal arterioles. Note the intensity of endothelium (E)
and smooth muscle (VSM) staining in the ZD rats compared with the C group.
All images are at the same magnification. Bar = 30 pum.

the NOS dimer interface has structural and catalytic functions
(9,12,13). In addition, in accordance with impaired vascular
NOS activity, the ZD rats showed lower urinary excretion of
stable NO end products than C rats. Moreover, the concentra-
tion of urinary NOx had already decreased when arterial BP
had not yet increased.

Adequate zinc levels seem to be necessary to maintain
endothelial cell integrity because this element has antioxidant
and membrane-stabilizing properties (4—6). Enhanced tissue-
oxidative damage (37,38) has been reported in severe chronic
zinc deficiency, as well as in cell cultures in a low-zinc
medium. Urinary visible chemiluminescence is a valuable
index of systemic oxidative stress in vivo. This is due to the
presence of oxidized products, which are generated by lipid
peroxidation and decompose in the urine to produce electron-
ically excited molecules that have lifetimes of several hours
and emit mostly in the visible region (23,39). We postulate that
the enhanced oxidative stress condition observed in our model
may contribute to the development of higher levels of BP
through an impaired vasodilator tone, presumably by decreas-
ing NO bioavailability. An increase in oxygen free radicals,
such as superoxide anions, in the vessel walls of ZD rats would
cause a decrease in the action of NO through the formation of
peroxynitrite (40,41). Additional studies are required to eluci-
date the contribution of the different reactive species and the
enzymatic systems involved.

As suggested by data in this study, it seems that moderate
zinc deficiency may be more than a nutritional risk factor.
Moreover, an imbalance in zinc bioavailability during growth
may be associated with cardiovascular alterations in adult life.
The mechanisms that are involved may include an impaired
vascular NO system, probably as a result of decreased activity
of NOS and/or higher systemic oxidative stress. Moderate zinc
deficiency during postnatal and growing periods may be a risk
factor in development of hypertension in adult life.
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