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Abstract

To investigate zinc (Zn) kinetics in mice, tracer (°®Zn) was administered orally to 9-wk-old female mice in the fed state and

tracer and Zn concentration were measured in 21 tissues over the following 8 d. Data were analyzed by compartmental

modeling using WinSAAM. A published model for Zn kinetics in rats was modified to fit the data from mice and to calculate

transfer rates and pool sizes of Zn. Parallel studies were performed in mice lacking genes for metallothionein (MT), MT-l and

MT-II (MT—/-), to quantify differences in Zn kinetics in the absence of these proteins in vivo. We confirmed that tracer time

course in most tissues was similar in wild-type mice and those lacking MT, except for the pancreas of MT—/—, which

retained less tracer. By fitting tissue and intestinal data simultaneously, we found that intestinal tracer could be explained by

unabsorbed isotope and loss of Zn from pancreas went through plasma. Differences in pancreatic data in MT—/— were

explained by Zn turning over twice as fast in this tissue (4 h) compared with wild type (9 h). These kinetic studies provide

parameter values for normal, fed mice that can be used to assess Zn kinetics in abnormal conditions, as demonstrated by the

higher turnover of Zn in the pancreas of MT knockout mice.

J. Nutr. 138: 2148-2155, 2008.

Introduction

Compartmental models provide quantitative values for metab-
olism such as transport rates and pool sizes (1,2). Detailed
models have been published for zinc (Zn) metabolism in humans
(3-5), rats (1,6), and piglets (7) but not for mice, even though
their Zn kinetics have been studied extensively (8—11). Because
mice are being used to study biological functions of proteins by
knocking out or overexpressing genes, kinetic studies in genet-
ically modified mice, combined with modeling, may provide
insight into their functions in vivo.

Many biological functions of Zn are associated with proteins
(12) and there has been an explosion of information concerning
proteins involved in Zn uptake and release by cells via Zn
transporters (13-15), as well as the storage of Zn within cells by
metallothionein (MT)* (16,17). Two major isoforms of this
protein, MT-I and MT-II, assimilate Zn in tissues in rodents
(18,19). Although the genes are induced by a number of factors,
including hormones, stress, and administration of metals (20),
mice lacking gene expression for MT-I and MT-II appear to grow
and reproduce normally (21,22) and the physiological role of MT
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remains unclear (23,24), although it appears to be important
during times of stress (25).

Possible roles for MT in Zn metabolism have been explored
with tracer studies in MT-knockout mice (26,27). Following
subcutaneous administration of Zn tracer, low levels (1-2%) of
tracer were detected in the small intestine and it was concluded
that an absence of MT in the pancreas contributed to more Zn
secretion in exocrine secretions. Studies on the mice used,
however, have been questioned (23), because the control and
knockout mice may not have had identical genetic backgrounds.
The pancreas has one of the highest concentrations of MT
(28,29) and because in vitro (30) and in vivo studies (31) indicate
that MT can accept and donate Zn, MT may have a role in
exocrine functions by regulating or modulating Zn utilization.

The aim of the current study was to develop a multi-
compartmental model for Zn kinetics in mice by administering
tracer and sampling multiple tissues over several days. The
objectives were to provide baseline values for Zn kinetics in mice
under replete dietary conditions and to then quantify differences
in Zn metabolism between normal mice and those lacking MT.

Experimental Procedures

Mice and diet. Young, 9-wk-old, female mice were used to
assess Zn kinetics. Mice were purchased (Jackson Laboratory)®
when they were 7 wk of age. Mice (strain 129/Sv—+ < P > +
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FIGURE 1 Modelfor Zn metabolism in mice consists
of compartments (circles) and transfer pathways (ar-
rows). Compartment numbers (in bold) are: 1, plasma; 5
and 6, RBC; 3 and 13, muscle; 7 and 17, bone; 8 and 9,
liver; 10, kidney; 11, includes spleen, adrenals, and eyes;
14, pancreas; 18 and 19, skin; 22, part of reproductive
tract; 26, brain; 23, stomach; 24, duodenum; 34,
jejunum; 35, ileum; 36, cecum; and 25, colon. The
intestinal compartments are assumed to represent Znin
the lumen and additional exchange compartments (not
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< Tyr-c > + < Mgf-S1] > /], designated 129/Sv) (n = 43) were
placed in individual stainless steel metabolism cages in a room
maintained at 22°C and 45% relative humidity with a 12-h-
light/-dark cycle. All mice were fed a commercially prepared
(Dyets) egg white-based diet, modified slightly from the AIN-93G
(32) formulation, which contained 101 mg Zn/kg diet. The mice
had free access to feed and deionized water during both a 14-d
adjustment period and an 8-d experimental period. Animal care
procedures followed NIH and USDA guidelines and were
approved by the Institutional Animal Care and Use Committee
at Cornell University, Ithaca, NY. Parallel studies were performed
in MT-null mice (strain 129/Sv-Mt1Mt2 < tm1Bri > ) (n = 47)
that did not express MT-I and MT-II proteins. The MT status
of the mice was verified by determining the MT content of
the stomach mucosa. Tissues from 4 mice of each genotype
were prepared and analyzed for MT using a cadmium-binding
assay (33).

In separate groups of mice, aged 9 or 34 wk, 15 mice of each
genotype were food deprived for 12-14 h, anesthetized, and
a blood sample was obtained from the tail. A glucometer
(FastTake, LifeScan) was used to determine blood glucose
concentration. A radioimmunoassay kit (no. SRI-13K, Linco
Research) was used to measure insulin in small samples of plasma
(~20 ul).

Isotope administration and sampling. Non-food-deprived
mice were given by oral gavage 18.5 kBq (0.5 uCi) of *ZnCl,
(DuPont de Nemours; 88.5 mBq/ug Zn) in 0.1 mL of deionized
water. Immediately after ®*Zn was given, some mice were assayed
for radioactivity in a custom-built “whole-body” gamma scintil-
lation spectrometer described previously (34). Subsequently,
mice were assayed and whole-body retention of °°Zn was
measured daily until the mice were killed. At 10 time points after
isotope administration (0.5, 1, 2, 3, 6,12, 24,48, 96, and 192 h),
3-5 mice of each strain were anesthetized and blood was collected
by cardiac puncture into heparinized tubes. These mice were then
killed by CO; anesthesia and dissected to obtain organs and tissue
samples. Daily food consumption was measured and urine and
feces were collected separately each day on the mice killed at 96
and 192 h (8-10 mice per strain).

Blood samples were centrifuged and plasma and formed
elements were separated. The entire liver, kidneys, adrenal
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assumed to leave the system via urine (compartment
12) after a 20-h delay (compartment 40), feces (com-
partment 4), and because of hair shedding and epidermal
desquamation (skin, compartment 18). The asterisk
indicates the site of tracer administration, per os. Smaller
number in circles indicates the turnover time of each
compartmentinmin (m), h, or d. The dotted line indicates
an alternative pathway to L(34,1) for endogenous fecal
excretion of Zn. Turnover of Zn in the pancreas was
faster (4 h) for MT-null mice than for WT mice (9 h).

FECES

glands, spleen, heart, lungs, pancreas, brain, eyes, reproductive
tract, and gastrointestinal tract were removed from each mouse.
Additionally, the pelt, samples of bone (femur), and skeletal
muscle were collected from each mouse; the pelt, which included
the ears, was removed as nearly as completely as possible. The
gastrointestinal tract was divided into the following anatomical
segments: stomach, duodenum (proximal 8 cm of small intes-
tine), jejunum (mid-region of small intestine), ileum (distal 8 cm
of small intestine), cecum, and colon. The reproductive tract
included the vagina, left and right uterine horns, oviducts and
ovaries; fat and supporting mesentery were removed. All
remaining parts of the carcass were pooled and saved.

Zn and %°Zn analysis. Tissues, organs, excreta, and intestinal
segments (with contents) from each mouse were assayed for
5Zn activity by a scintillation detector (Model 5530, Packard
Instrument) and activity was expressed as a percentage of the oral
dose. Tissues were then saved to determine total Zn content. Prior
to chemical analysis, each intestinal segment was slit open along
its horizontal axis and digesta removed by flushing with cold
physiological saline. Organs, tissues, excreta, and diet samples
were dried (70°C for 48-96 h), wet-digested in a mixture of
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FIGURE 2 Tracer appearance in pancreas, spleen, eyes, and
adrenals of mice after oral administration of °Zn; the similar patterns
indicate that the kinetics are alike. Values are means, n = 3-5 mice.
The curves were calculated using the model in Figure 1 and parameter
values in Table 4.
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HNO; and HCIO4 (9:1, v:v), and analyzed for Zn using
inductively coupled plasma emission spectrometry (Trace Ana-
lyzer, Thermo Jarrell Ash). For all analyses, minerals measured in
a standard reference material (no. 1577b, bovine liver, National
Institute of Standards and Technology) were within certified
ranges.

The total amount of ®*Zn and Zn in whole organs or tissues
was calculated from the ®*Zn and Zn content of the samples
combined with the measured or estimated weights of the organs.
Literature values (6,29) were used to estimate volumes of plasma
and RBC, and total weight and dry matter content of bone and
muscle. Values used, expressed as a percentage of body weight,
were: plasma, 2.1%; RBC, 3.2%; bone, 11.2%; and muscle,
38.8%. The ®Zn tracer data for each of the 21 tissues collected at
each sampling time were expressed as a percentage of the amount
administered.
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Kinetic analysis. Changes in ®>Zn distribution in the body were
analyzed using compartmental analysis and the modeling soft-
ware WinSAAM (35,36). Kinetic terms and symbols were as
reported previously (1). Briefly, compartments represented pools
of Zn in the body. The pools may represent Zn in different tissues
or metabolic forms that differ kinetically. Transfer between
compartments, L(3,), was the fraction transferred per hour into
compartment i from compartment j. M(i) represented Zn mass
(1g) [Zn molecular weight is 65.4] in compartment i.

Statistics. Values were expressed as means = SEM. Group
means for the Zn and radiozinc data were compared using
Student’s ¢ test. Similarly, blood glucose and plasma insulin
concentrations were compared using a t-test procedure. Differ-
ences were considered significant at P < 0.05; actual P-values <
0.1 are reported.

E 1
-
g
@ o013 *
o
a
-
1
0.01
0 20 40 60 80 100 120 140 160 180 200
Time, h
F 10
g
3 1
o
[=]
0.1
0 20 40 60 80 100 120 140 160 180 200
Time, h
G 1
L]
- A
~ 041
g
[
73
o
2 0.01
0.001
0 20 40 60 80 100 120 140 160 180 200
Time, h
H 10 .
] . "
g
s 1
o
a
0.1
0 20 40 60 80 100 120 140 160 180 200
Time, h

FIGURE 3 Time course of tracer in some tissues and feces of WT and MT-null mice after oral administration of ®8Zn. Intestinal segments
(tissue and lumenal contents) are the duodenum (A), ileum (B), colon (C), and feces (D). Other tissues are plasma (E), liver (F), brain (G), and bone
(H). Each point is the mean of 3-5 mice. The curves were calculated using the model in Figure 1 and parameter values in Table 4.
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Model Fitting and Results

Control, wild-type mice. The ®*Zn data for the female mice
were fitted initially using a compartmental model of Zn metab-
olism developed for male rats (1). The model was extended to fit
data from the additional tissues sampled in this study and
modified to fit Zn kinetics in the mouse. The rate constants in the
mouse model were adjusted to obtain a best fit to the data as
indicated by obtaining a minimal residual sum of squares for
error between observed and model-calculated values. To facili-
tate comparisons between species, numbers used to identify the
different compartments in the mouse model were the same as
those used in the rat (1) and human (4) models. Assumptions in
the model were that: 1) absorption occurred from multiple sites in
the intestine; 2) endogenous intestinal secretion occurred from
plasma into 2 sites (the duodenum and jejunum); and 3)
absorption of exogenous tracer and endogenously secreted tracer
was similar. The model for Zn kinetics in mice (Fig. 1) consists of
compartments representing plasma, RBC, muscle, bone, liver,
kidney, spleen, skin, duodenum, jejunum, ileum, cecum, and
colon and other tissues. Zn was lost from the system through
urine, feces, and skin because of hair shedding and epidermal
desquamation. Appearance of tracer in urine occurred after a
delay of 20 h. Data from the female reproductive tract was fitted
using fractions of compartment 22 (1.5%) and compartment 3
(10%). A compartment, number 26, was added to fit brain data.
The tracer kinetics in eyes and adrenals were similar to those of
the spleen (Fig. 2) and all 3 were fitted as portions (0.3, 0.3, and
1.1%, respectively) of compartment 11. The pancreas had similar
kinetics to these tissues (Fig. 2), but compartment 14 was added to
represent the pancreas because pancreatic kinetics differed
between genotypes (described below). The heart and lung data
were both fitted by using a portion (6 and 11%, respectively) of
the pool of Zn in muscle (compartment 3, Fig. 1) that had the
faster rate of turnover. Compartment 23 was added to fit the
stomach data. Separate compartments (not shown on the figure
for clarity) were added (compartments 21, 33,37, 39,41, and 42)
to exchange with the stomach, duodenum, jejunum, ileum,
cecum, and colon, respectively. These were required to fit the
tracer data and probably represent Zn in the gut tissues, whereas
compartments 23-25 and 34-36 probably represent tracer in the
intestinal lumen. Turnover of Zn in the intestinal exchange
compartments was slow (~10 d). Secretion pathways from
plasma into the intestine, defined following i.v. tracer adminis-
tration in rats (1), were retained in the mouse model. Summing all
compartments (excluding urine and feces) fit the whole-body
data. As described for rats, exchange with compartments in skin
and muscle that turned over slowly, and not defined from these
8-d studies, was fixed by the measured Zn mass in the tissue (1).
Absorption was calculated as the fraction of tracer entering
plasma from each site in the intestine (compartments 24, 34, and
36) and the fractions were added to determine total absorption.
For example, absorption from the duodenum was calculated as
L(1,24)/(L(1,24)+L(34,24)). Absorption capacity from each was:
duodenum, 3.8%; jejunum, 12.5%; and cecum, 9%. Based on the
percent of dose arriving at each site, this translated into 4, 12, and
7% absorption, respectively, of the orally administered *Zn dose
for a total absorption of 23%. The time courses of tracer
appearance in some tissues (Fig. 3) were compared with values
calculated by the model (Fig. 1) of Zn metabolism in the mice.

MT—/— mice. Concentrations of MT in the stomach mucosa of
wild-type (WT) and MT—/— mice were 12.7 = 2.1 and 1.8 =
0.2 nmol cadmium bound/g wet weight, respectively. As
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FIGURE 4 Tracer appearance in pancreas of WT and MT-null mice
(mean + SEM, n = 3-5) after oral administration of %%Zn.

reported by others (19), the values for the MT-null mice were
assumed to represent nonspecific cadmium binding and not MT.

The body weight of MT—/— mice was greater than that of
WT mice (Table 1). Blood glucose and plasma insulin concen-
trations were 20 and 27% higher, respectively, in MT-null mice
than in the WT mice (Table 1). Following intraperitoneal glucose
administration, glucose disappearance and insulin kinetics did
not differ over time (data not shown). In 34-wk-old mice,
differences between genotypes in fasting glucose (P = 0.065) and
insulin (P = 0.086) were not significant and glucose tolerance
did not differ (data not shown).

Concentrations of Zn in many tissues were lower in MT—/—
mice than in WT mice (Table 2); generally, differences between
genotypes were ~10%. However, the amount and concentration
of Zn in the pancreas differed more markedly between
genotypes. The total amount of Zn in most tissues did not differ
between genotypes, but in some tissues (brain, kidney, lung,
pancreas, and reproductive tract), Zn content was lower in M T-
null mice than in WT mice (Table 3). Muscle, by contrast, had
higher total Zn mass in MT—/— than in WT mice. The Zn mass
observed in each tissue was compared with the value calculated
using the model and predictions were within 30% for most
tissues (Table 3).

In most tissues, tracer values did not differ between WT and
MT—/— mice. However, the amount of ®*Zn in the pancreas was

TABLE 1 Characteristics of WT and MT-null (MT—/-)

mice studied’

Genotype

[tem? WT (n) MT—/= (n)
Body weight, g 19.8 = 0.3 (43) 20.7 = 0.3 (47)*
Zn intake, pg/d® 261 = 10 (8) 273 = 6 (9)
Plasma Zn, wg/g wet wt 171 = 0.09 (43) 1.82 + 0.04 (47)
RBC Zn, ng/g wet wt 8.60 = 0.43 (43) 8.26 + 0.26 (47)
Urine Zn, pg/d 14 +=01(8) 15+01(9
Fecal Zn, ng/d 242 + 15 (8) 223 =3(9)
Blood glucose, wmol/L 361 £0.11(15) 433 = 0.28 (15)*
Plasma insulin, pmol/L 379 = 34 (8) 48.2 = 3.4 (8)*

" Values are means = SEM. *Different from wild-type, P < 0.05.

2 Body weight, plasma Zn, and RBC Zn were measured in all mice whereas Zn intake,
urine, and fecal Zn were measured only in mice studied for >96 h. Blood glucose and
plasma insulin concentration were measured in a separate group of mice that were
anesthetized after a 12-h food deprivation.

8 To convert to wmol/g, multiply by 0.0153.
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TABLE 2 Zn concentrations in tissues of WT and MT-null

(MT—/=) mice'
Genotype

Tissue WT, n =43 MT—/—, n=47 Difference

wg/g dry weight’ %
Adrenal gland 32+x2 30 +2 -6
Bone 203+ 4 201 =1 -1
Brain 72 £1 66 + 1** -8
Cecum 288 + 24 257 + 22 -1
Colon 148 = 8 167 =12 13
Duodenum 119 +2 114 £ 3 —4
Eye 39+2 36 =3 -7
Heart 72 =1 69 = 1** —4
lleum 191 =14 170 =13 -1
Jejunum 140 = 5 160 * 6* 14
Kidney 75 =1 68 = 1** -10
Liver 87 =1 78 = 1** —10
Lung 74+ 2 66 = 1** -1
Muscle 38 1 36 1 —4
Pancreas 133 £ 2 105 + 2* =21
Pelt 58 = 2 54 + 2* -8
Reproductive tract 59 =2 52 = 2% -1
Spleen 89 + 3 77 £ 2%* —14
Stomach 81 £6 81 x7 0

' Values are means + SEM. *Different from WT, P < 0.05; **P < 0.01.
2 To convert to wmol/g, multiply by 0.0153.

lower in MT —/— mice than in the WT mice (Fig. 4). The latter
difference between genotypes was apparent by 10 h after tracer
administration and the difference persisted for up to 8 d.
Pancreas data from MT—/— were fitted by doubling the loss of
Zn from the pancreas [L(1,14); Fig. 1] in MT—/— (0.24/h)
compared with WT mice (0.11/h; Table 4). Turnover time of Zn
in pancreas [calculated as 1/L(1,14)] was 9 hin WT and 4 h in
MT—/—. We performed a test to determine whether the loss
pathway from the pancreas to plasma could be replaced by a loss
to the duodenum [i.e. L(24,14) vs. L(1,14); Fig. 1], but the model
fit to the data was poorer. Yet, the model could fit the data if a
pancreas-to-duodenal loss pathway was added in place of the
plasma-jejunum pathway [L(34,1); Fig. 1]. With this variation,
loss from the pancreas to duodenum was similar between
genotypes (0.03/h), whereas loss from the pancreas to plasma
was >2-fold higher in MT—/— (0.22/h) than in WT (0.08/h).
Because the loss to plasma appeared to be the predominant route
of Zn loss from pancreas, we retained the version of the model
with the L(1,14) pathway. All other parameter values were
similar for both genotypes. Moreover, Zn absorption by the MT-
null mice (23%) was the same as for the WT mice.

Discussion

Zn kinetics in mice vs. rats and humans

WT mice. This study provides basal values for Zn kinetics in
normal, nutritionally replete female mice, which allows com-
parison to mice with differing dietary, genetic, or physiological
conditions. The kinetic data agree with those of Sheline et al. (8)
in that the relative turnover of Zn: 1) was most rapid in liver,
pancreas, and kidney; 2) was the slowest in RBC, brain, skeletal
muscle, and skin; and 3) was intermediate in spleen, gastroin-
testinal tract, adrenals, lungs, bone, heart, and thymus. Here we
quantified the turnover rates and showed that some tissues (skin,
muscle, and bone) contain both rapidly and slowly turning-over
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TABLE 3 Mass of Zn in tissues of WT and MT-null
(MT—/—=) mice by measurement and calculation
by the model’

Genotype
WT MT—/—
e C:0 ratio® wg 0 ratio®

Adrenals 0.133 = 0.004 1.55 0.170 = 0.017 1.36

Bone 2816 = 10.3 0.83 2927 = 6.7 0.91

Brain 6.46 = 0.10 0.94 6.00 = 0.09** 1.04

Cecum 375 =033 0.91 397 =033 0.97

Colon 4.08 = 0.22 0.37 4.65 = 0.32 0.36

Duodenum 411 £ 027 0.58 370 =021 0.73

Eyes 0.31 £ 0.03 0.66 0.30 = 0.04 0.77

Heart 1.58 = 0.02 1.20 162 = 0.02 1.32

lleum 327 =023 0.46 326 = 0.27 0.51

Jejunum 8.36 = 0.45 0.52 9.35 + 0.46 0.55

Kidney 461 = 0.16 0.85 411 = 0.08** 1.08

Liver 16.54 = 0.36 1.25 16.56 + 0.33 1.40

Lung 2.80 = 0.07 1.21 257 = 0.04** 1.50

Muscle 876 28 1.10 955 *+ 2.9% 1.14

Pancreas 765 = 0.34 1.46 585 = 0.18** 1.26

Pelt 116.0 = 2.0 0.88 120.3 +3.8 0.96

Plasma 1.04 = 0.06 1.00 117 = 0.04 1.00

RBC 415+ 0.20 1.15 431 =012 125

Reproductive 3.30 =0.19 1.05 252 = 0.09** 154

tract

Spleen 0.83 = 0.03 0.91 0.82 = 0.02 1.04

Stomach 329 +0.26 0.65 342 +0.23 0.71

Total 5615 + 18.2 1.01 582.8 + 16.3 1.08

" Values are means + SEM. *Different from WT, P < 0.05; **P < 0.01.

2 To convert to wmol, multiply by 0.0153.

3 Calculated to observed mass ratio; calculated values were determined using the
model in Figure 1.

pools of Zn, as do those (RBC and liver) shown previously to
have 2 pools in humans (3). Notably, the results of Sheline et al.
(8) show much greater uptake of tracer by the liver following i.v.
administration than in our study where tracer was administered
orally. Zn absorption (23%) matched that (22%) determined by
Cotzias et al. (9).

The additional Zn pools identified in mice are probably the
result of being able to directly sample more tissues. Pool
turnover times in mice were ~5 times faster than those in rats
(1). Studies in rats showed that the tracer curves of kidneys,
spleen, and testes corresponded in shape to 3 previously
unidentified pools in humans (1), indicating that Zn kinetics in
rodents may assist in interpretation of human data. It is
generally considered that refining existing models is more likely
to improve prediction rather than inventing new models.
Certainly when models do not fit a new set of data (37), those
aspects not fitted need to be described before the model is
abandoned, because the error may lie with either the original or
the new data rather than the model per se. Our understanding of
human Zn metabolism and its regulation has been assisted by
kinetic studies during normal Zn intake (4,5,38), increased Zn
intake where 5 sites were identified (4), and with Zn deficiency
(39). However, our knowledge of the roles of specific proteins in
these processes is limited. The kinetic results described here on
the loss of MT from mice may provide insight into how
metabolism is regulated. The approach could be generalized and
applied to identify the role of specific proteins in the metabolism
of other nutrients.



TABLE 4 Values for fractional rate constants for transfer of Zn from compartment j to compartment / (L;) in model of Zn kinetics

in mice

Parameter’ Value (FSD)? Description Parameter’ Value (FSD)? Description
h! h!

1(00,18) 0.003 Loss from skin 1(13,03) 0.010 Slow muscle from fast muscle
1(01,03) 0.050 (0.11) Plasma from fast muscle L(14,01) 1.195 (0.33) Pancreas from plasma (WT)
1(01,05) 0.130 Plasma from fast RBC 1(14,01) 1531 (0.13) Pancreas from plasma (MT—/—)
1(01,07) 0.049 (0.13) Plasma from fast bone 1(17,07) 0.010 Slow bone from fast bone
1(01,08) 0.467 (0.28) Plasma from fast liver 1(18,01) 1.897 (0.14) Skin from plasma
(01,10 0.541 (0.36) Plasma from kidney 1(18,19) 0.0007 Fast skin from slow skin
L(01,11) 0.128 (0.14) Plasma from adrenal, eye, spleen 1(19,18) 0.005 slow skin from fast skin
L(01,14) 0.111(0.39) Plasma from pancreas (WT) 1(21,23) 0.026 (0.39) Stomach tissue from lumen
1(01,14) 0.243 (0.16) Plasma from pancreas (MT—/—) 1(22,01) 0.001 Reprod. tract from plasma
1(01,18) 0.154 (0.18) Plasma from skin 1(23,21) 0.005 Lumen from stomach tissue
L(01,22) 0.005 Plasma from reproductive tract L(24,01) 0.110 Duodenum from plasma
1(01,24) 0.069 (0.30) Plasma from duodenum 1(24,23) 3.588 (0.19) Duodenum from stomach
1(01,26) 0.011 (0.15) Plasma from brain 1(24,33) 0.014 (0.54) Lumen from duodenal tissue
L(01,34) 0.084 (0.20) Plasma from jejunum 1(25,36) 0.139 (0.15) Colon from cecum
1(01,36) 0.013 (0.20) Plasma from cecum 1(25,42) 0.01 Colon from tissue
1(03,01) 1.549 (0.07) Muscle from plasma 1(26,01) 0.061 (0.08) Brain from plasma
1(03,13) 0.005 (0.40) Fast muscle from slow muscle 1(33,24) 0.040 Tissue from duodenum
1(04,25) 0.476 (0.21) Colon to feces 1(34,01) 0.237 (0.55) Jejunum from plasma
1(05,01) 0.156 (0.10) Fast RBC from plasma 1(34,24) 1.797 (0.20) Jejunum from duodenum
L(05,06) 0.052 (0.18) Fast RBC from slow RBC 1(34,37) 0.010 Jejunum from tissue
1(06,05) 0.150 Slow RBC from fast RBC 1(35,34) 0.600 (0.16) lleum from jejunum
L(07,01) 1.846 (0.08) Bone from plasma 1(35,39) 0.002 lleum from tissue
L(07,17) 0.002 Fast bone from slow bone 1(36,35) 1.049 (0.13) Cecum from ileum
1(08,01) 5.627 (0.20) Liver from plasma 1(36,41) 0.015 Cecum from tissue
L(08,09) 0.082 (0.31) Fast liver from slow liver L(37,34) 0.017 (0.50) Tissue from jejunum
1(09,08) 0.054 Slow liver from fast liver 1(39,35) 0.002 Tissue from ileum
1(10,01) 2.044 (0.30) Kidney from plasma 1(40,01) 0.015(0.31) Delay into urine from plasma
L(11,01) 8.42 (0.30) Adrenal, eye, spleen from plasma 1(41,36) 0.005 Tissue from cecum
L(12,40) 1. Urine from delay L(42,25) 0.005 Tissue from colon

' Parameters relate to model in Figure 1. Parameter values were the same for both genotypes except for exchange with the pancreas; [L(14,1) and L(1,14)] differed between WT
and MT-null (MT—/—=) mice. Delay time, DT (40), before excretion of Zn into urine was 20 h.
2 Fractional SD (FSD) are shown for each parameter that was allowed to adjust during the data fitting; all other parameters were fixed.

Zn concentrations in tissues are influenced by age, gender,
diet, and genetic background and these factors may explain why
Zn concentrations in some tissues in our study varied from
values reported for other strains of mice. For example, total
hepatic Zn and skeletal muscle Zn concentration measured here
were lower than values reported for C57BL/6] mice (10,40,41).
However, the total amount of Zn in other tissues, such as the
pancreas, was similar to the amount in lean C57BL/6] mice (40).

MT—/— mice. Although feed intake did not differ between
groups, MT—/— mice were ~5% heavier at 10 wk old than the
WT mice. Whereas a trend toward obesity was reported in 6-wk-
old male MT-null mice of mixed genetic background (129/0OLA
and CS57BL/6]) compared with control C57BL/6] mice (42),
others (23) reported that MT did not affect body weight when
mice of identical background were compared. The variation in
body weight that we observed may be a carry-over effect from
weaning weights. Duffy et al. (43) reported that the mean weight
of pups at weaning from MT-null dams was higher than that of
pups from WT dams (strain 129/Sv), but the degree of difference
or ratio of gender was not given. We have observed (W. A.
House, unpublished data) that the mean body weights of female
MT-null and WT 129/Sv mice did not differ significantly when
the mice were older (32-39 wk old). We suggest, therefore, that

MT does not have a major role in the regulation of energy
utilization in female mice fed a diet containing adequate Zn.

Generally, tissue concentrations of Zn were lower in the MT-
null mice than in the WT mice, particularly in the pancreas,
which agrees with an earlier report (44). Differences in tissue Zn
concentrations of MT-null and WT mice would appear to
support one of the suggestions proposed for the function of MT,
namely that MT can serve as a transient reservoir for the storage
of metals, including Zn (23,45). Whole-body Zn concentration,
by contrast, was ~28 ug/g body weight in both groups,
suggesting that MT probably does not have a marked affect
on Zn balance in nutritionally replete animals. Plasma glucose
concentration in MT—/— mice has been reported to be either
similar to (42,46) or lower than (47) that in WT mice. The
higher values of fasting plasma glucose and insulin that we
observed in the MT—/— mice may reflect different responses to
stress between the genotypes.

Zn kinetics: MT—/— vs. WT

Whole-body Zn kinetics were used to quantify differences in Zn
metabolism between MT —/— and WT mice. In fed, female mice,
lack of MT-1 and MT-II did not affect Zn absorption or Zn
kinetics in most tissues. However, as observed previously (26,27),
lack of MT did alter Zn kinetics in the pancreas. In our study, this
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difference between mouse genotypes, explained through model-
ing, was a 2-fold faster rate of turnover of Zn in the pancreas of
MT —/— mice compared with WT mice. We did not observe other
differences (Zn tracer in liver, muscle, and skin) that were
reported in the food-deprived mice (26). Based on samples
collected at 2 time points, Rofe et al. (26) concluded that the MT-
null mice secreted more Zn into the intestine via pancreatic, bile,
or intestinal secretions than did WT mice. However, it cannot be
determined from observations at 2 time points whether the rate of
Zn secretion into intestine is higher or rate of removal is altered.
Although Zn efflux from the pancreas to the small intestine is
considered an important pathway (48-50), we were not able to
define this pathway kinetically from either our earlier studies in
rats (1) or our current study where tracer was administered orally.
Others (5) have included a separate pathway from tissues to the
intestine to represent endogenous loss and separate absorption
pathways. Interestingly, absorption from the 2 sites in the small
intestine, calculated using their (5) parameter values, was similar
(~15%) in the fed subjects. Our model simulations for mice
indicated that the major Zn loss from pancreas was via plasma. In
support of this, endogenous fecal excretion was not reduced after
pancreatectomy in control mice (26).

Interpretation: Zn kinetics in the pancreas in the
presence and absence of MT

About 1% of the pancreas consists of Islet cells (composed of
glucagon-secreting « cells and insulin-secreting B cells) that may
contain up to 20 times the amount of Zn found in the other cell
type, the acinar cells [see (51)]. About one-third of the Zn in rat
Islet cells is associated with insulin (i.e. in the granules)
(52).Tracer studies in rats showed that acinar cells take up Zn
rapidly and it then turns over in ~24 h whereas Islet cells continue
to retain high tracer levels beyond 92 h (51). We were able to
identify only a single pancreatic Zn pool from our in vivo data and
this pool presumably represents the more slowly exchanging Zn
in Islet cells. As some investigators (50) reported that Islets in
mice, in contrast to rats (53), do not contain MT, the difference
we observed in pancreatic Zn kinetics between WT and MT—/—
mice may likely be due to Zn kinetics in the acinar cells (47,54).
However, others have found similar levels of MT in mice and rat
Islets (47). We could speculate that the difference in Zn mass in
pancreas of WT and MT—/— mice is the proportion of Zn bound
to MT (23%) in the fed female mice. However, with the existence
of Zn transporters, including one specific to the pancreas (55-57),
this interpretation may be too simplistic. Namely, MT may
facilitate movement of Zn into a specific cellular pool, enzyme, or
storage form so that the difference in kinetics represents these
other forms of Zn rather than MT-bound Zn. Experimental
measurements of the location of Zn tracer in pancreas ~15-45 h
after gavage may indicate the form or location of Zn resulting
from the presence of MT. In our model, the pancreatic pool,
therefore, represents Zn in both acinar and Islet cells.

Our study provides baseline values for Zn kinetics in fed mice.
These baseline values can be used to evaluate roles of specific
proteins in Zn metabolism in vivo. By comparing Zn kinetics in
MT- knockout and WT control mice with the same genetic
background, we have confirmed that the pancreas is the primary
tissue affected by the absence of MT-I and MT-II. Under replete
dietary conditions, Zn in the pancreas of MT-null mice turns over
twice as fast as Zn in WT mice. More detailed studies are required
to determine how lack of MT alters Zn metabolism within the
pancreas. In addition, an expansion of the Zn model to include
intracellular metabolism and movement of Zn and MT within
Islet and acinar cells (58) and parallel modeling of the dynamics of
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MT and Zn metabolism will further unravel the roles of these
compounds.
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