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Abstract While chromium was proposed to be an
essential trace element over 40 years ago and if essential
should possess a specific transport and distribution
mechanism, the details of its transport from the blood-
stream to the urine have not been elucidated. However,
chromium is known to be maintained in the bloodstream
bound to transferrin and to be excreted in the urine
bound to the oligopeptide chromodulin or a similar
chromodulin-like species. Injection of 51Cr-labeled
transferrin into the bloodstream resulted in a rapid and
insulin-sensitive movement of chromium into the tissues
as Cr transferrin; greater than 50% of the Cr is trans-
ported to the tissues within 30 min. Tissue levels of Cr
are maximal 30 min after injection; decreases in tissue
Cr with time are mirrored by increases in urine Cr.
Approximately 50% of the 51Cr appears in the urine
within 360 min of injection in the absence of added
insulin; insulin treatment concurrent with injection of
51Cr-labeled transferrin results in approximately 80% of
the label appearing in the urine within 180 min. The
removal of 51Cr from the blood is faster than the
appearance of 51Cr in the urine; the lag in time indicates
that the Cr transferrin in the blood and Cr in the urine
are not in direct equilibrium and that intermediates in
the transport of Cr must be involved. This establishes a
clear pathway of transport of Cr starting from transport
by transferrin from the bloodstream into the tissues,
followed by release and processing in the tissues to form
chromodulin, excretion into the bloodstream, rapid
clearance of chromodulin or a similar species into the
urine, and ultimately excretion as this species. Insulin
stimulates the processing of Cr in the tissues.
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Introduction

In the last decade, major advances have been made to-
wards understanding the transport and ‘‘trafficking’’ of
transition metals in biological systems. The progress has
been especially notable for iron [1], copper [2], zinc [3],
and nickel [4], and recent reports on manganese [5]
suggest that major advances in understanding this sys-
tem are underway. However, work on chromium lags far
behind. This is not surprising as its status as a trace
nutrient and its potential role in insulin-dependent car-
bohydrate and lipid metabolism in mammals, while
generally accepted, is actively debated [6–8].

Cr(III) is a component of the diet; Cr is absorbed and
transported throughout the body, and ultimately elimi-
nated in the urine and bile. Enough data exist to outline
the movement of Cr through the body. Absorption of
dietary Cr is very small, 0.5–2%, and is inversely pro-
portional to the level of intake in humans [9]. In the
bloodstream, Cr is bound primarily to the ferric iron
transport protein transferrin. Greater than 99% of Cr in
the blood when given by a stomach tube as CrCl3 to rats
is associated with noncellular components. About 90%
of Cr in the serum is associated with the b-globulin
fractions, while 80% immunoprecipitates with transfer-
rin [10]. A similar percentage of serum Cr is associated
with transferrin after an intravenous injection of CrCl3
[11]. The similar charge and ionic radii of chromic and
ferric ions suggests that chromic ions should bind rela-
tively tightly to transferrin. In fact, Cr(III) readily binds
to the two ferric ion-binding sites, resulting in intense
changes to the protein’s UV spectrum [12–18]. The two
binding sites can be distinguished by electron para-
magnetic resonance spectroscopy, and only chromic ions
at the C-lobe site can be displaced by Fe(III) at near-
neutral pH [14, 15]. Below pH 6, only the N-lobe site
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binds Cr [16]. The binding constants for chromic ions at
the two sites have been shown to differ by 5 orders of
magnitude, consistent with this site-selective binding
[19]. Despite these data, a major role for transferrin in
the transport rather than the storage of Cr was not
proposed until recently [20], although Dowling et al. [21]
suggested in 1990 that transferrin is important for Cr
transport from the intestines.

When rats are injected with 51Cr-labeled transferrin
rather than given Cr orally or injected with 51CrCl3 to
guarantee that all the radiolabel is initially associated
with transferrin, the transferrin serves as a transport
agent for Cr [22]. The labeled molecule can be followed
from the bloodstream into tissues, notably the liver and
kidney; however, only one time point (2 h after injec-
tion) has been examined. This migration of transferrin is
insulin-sensitive; coadministration of insulin leads to an
appreciable increase in Cr transport from the blood-
stream to the tissues [22]. 51Cr is ultimately lost in the
urine as part of a low molar mass complex, assigned as
the oligopeptide chromodulin (vide infra) [22]; urinary
Cr loss is stimulated by insulin.

The insulin-sensitivity of Cr transport by transferrin
is potentially quite significant as this has been proposed
to be related to chromium’s potential role in carbohy-
drate and lipid metabolism [7, 20]. Morris et al. [23] have
shown that increases in blood insulin concentrations
following an oral glucose load result in significant de-
creases in plasma Cr levels; a subsequent infusion of
insulin in these human euglycemic hyperinsulinemic
clamp studies led to further Cr losses. Within 60–90 min,
blood Cr levels start to recover. Patients also displayed
increased urinary Cr losses during the course of the
experiments, with the amount of Cr lost approximately
corresponding to the amount of Cr lost from the intra-
vascular space [23]. Increased urinary Cr loss within
90 min of a dietary stress such as high sugar intake
(which results in increased insulin release) has been
demonstrated in several other studies [24–29]. Repeated
application of carbohydrate stress results in a decrease in
glucose tolerance and decreased mobilization and sub-
sequent loss of Cr [26]. A role for transferrin in this
insulin-sensitive Cr migration from the blood to tissues
and ultimately to the urine is consistent with recent re-
ports that indicate that recycling of transferrin receptors
is insulin-sensitive; increases in insulin result in a stim-
ulation of the movement of transferrin receptor (and
glucose transporter GLUT-4) from vesicles to the plas-
ma membrane [30].

In 1981Wu andWada [31] identified a lowmolar mass
species in human and rat urine that boundCr; thematerial
appeared to be similar to a compound isolated from
mammalian liver with an approximate molecular mass of
1,500 Da that they had previously given the name low
molecular weight chromium-binding substance
(LMWCr) (LWMCr has subsequently been renamed
chromodulin [6]). Chromodulin was subsequently first
isolated and purified from rabbit liver and found to be an
oligopeptide composed of glutamate, aspartate, cysteine,

and glycine and capable of binding 4 equivalents of
chromic ions [32]. The compound has a large acute
intraperitoneal LD50 value (134.9 mg/kg body mass),
probably because of its rapid clearance in the urine (mean
tubular reabsorption rate 23.5%) [33]. Chromodulin was
found to occur in a variety of tissues, although the levels
were greatest in liver of the tissues examined, and in blood
plasma, in addition to the urine [34]. Several research
groups have confirmed that Cr is excreted in the urine
exclusively as a low molar mass species [11, 22, 35–38],
including when Cr is administered intravenously as Cr
transferrin [22, 36]. Wada et al. assumed on the basis of
the similar apparent molecular weight of chromodulin
and the low molar mass species from size-exclusion
chromatography that these species were identical, an
assumption, which has generally been followed by sub-
sequent investigators. However, the species from urine
has not been isolated and characterized to date. Hence,
Wada and coworkers [31–34] and subsequent researchers
[20, 22] have proposed that chromodulin carries chromic
ions from tissues to the bloodstream and then ultimately
into the urine for excretion from the body.

Thus, the basic mechanism behind the movement of
Cr from the blood to tissues and then ultimately to the
urine appears to have begun to be elucidated, although
the movement of Cr from the bloodstream to the urine
has not been examined in detail as a function of time.
Herein are described studies designed to follow the form
of bound Cr(III) in the blood, tissues, and urine as a
function of time after the introduction of Cr transferrin
into the bloodstream to test this proposed mechanism of
Cr transfer.

Materials and methods

Transferrin and miscellaneous

51CrCl3 in 1.0 M HCl, rat transferrin, and rabbit anti-
serum to rat transferrin were obtained from ICN. A
51Cr2 transferrin was prepared as previously described
[18]. In short, apotransferrin was prepared by treatment
of the diferric form with EDTA-containing buffer as
described in Ref. [39]. 51CrCl3 was added to solutions of
apotransferrin; these solutions were slowly stirred
overnight to allow equilibrium to be achieved. The
samples were loaded onto a Sephadex G-15 column to
separate any uncombined metal. Insulin (bovine, zinc)
was obtained from Calbiochem. Bovine liver chromod-
ulin was isolated as described previously [40]. All pro-
cedures were performed using doubly deionized water
unless otherwise noted and were performed with plas-
ticware whenever possible.

Rats

Adult male Sprague Dawley rats (500–650 g) were ob-
tained from Charles River Laboratories. Use of the
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adult rats allows for sufficient tissue to be obtained for
hepatocyte subcellular distribution studies. The rats
were injected in the tail vein with 130 lL of an aqueous
solution containing 0.83 mg 51Cr2 transferrin corre-
sponding to approximately 0.5 lg Cr and were placed
into metabolic cages for collection of urine. The rats
received 2.46·106 cpm 51Cr. Rats receiving insulin were
injected with 150 lL of an aqueous solution containing
the same quantity of labeled transferrin plus insulin (25
USP insulin units). After the appropriate time interval,
blood was collected from tail snips into polypropylene
tubes containing heparin and NaF. The rats were then
sacrificed by carbon dioxide asphyxiation, and tissue
samples were harvested and weighed. Muscle (muscolus
triceps surae) samples were taken from a hind leg. Each
data point represents the average of three rats. The total
51Cr content of blood and muscle was calculated
assuming that the blood constituted 6% of the rats’
body mass and muscle constituted 30% of the body
mass. The University of Alabama Institutional Animal
Use and Care Committee approved all procedures
involving the use of rats.

Hepatocyte fractionation

Subcellular liver fractions were obtained by differential
centrifugation according to established procedures [22,
41, 42]. Tissues were diced, and the pieces were rinsed
with 0.25 M sucrose solution. All subsequent steps were
performed using the same solution. The pieces were
ground in a tissue grinder. The nuclear, mitochondrial,
lysosomal, and microsomal fractions were obtained as
pellets from centrifugation at 30g, 3,300g, 25,000g, and
100,000g, respectively.

Chromatography and electrophoresis

Urine, blood plasma and subcellular fractions were
rapidly frozen after collection and were stored at �20�C;
samples were thawed immediately before subsequent
use. S-200 column chromatography or Shodex OH-PAK
high-performance liquid chromatography (HPLC) was
used to separate components of the urine, blood plasma,
and subcellular hepatocyte fractions. Chromatography
columns were run with 50 mM NH4OAc buffer, pH 6.5;
0.1 M NaCl was used as the mobile phase for HPLC
experiments. For Western blotting experiments, 4–20%
tris(hydroxymethyl)aminomethane–HCl Ready Gels
(Bio-Rad) were utilized. The 51Cr chromium content of
the bands was determined by excising the bands from
the polyacrylamide gels, followed by gamma counting.

Instrumentation

UV/vis measurements were made with a Hewlett-Pack-
ard 8453 spectrophotometer. Gamma counting was

performed with a Packard Cobra II auto-gamma coun-
ter.

Statistical analysis

Numerical values in the tables and the text are presented
as means ± the standard deviation. Curve-fitting was
performed using Sigmaplot 8.0.2.

Results

Urine Cr

As noted previously with young [36] and adult [22] rats,
51Cr appears rapidly in the urine (within 120 min) after
being introduced into the bloodstream as 51Cr trans-
ferrin. A 51Cr transferrin was injected to get a suitable
quantity of 51Cr into the body for the desired studies;
intravenous administration of other forms of 51Cr, such
as 51CrCl3, introduces no physiologically relevant forms
of Cr into the bloodstream. As shown in Fig. 1, almost
30% of the injected 51Cr is lost in 30 min. Urinary 51Cr
loss continues at reduced rates until 3 days after injec-
tion when urinary Cr loss is minimal and approximately
80% of the injected 51Cr has been lost. Injection of
insulin with the 51Cr transferrin results in an increase in
the extent of urinary 51Cr loss, especially at early time
points. After 30 min, 58% of the injected 51Cr has been
lost via the urine; by 1 day, 83% of the injected 51Cr has
been lost.

Close examination of the urinary excretion curves in
Fig. 1 suggests that the 51Cr loss cannot be described by
a simple exponential increase to a maximum over time;
indeed satisfactory fitting of the curves requires a bi-
phasic model, four-variable model,

cpm 51Cr = a 1� ebt
� �

þ c 1� e�dt
� �

; ð1Þ

where t is the time elapsed in minutes after injection of
Cr transferrin, and b and d are rate constants from the
appearance of Cr from pools a and c, respectively. In the
absence of insulin, the fit gives a=9.81·105 (±7.9·
104) cpm, b=0.0486 (±0.0153) min�1, c=1.20·106
(±1.8·105) cpm, and d=0.0005 (±0.0002) min�1, with
R2=0.989. In the presence of insulin, the fit gives
a=1.80·106 (±5.5·104) cpm, b=0.0493 (±0.0051)
min�1, c=4.01·105 (±6.2·104) cpm, and d=0.0012
(±0.0005) min�1, with R2=0.997. In both cases the two
phases have identical rate constants (within error),
indicating the processes leading to urinary chromium
loss do not change upon addition of insulin. [Note that
the fit to the data in the absence of insulin is rather poor
and suggests the need for a more complex pharmokinetic
model (vide infra).] Thus, the major component of the
urinary excretion during the first 24 h after injection in
the absence of added insulin is the slower loss of chro-
mium. Insulin treatment results in nearly doubling the
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magnitude of the rapid phase of 51Cr loss, making it the
major contributor to urinary Cr content, and also in a
decrease by two thirds in the amount of 51Cr loss in the
slow phase.

The 51Cr in the urine of both the rats receiving and
the rats not receiving insulin was found to elute as a
single peak at all times examined upon G-25 size-
exclusion chromatography (Fig. 2). The features migrate
at the same position as isolated bovine liver chromod-
ulin (molecular weight 1,438) when applied to the same
column; this oligopeptide is the only small molar mass
biomolecule known to bind chromium in vivo. Thus, the
feature is tentatively assigned to chromodulin. [Given
this is only tentative following the practice of Wada and
coworkers based on only the apparently similar molec-
ular weight and chromium-binding ability, the low-
molecular-weight chromium-binding compound(s) in
urine and tissues (vide infra) will be designated herein as
chromodulin-like species.] This is consistent with previ-
ous studies using Cr transferrin [22, 36] and with studies
using other forms of chromium that release chromium in
vivo [31, 37, 38]. The identification of radiolabeled
chromodulin by its elution profile is made necessary by
an inability to detect similar levels of chromodulin
presently by other techniques. The oligopeptide has
proven not to be antigenic to date, making use of

immunochemical techniques impossible. While mass
spectra and post source decay spectra of chromodulin
have recently been obtained by matrix-assisted laser
desorption ionization time-of-flight mass spectrometry
(m/z=1,439 for [M+nH]+; Y. Sun, J. Vincent, S.
Webb, C. Cassady, unpublished results), attempts to use
the technique to identify the oligopeptide in biological
samples (even when spiked with the oligopeptide) have
not been successful.

Both the slower and faster phases of urinary 51Cr loss
both arise from chromodulin-like-species loss. Several
studies have shown that Cr is lost in the urine within
90 min of a dietary stress such as high sugar intake [23–

Fig. 2 Elution profiles of urine from adult male rats from a G-25
column as a function of time. a Rats not receiving insulin; b rats
receiving insulin

Fig. 1 Urinary total chromium loss for adult male rats as a
function of time. Solid circles indicate rats that did not receive
insulin; open circles indicate rats receiving insulin. The lines
represent fits of the curves. The initial injection contained
2.46·106 cpm 51Cr transferrin. Each data point represents the
average of three rats
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29]. This Cr increase in response to sugar is actually the
result of the increases in blood insulin concentration
associated with the increased sugar concentrations [23],
consistent with the results of this study. Thus, as sug-
gested previously [6–8], a direct link appears to relate
urinary chromodulin loss and carbohydrate metabolism.

Blood plasma Cr

Examination of the labeled Cr content of the blood
plasma in the absence of added insulin (Fig. 3) as a
function of time reveals a rapid loss of plasma 51Cr for
the first 30 min, followed by a more gradual loss of 51Cr.
The removal of 51Cr from the blood is faster than the
appearance of 51Cr in the urine. The lag in time indicates
that the major forms of Cr in the blood and urine are not
in direct equilibrium; intermediates in the transport of
Cr must be involved. Previously, blood plasma levels
after intravenous injection of CrCl3 as a function of time
have been fit to the sum of three exponential decays [43–
45]. These decays have been interpreted in terms of the
existence of three pools of tissue chromium exchange-
able with the plasma Cr, which is ultimately lost in the
urine. The pools have varying half-lives on the order of

0.5–12 h, 1–14 days, and 3–12 months. Attempts to fit
the loss of plasma Cr in the absence of insulin to the sum
of three exponential decays failed as the data underde-
termined the fit. Given that one of the decays in the
previous fits was a slow decay on the order of months,
which would essentially contribute a constant back-
ground over the time frame of the current study, at-
tempts were made to fit the data to the sum of two
exponential decays and a constant background level of
labeled Cr; these also failed.

One reason for this failure is apparent from the
behavior in the presence of insulin (Fig. 2). In this case,
the rapid loss of plasma 51Cr is followed by a small
increase in the 51Cr content. Thus, the behavior appears
to be more complex than rate-limiting exchanges of Cr
and rapid loss of Cr in the urine. The behavior of the
plasma 51Cr levels in both the presence and the absence
of insulin can be fit reasonably well over the time scale of
this experiment to the sum of a constant 51Cr back-
ground and an exponential loss of 51Cr:

cpm 51Cr ¼ aþ be�ct: ð2Þ

In the absence of added insulin, a=2.71·105
(±2.9·104) cpm, b=2.19·106 (±7.6·104) cpm, and
c=0.0838 (±0.0143) min�1 (R2=0.994). In the presence
of insulin, a=1.76·105 (±1.3·104) cpm, b=2.28·106
(±3.5·104) cpm, and c=0.102 (±0.0109) min�1

(R2=0.999). (The determination of the rate constant for
the exponential loss of plasma Cr is limited by the lack
of data points at earlier times. Given that 10–15 min is
required to guarantee distribution of the injected trans-
ferrin throughout the bloodstream and that time is re-
quired to collect a blood sample, reliably obtaining data
points at times appreciably earlier than 30 min after
injection unfortunately is not feasible.)

The problems with the fits can be explained by
examining the S-200 size-exclusion elution profiles of the
plasma as a function of time (Fig. 4a). In the absence of
added insulin, the elution profile is dominated by the
protein transferrin (which elutes approximately at frac-
tion 45). (Authentic samples of rat transferrin elute at
this position from the column; additionally sodium
dodecyl sulfate–polyacrylamide gel electrophoresis fol-
lowed by transfer to nitrocellulose and immunoblotting
reveals that transferrin is a major component of this
band and that 51Cr comigrates on the gel with trans-
ferrin.) More 51Cr is associated with transferrin than any
other species for the first day after injection. In a bi-
modal fashion, 51Cr transferrin levels drop rapidly and
then drop gradually. A 51Cr-containing species (eluting
at approximately fraction 78) is maximal at 30 min, and
its level declines gradually with time. The identity of this
feature has not been established. It has been postulated
to be a metabolism product of transferrin [22]; when
CrCl3 is administered intravenously rather than Cr
transferrin, this feature is not observed [11]. However, it
does not react with polyclonal transferrin antibodies,
indicating it is not a fragment of transferrin or it lacks

Fig. 3 Blood plasma total chromium for adult male rats as a
function of time. Solid circles indicate rats that did not receive
insulin; open circles indicate rats receiving insulin. The lines
represent fits of the curves. The initial injection contained
2.46·106 cpm 51Cr transferrin. Each data point represents the
average of three rats

387



the antigenic site(s) of transferrin. Another species, with
a similar molecular weight to chromodulin (eluting at
approximately fraction 118), is barely detectable after
30 min, but its level rises with time. Previously, this
species on the basis of the molecular weight and its
ability to bind Cr was postulated to be chromodulin [22,
36]; this, however, is not the case. Thus, the exponential
decay component of the fit corresponds to the rapid
mode of loss of transferrin from the plasma during the
first hour after injection; the constant component
probably is attributable to the gain of the low molecular
weight species and the loss of the unidentified species

that roughly cancel each other. In fact, the smallest
molecular weight species appears to be derived from the
larger species. The larger species appears rapidly (max-
imal concentration at the first time point after injection),
followed by a drop in its concentration that closely
matches the appearance of the smaller species. The
appearance of low molecular weight Cr-containing spe-
cies from the possible metabolism of transferrin has been
noted previously in experiments with human plasma
[46]. This pathway, the conversion of transferrin into the
two unidentified species, accounts for less than 10% of
the total injected Cr. Consequently the behavior of 51Cr
in the plasma in the first few hours after injection is far
more complex than can be explained by a fit to three
exponential losses.

Insulin has a dramatic effect on the 51Cr-containing
species in the blood plasma as a function of time
(Fig. 4b). Transferrin levels again drop rapidly. The
larger unidentified species is still present 30 min after
injection, and its level drops with time. The level of the
smaller species strikingly rises with time during the first
720 min after injection such that most plasma 51Cr is in
the form of this species, rather than transferrin. This is
reflected in the maximum in the total blood plasma 51Cr
as a function of time curve. In the simplistic fit to an
exponential decrease and a constant background, the
magnitude of the loss of 51Cr transferrin is identical in
the presence and absence of insulin, as are the rate
constants. The constant contribution after this time
crudely corresponds to the sum of the levels of trans-
ferrin after the first 60 min and those of the two
unidentified species. The amount of 51Cr bound to
transferrin and to the chromodulin-like species as a
function of time can be calculated from the data in
Fig. 4 and is shown in Figs. 5 and 6. Comparison of the
results in the presence and absence of insulin indicates
that the extent of disappearance of 51Cr transferrin
from the blood in the first 120 min after injection is
greater in the animals receiving insulin. The disappear-
ance of 51Cr transferrin for the insulin-treated animals
can be fit reasonably well by a simple exponential loss:

cpm 51Cr ¼ ae�bt; ð3Þ

where a=2.46·106 (±3.6·104) cpm and b=0.0790
(±0.0053) min�1 (R2=0.998). In the absence of insulin,
the behavior of the 51Cr transferrin level as a function
of time is clearly more complex than a single exponential
loss; however, the data underdetermine attempts to fit
the curve to two exponential losses. As can also be noted
from Fig. 5, the appearance of the smaller unidentified
species in the blood is actually slightly slower than the
appearance of chromodulin-like species in the urine.

Total tissue Cr

Taking into consideration the amount of radiolabel in
the urine and blood, a large quantity of 51Cr is ab-

Fig. 4 Elution profiles of blood plasma from adult male rats from a
S-200 column as a function of time. a Rats not receiving insulin; b
rats receiving insulin
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sorbed into the tissues. Figure 5 displays the amount of
51Cr injected minus the amounts of urinary and plasma
51Cr; this is an approximation of the amount of 51Cr
absorbed and retained in the tissues as a function of
time. Fecal Cr losses have not been included. Fecal
losses correspond to Cr from the bile and, thus, reflect
absorbed chromium, although even when using meta-
bolic cages contamination from the urine also occurs.
Fecal Cr losses over 1 day should correspond to only
about 2% of the injected Cr [43, 45]. Retained 51Cr is
maximal at 30 min, the first time point examined after
the injection (note that 10–15 min is required to guar-
antee distribution of the injected transferrin throughout
the bloodstream). Thus, transfer of 51Cr from 51Cr
transferrin in the blood to tissues is very rapid. The loss
of 51Cr from transferrin, thus, occurs simultaneously
with the rise of tissue 51Cr; the tissue 51Cr levels sub-
sequently decrease with the increase of urine 51Cr levels.
This indicates a net movement of 51Cr from 51Cr
transferrin to the tissues to the urine. Interestingly
insulin injection has the effect of lowering retained 51Cr
at all times, yet 51Cr disappeared from the transferrin in
the blood plasma to a greater extent at early time
points in the rats given insulin. This is readily explained

by the greater urinary loss of 51Cr in rats receiving
insulin. Insulin not only increases the transfer of 51Cr
from transferrin to the tissues but also results in much
greater movement of 51Cr into chromodulin-like spe-
cies, resulting in its loss in the urine. Thus, while 51Cr
moves to a greater extent from the blood to the tissues,
tissue 51Cr levels are lower as this is more than offset by
an increase in the generation of chromodulin-like spe-
cies and its loss in the urine. Thus, insulin appears to
accelerate the processing of 51Cr by the tissues. Also of
significance is that while the effect of insulin on trans-
ferrin movement can account for increased movement
of Cr from the bloodstream into the tissues, this cannot
account for the increased flux of Cr through the tissues
and into the urine. Also, Fe(III) released from trans-
ferrin is reduced in endosomes to Fe(II), which is
transported into the cytosol by divalent metal ion
transporters [47]; this route is probably not available to
Cr(III). The potentials for the reduction of Cr(III)
complexes with biological ligands generally are too
negative for reduction of the Cr(III) by biological re-
ductants. Thus, insulin must have a separate action on
chromium metabolism.

Tissue Cr distribution

The distribution of 51Cr in selected tissues as a function
of time is shown in Figs. 6 and 7 for rats receiving

Fig. 5 Content of injected chromium as Cr transferrin, chromod-
ulin, tissue Cr, and urinary chromodulin as a function of time. a
Rats not receiving insulin; b rats receiving insulin. The initial
injection contained 2.46·106 cpm 51Cr transferrin. Each data
point represents the average of three rats
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insulin. For all tissues examined in the absence of added
insulin, the 51Cr content of every tissue or organ except
the heart reached a maximum level or a plateau within
120 min of the injection. Liver and muscle had by far the
greatest quantities of 51Cr. In the presence of insulin, the
51Cr content of every tissue also reached a maximum
level or a plateau within 120 min of the injection. Liver
and muscle again possessed the greatest quantities of
51Cr at all times. However, insulin administration results
in an accelerated rate of loss of 51Cr from each of these
tissues. This is consistent with the more rapid loss of
51Cr from the tissues observed with insulin treatment as
shown in Fig. 5.

Hepatoctye subcellular Cr distribution

Because of the large 51Cr content of the liver, the sub-
cellular distribution of 51Cr in hepatocytes was investi-
gated (Figs. 8, 9). In both rats receiving and rats not
receiving insulin, the greatest quantity of 51Cr is in the
nuclei, with the maximum quantity reached 120 min
after injection. The contents of the other subcellular
components follow similar time courses within experi-
mental error. These results, as well as the other results
described before, are consistent with previous studies

using 51Cr transferrin that only looked at 51Cr distri-
bution 120 min after injection (with and without
administration of insulin) [22, 36]. After 120 min, insulin
treatment results in a more rapid loss of 51Cr from the
nuclear fraction than in the absence of insulin. Thus,
insulin has little or no effect on the distribution of Cr
between compartments; the effects of the hormone are
primarily on the rate that Cr is cleared from the com-
partments.

The components of the cytosol at each time point
were separated by S-200 chromatography to attempt to
identify the 51Cr-containing species (Fig. 10). In the
elution profiles, two major 51Cr features are present: a
large molecular weight feature corresponding to trans-
ferrin (established again by comparison of the elution
profile with that of authentic transferrin and immuno-
blotting) and a smaller molecular weight feature that
elutes at the same position as chromodulin. In addition,
small amounts of very large molecular weight species
which elute with the solvent front and of species with
molecular weights lower than chromodulin are ob-
servable. The appearance of transferrin in the cytosol
probably results from the very low density transferrin-
containing endosomes, which fail to precipitate with the

Fig. 6 Tissue total chromium content for adult male rats not
receiving insulin as a function of time. Each data point represents
the average of three rats Fig. 7 Tissue total chromium content for adult male rats receiving

insulin as a function of time. Each data point represents the average
of three rats
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microsomal fraction; rupture of endosomes from freez-
ing and thawing releases the Cr transferrin. In the
presence and absence of added insulin, the amount of
transferrin rises with time for the first 120 min and then
steadily decreases. Without added insulin, the amount of
chromodulin-like species present rises for the first
120 min and then decreases steadily. When insulin is
administered, the amount of chromodulin-like species in
the cytosol rises for the first 360 min and then decreases.
One result of this is that, for example, 120 min after the
injection that rats not receiving insulin have more 51Cr
in the form of chromodulin-like species than in the form
of 51Cr transferrin and this is reversed in the presence of
insulin (as noted previously [22, 36]). One interesting
effect of insulin is a change in the relative time for levels
of Cr transferrin and chromodulin-like species to be-
come maximal. In the absence of insulin, both levels rise
almost simultaneously; while in the presence of insulin,
Cr-transferrin levels peak first (in the same time required
in the absence of insulin). Yet, the peak chromodulin-
like-species level appears at an appreciably delayed time,
suggesting that insulin effects the processing of Cr dur-
ing or between removal from transferrin and binding to
chromodulin-like species. The appearance and reason-
ably rapid disappearance of transferrin in hepatocytes
with the concomitant or subsequent appearance of an-
other form of bound Cr provides additional evidence

that transferrin is the primary Cr transport agent from
the blood to the tissues. Consistent with this conclusion
is the work of Sayato et al. [11], who followed the fate of
51Cr given as 51CrCl3. Components of the hepatocyte
cytosol (120 min after treatment) were separated by G-
200 size-exclusion chromatography. Comparison of
their results with those presented in Fig. 10a suggests
that these authors observed Cr transferrin in the cytosol
of the liver cells.

Discussion

On the basis of these results, a kinetic model for the
movement of Cr from transferrin in the blood to chro-
modulin-like species in the urine has been proposed
(Scheme 1). The model assumes the presence of five
major types of chromium: Cr transferrin in the blood
plasma (A), Cr in the tissues (B), chromodulin-like
species in the plasma (C), the smaller unidentified species
in the plasma (F), the larger unidentified species in the
plasma (E), and chromodulin-like species in the urine
(D). Because of the varying rates of Cr absorption and
excretion by the tissues, tissue chromium is used to ex-
press the average Cr content of tissues. Two pathways
are required to fit the movement of Cr from transferrin

Fig. 9 Subcellular distribution of chromium in hepatocytes of
adult male rats receiving insulin as a function of time. Each data
point represents the average of three rats

Fig. 8 Subcellular distribution of chromium in hepatocytes of
adult male rats not receiving insulin as a function of time. Each
data point represents the average of three rats
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to the urine and species in the bloodstream. The first
involves the transport of Cr by transferrin to the tissues
(k1), followed by the release of Cr and production and
release of chromodulin-like species into the blood (k2),
and the movement of chromium as chromodulin-like
species from the blood to the urine (k3). The presence of
chromodulin-like species in the tissues (vide infra) and in
the urine necessitates the presence of chromodulin-like

species in the blood plasma, although its presence ap-
pears to be masked by the smaller unidentified species.
Hence, chromodulin-like species is assumed to be kept at
low steady-state levels in the blood, and k3 is assumed to
be much larger than k1 and k2. The second pathway
includes the appearance of the larger unidentified species
(k4), which in turn is either metabolized to generate the
smaller unidentified species or gives up its Cr to the
smaller species (k5). This kinetic model fits the experi-
mental data well at the early time points but fails to
simulate the gradual loss of Cr from the tissues to the
urine. This failure arises because the model does not
incorporate the processing and loss of chromium from
the various tissues occurring at different rates, as is
obvious from Figs. 6 and 7. This manifests itself, for
example, in the requirement for at least a biphasic
function to fit to the appearance of chromodulin-like
species in the urine as a function of time. Although the
quantity of Cr distributed in several tissues as a function
of time was determined in the present work, additional
experiments are necessary and are under way to deter-
mine the Cr-containing species and rates of conversion
in different tissues so that a more sophisticated pharm-
okinetic model of chromium transport can be developed.

Conclusion

If Cr is an essential trace element, a specific transport
and distribution mechanism should exist. Injection of
51Cr-labeled transferrin into the bloodstream resulted in
a rapid and insulin-sensitive movement of Cr into the
tissues as Cr transferrin. Tissue levels of Cr were max-
imal 30 min after injection; decreases in tissue Cr with
time were mirrored by increases in urine Cr. The re-
moval of Cr from the blood was faster than the
appearance of Cr in the urine; the lag in time indicates
that the Cr transferrin in the blood and the Cr in the
urine are not in direct equilibrium and that intermedi-
ates in the transport of Cr must be involved. This
establishes a clear pathway of transport of Cr starting
from transport by transferrin from the bloodstream into
the tissues, followed by release and processing in the
tissues to form chromodulin-like species, excretion of
chromodulin-like species into the bloodstream, rapid
clearance of chromodulin-like species into the urine, and
ultimately excretion as chromodulin-like species. Insulin
stimulates the processing of Cr in the tissues, such that

Fig. 10 Elution profiles of soluble fraction of hepatocytes from
adult male rats from a S-200 column as a function of time. a Rats
not receiving insulin; b rats receiving insulin

Scheme 1 Proposed mechanism of distribution of chromium from
Cr transferrin
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the insulin-dependence of Cr transport is only explained
in part by insulin-sensitive transferrin movement. The
data are consistent with an association between Cr and
insulin signaling.
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