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Summagx

Chromium is an essential element in trace quantities, but
toxic at high concentrations, particularly in the hexavalent form.
In this study the transport of physiological non-toxic amounts of
trivalent chromium across different regions of rat small intestine
was investigated using the everted sac technique.

A very small percentage of chromium was transported to the
serosal compartment, and a larger percentage of chromium was rapidly
taken up by the intestinal tissue. There was no specific site of
absorption for chromium in the rat small intestine. The amcunt of
chromium both transported to the serosal compartment and taken up by
the tissue was dependent upeon the initial concentration of chromium
and no evidence of saturation was observed. There was however a
good correlation between water and chromium transport across the
jejunum and ileum.

Changes in glucose concentration, temperature, or anoxic
conditions appeared to have no affect on chromium transport to the
serosal compartment. However transport was increased in the presence
of decreased concentration of calcium ions and also in the presence
of increased concentration of hydrogen ions. Bile salts and E.D,T.A.
did not affect the sercsal transport of chromium, however, the
interaction of chromium with citric acid increased the amount of
chromium transported to the serosal compartment.

There was strong and tenacious interaction between the
intestinal tissue and chromium ions which displayed characteristics
of covalent bending. Variations in glucose concentration and pnid, as
well as anoxic condition and high concentration of bile salts, markedly
influence the interaction of chromium with the intestinal tissue.
Lowered luminal volumes resulted in an increase in the tissue-chrecmium
interaction.

From the observations a model was developed to describe the
transport mechanism for chromium, and factors which influence chromium
absorption. Chromium crosses the intestinal epithelium by passive
diffusion via the zonulae occludentes. Interaction of chromium with a
dietary agent may increase the amount transported to the serosal
compartment and result in the complex using an intracellular route.

The tenacious binding of chromium to the intestinal tissue,
possibly to phosphate groups, suggests that the intestinal barrier
acts as a controlling factor for the amount of chromium entering the
body pool, and also predicts other conditions that might affect the
absorption of chromium.
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1l Introduction

Compared with some metals such as iron, copper and lead
which have been known and used by man for many centuries, chromium
is a relatively new metal. It was discovered by Vanquelin in 1797,
in the mineral, Crocoisite (lead chromate) PbCrO4. It is only
during the past three decades however that a considerable degree of
interest has been created in the biological action of chromium.

The discovery of the essential biochemical role of trivalent chromium
in 1959 (86), has stimulated research into various other possible
functional aspects of chromium including its nutritional role in
animals, man, and plants. There has also been particular interest

in the toxic effects of exposure to high concentrations of chromium

in the industrial situation (9 ), (56).

1.2 The Chemistry of Chromium Compounds

1.2.a Valency State

The main source of the metal is chromite, or chrome ironstone,
a ferrous chromite, FeCry04 (70). Chromium can be found in oxidation
states from -2 to +6 but only the ground states 0, +2, +3 and +6 are
common. Divalent chromium is unstable unless carefully protected from
oxidation, which occurs easily in air. Therefore cr2t compounds are
unlikely to occur in bioclogical systems. The hexavalent form of chromium
is almost always linked with oxygen and is a strong oxidizing agent, the
only important ions of crbt are chromates, Cr042“, and dichromates, Cr2072'.

3+

Both of these compounds are easily reduced to Cr in acidic solutions.

Cr,0,2"+14H" 60— 2cr3*+7H,,E=1.33V

3+ 6+

The difference in oxidation potential between Cr and Cr is

so great that a reversible transition is unlikely under normal

=i e



physiological conditions. It has also been reported that no
hexavalent chromium could be found in human serum (32 ). Therefore
on the basis of available data one can conclude that chromium is

predominantly present in biological material in the trivalent form.

1.2.b Olation and Solubility

In solution there are six molecules of water in coordination
with each chromium molecule, As the pH of the solution increases

the coordinated water is hydrolysed. -

HOH HOH
HOH HOH
HOH 2 HOH
3 Cr
o o == s n +HOH
HOH HOH
HOH HOH

This results in bridge formation between chromium ions

through coordination of hydroxyl groups, rather than water, N i

HOH

HOH _ HOH HOH
HOH _ OH HOH F HOH
OH HOH OH
+ —
HOH HOH HOH OH
HOH HOH HOH  HOH
HOH HOH HOH HOH

The reaction becomes very complicated since more than two
bridges are involved, and leads to the formation of polymucleate
complexes; this process is called olation. The olation process will
proceed when a stabilizing ligand is not present, and leads to the
formation of large chromic hydroxide complexes of coloidal nature

3+

and of little or no biological activity. However the free Cr as

a hexaquo complex does not exist at physiological pH. The reaction



of Cro* with ligands successfully competes with hydroxyl ions for
coordination, and protects chromium against precipitation at
neutral pH by minimizing or preventing olation. There are a variety
of small compounds in the blood and other biological fluids that
can easily coordinate to chromium and make it possible for trivalent
chromium to stay soluble in biological material; the following
ligands maintain chromium in a diffusible form (77):

- Pyrophosphate > Methionine ) Serine > Glycine > Leucine >

Lycine > Proline

P Environmental Chromium

Chromium is a rare element, and its content in soil, water
and air varies at different locations. These differences could well
reflect themselves in the chromium content of plants and animals.
tissues (81). The existence of trace amounts of chromium in the soil
is an important factor associated with the fertility of some soils
(67). However the data available on the concentration of chromium in
the soil are insufficient to describe any geographical distribution
pattern. The concentration of chromium in the soil has been measured
from traces to 250 ppm as Cry03 (67).

Both trivalent and hexavalent chromium have been shown to
exist in sea water, but at concentrations below 1 ppb (37), (14), (76).
Concentration of chromium in a sample of public drinking water does
not always represent a true picture of the chromium content of water.
This is shown by the wide variation in chromium content of products of
different water works of one city (44). However drinking water does

not contribute significantly to the chromium intake of man (67), (74).



Although there are problems in sampling and methods of
analysis, it is unlikely that the coﬁcentration of airborne chromium
found in the normal urban environment is an important biological
factor to man. It is estimated that the normal intake of chromium
from air is between 11 - 110 pe (92). A comparatively small
intake plus the possibility that pulmonary chromium may reduce to
trivalent form which is quite insoluble, and most probably does not
interchange with the rest of the body stores (67), (2), explains

the continuous accumulation of chromium in the lungs with age (81).

1.4 The Body Content of Chromium

No toxic effects have been found at the normal human body
levels of chromium. However the work of a number of investigators
indicates that there is an excessive risk of lung cancer involved
through industrial exposure to high doses of hexavalent chromium (9),
(33), (26), (91), (56). Lung cancer cases in the workers of the
chromium industry were investigated in Germany és early as 1935, and
recognised as an occupational hazard (9). It should be noted that the
exposure time to chromium is an important factor as longer exposure can
produce more deiinitg damage (56). According to Langard and Norseth (56)
who studied Norwegian workers, the exposure level which causes bronchial
cancer is from 0.5 to 1.5 mg. Cr/m3 over a working period of six to nine
years. The toxicity of trivalent chromium has been reported only with
comparatively high doses of parenteral administration (67).

The body content of chromium reported in the literature varies
because the data were obtained by different methods of analyses (34), (53).

Typical figures obtained by some Japanese investigators using the



flameless atomic absorption technique to measure chromium are shown

in Table 1.1. The data indicates that the total body burden of chromium
is more than 4 mg, with half of it in the muscle (53 ). The chromium
concentration in the human body also varies in different geographical
locations. Shroeder, et al (81) detected the following levels of

chromium in liver samples:

Nigeria 0.47 ppm of ash
Hong Kong 0.6 LA
Tokyo g4 "noon "
Bombay-Delhi 7 R I T
Manila : 4.8 o e "
Bangkok 5.5 " n w
Bern &8 " W w
Welkom £ Yoy s i

These values may be compared with an average figure of 1.6 ppm
in the United States. The concentration of chromium in man also varies
and is dependent upon a number of factors such as; a) the composition
of the diet, b) the age of person, c) endocrine distﬁrbances such as

diabetes (45), and d) sex (53).



Organ or part Sex No Average

Cerebrum g lg g:g;g
Cerebellunm g ig g:gi;
Trachea g g g:ggg
It M 14 0.38
F 15 Gl
Heart g if 31323
Liver g ig g:ggz
Pancreas . . oo
F 14 0.090
Kidney g 1: g:ggg
Small Intestine g i; g:ég4
Large Intestine g ig g:gga
Muscle g 13 g:éﬁ?
Skin - - 012
Blood g ; g:ggg
Rib (bone) g 2 g:ggg
Table 1.1 Chromium concentration in Japanese human tissues

expressed as micrograms per gram wet tissue.

(Data taken from Arch. Environ. Health 1975, ref. 53)



1.5 Biological Functions of Chromium

1.9.8 Enzymes and Nucleic Acid

Phosphoglucomutase, which has an important role in glucose
metabolism requires the presence of Mg+2 (0.003 M) for maximal
activity, together with a second metal (e.g. Cr3+, Fe3+) Cr3+ is the
most effective second metal and is the only metal that alone can
maintain some enzyme activity in the absence of magnesium. The
effective concentration of chromium is 500 ppb which is not much
different from naturally occuring levels (90), (66).

Trypsin also contains one atom of chromium per enzyme
molecule, but the chromium can be removed by dialysis, indicating
that it is not firmly bound. The activity of the enzyme however
after removing the chromium decreases to 5% of the original activity,
but can be resto;ed to normal by the addition of chromium (15).
There may be other enzyme activities affected by chromium as there
are reports of in vitro experiments in which it was shown that
chromium increased the incorporation of acetate into choleslerol in
rat liver (20). This of course may only be of pharmological interest
rather than an essential biological effect, as the level of chromium
required is almost toxic. Transition metals of the first series also
stabilize the ordered structure of RNA (38). According to Wacker
et al (98), (99) there is a very high concentration of chromium (260
to 1080 ppm) in beef liver fractions, which consists of 70% RNA and
30% protein. Although many other metals are also present, chromium

is outstanding among the metals investigated in its bond stability.



1.5.B Glucose Tolerance Factor (G.T.F.)

The most well known and established biological role of
chromium is its active incorporation into the Glucose Tolerance
Factor (G.T.F.), first identified by Schwarz, K. and Mertz, W. (8g).
The glucose tolerance factor is a dietary agent required to maintain
normal glucose tolerance in the rat (85), (88), (65), (35). G.T.F.
may be considered a hypoglycemic agent effective in lowering plasma
glucose levels, particularly if glucose is elevated above the normal
fasting range (8 ). G.T.F. can be isolated from natural sources such
as brewers' yeast or acid hydrolyzates of pork kidney powder; liver is
also recognised as another potentially rich source.

G.T.F. is an organic water soluble compound, extractable
with phenol and isobutanol, absorbable on charcoal and ion exchange
resin; it is a heat-stable, low molecular weight complex (86), (8).
However the molecular structure of G.T.F. has not yet been determined.
The complex contains two nicotinic acid molecules per chromium atom
and may contain cysteine, glycine, and possibly glutamic acid residues
(8). In 1974 biologically active chromium complexes were prepared by
Walter Mertz (69), which were similar to, but not.identical with,

naturally occuring G.T.F. complexes.

1.6 Chromium Deficiency

1.6.a Chromium Deficiency in Animals and Man

Chromium is the only element knowvn to decline in most organs
with age (94). Chromium deficiency in animals has been observed (64),
(83). The term "low chromium state' or "chromium deficiency' is
used to describe the result of sub-optimal supplementation of an

organism with biologically available chromium. Since the chemical



methods to determine chromium, measure the total chromium concentration,
the data obtained from chemical analyses are not always representative

of biologically available chromium. Therefore a low chromium state

can be described as an impairment of some function that can be prevented
or cured by supplementation of the diet with physiological amounts of

the element. Schroeder H.A. (82) suggests that the clinical manifestation
of chromium deficiency are; a) diabetes mellitus, or at least, impaired
glucose tolerance, b) hypercholesteremia, or c¢) a tendency to
atherosclerosis. Newman, H.A.I. et al (72) reported that the group of
people with coronary artery disease had significantly lower serum chromium
concentration than did the group with normally patent arteries. However
the hallmark of chromium deficiency is impaired glucose tolerance. In
rats and squirrel monkeys maintained on chromium-deficient diets,
restoration of a normal glucose tolerance was accomplished by.oral

administration of Cr3+

or Glucose Tolerance Factor (G.T.F.) (86), (22).
The blood glucose levels also return to the normal range after administrat-
ion of the glucose tolerance factor in genetically diabetic mice with
hyperinsulinemia (27). There is also indirect evidence to support the
view that chromium deficiency occurs in man. Maturity-Onset diabetics

and elderly subjects have shown improvement of impaired glucose tolerance

by simple addition of 150 pe of inorganic chromium III to their daily

diets (40), (57).

1.6.b Chromium in the Diet

The daily intake of chromium has been reported as low as 5 ‘pg/day
and as high as 115 pug/day, with an average of 52 Pg/day (57). Other

investigators suggest much lower average daily diet content of 7.8 pe of



chromium (23), (81).

The highest concentration of chromium can be found in some
spices, with lesser amounts in meats, vegetable and fruits; liver
and kidney are also high in chromium content (81), (43). The
chromium content of food stuffs gives only limited information on the
dietary adequacy. The availability of chromium for absorption, and
also how much is in the fom of G.T.F. are important considerations.

A correlation of chromium content and G.T.F. activity of various

foods has been studied by Toepfer et al (95) in terms of the relative
biological values for G.T.F, activity and the following data were
obtained: brewers' yeast 44.88, black pepper 10.21, calf's liver 4.52,
chicken leg muscle 1.89, haddock 1.86, patent flour 1.86, and skimmed
milk 1.59. There is much work needed before a standard level of
chromium in the diet can be recommended. However it has been suggested
that 10 - 30 ug of G.T.F.-chromium per day is encugh to meet man's
daily requirement (68).

The drinking water content of chromium measured in the United
States reveals that the water supplies provide only small amounts of
chromium (0.43 pg/ml) (8). Therefore it appears not to play an

important part in the daily intake of chromium.

1.7 Absorption, Transport, and Excretion of Chromium

Very few investigations have been carried out into the intestinal
absorption of chromium. Donaldson and Barreras (30) investigated the
intestinal absorption of 5ICrC13 and Na251Cr04 in both human subjects
and rats., They demonstrated a significant absorption of radioactive
Slcr in their jejunal perfusion studies in humans and by faecal and urinary
excretion tests in humans and rats. They also suggested that hexavalent

chromium was better absorbed than trivalent chromium.

- 10 -



Mackenzie et al (62) also reported the absorption of hexavalent
and trivalent chromium by the albino rats after stomach and intestinal
administration, and showed more absorption of the chromite ion than

trivalent chromium. Previous published data is shown in Table 1.2.

Author Subject Species % Absorbed
Doisy et al Human cro+ 0.69%
Donaldson et al Human & Rat crot Non-absorbable
Donaldson et al Human & Rat crb+ 0.50%
Mackenzie et al Unfasted Albino
Rat crb+ 3%
Mackenzie et al Fasted Albino
Rat crb+ 6%
Visek W.J. et al Rat cro* 0.50%
Table 1.2 Absorption of chromium ions across gastro-intestinal
tract in animals and man as reported by different
investigators.

Reduction of hexavalent chromium ions (5lcr042') to trivalent
(Cr3+) chromium ions by gastric juice has been observed (30), (62).
Therefore the proportion of chromium absorbed is related to the acidity
of the gastric juice and the presence of food. Absorption of chromium
is not significantly different in elderly subjects than young normal
adults (29), (28). The only group of persons studied that display an
abnormal rate of chromium absorption are insulin-requiring diabetics, who in
contrast to maturity-onset diabetics, absorbed two to four times more
chromium in the first 24 hours following a single oral dose (8 ).

After absorption chromium appears in the plasma protein fractions
(67),(97). At least two forms of chromium circulate in the plasma

compartment. Trivalent chromium is bound to transferrin (siderophilin)

- 11 -



in the A-globulin fraction (49), (47), (80), (1) and the other form
is thought to be bound to the glucose tolerance factor (G.T.F.).
If the concentration of chromium saturates the binding sites of
siderophilin, chromium is then transported by other plasma proteins.
Chromium was found to-accumulate with time in several organs such as
bone, kidney, spleen, and liver (73). Most of the chromium from the
body (approximatley 80%) is excreted via the urine, and a minor
portion by intestinal secretion (23), (50). However the site of

chromium excretion into the intestine is unknown.

1.8 Morphological Featuresof the Small Intestine

In order to understand the precise mechanism by which a
cation crosses the intestinal barrier a knowledge of the unique
morphological feature of the small intestine is essential.

The small intestine is a long tube which may be sub-divided
into three regions (Duodenum, Jejunum, and Ileum). This digestive
tube consists of an inner lining, the mucous membrane, composed of
epithelium and connective tigsue (lamina propria). The mucous
membrane is surrounded by a thin muscular layer, (the muscularis
mucosae) and loose connective tissue, (the submucosa). This is in
turn surrounded by two or three layers of smooth muscle. The entire
intestinal tube is surrounded by a sheet of connective tissue, known
as the serosa.

In the small intestine the mucous membrane is highly folded
(the mucosal folds of Kerkring) to fonm the intestinal villi, whose
major function appears to be the presentation of a large absorptive

area. Mucosal folds are prominent in man but absent in many smaller

animals (19).— Villi are-strikingly longer in the-gejunum than the ileum.

I



It has been observed under the light microscope that the surface
of the absorptive cells of the villi consist of a specialised
"brush border" of very small parallel rod-like projections, termed
micro villi. Estimation has been made that a combination of these
specialised structures increase the surface area of the small
intestine by a factor of 600 (48).

\The micro villi are covered with a surface coat of fine
filaments, the glycocalyx, thought to be made up of glycoproteins.
The regidn of the glycocalyx is also thought to be the location of
a hydrogen ion gradient. It has been suggested that the existence
of such an acid microclimate influences the transport of various
ionised species (12).

Substances can travel across the intestinal tract by either
an intracellular route which means the movement of molecules across
two membranes in series, or an extracellular route, via tight

junctions (Zonulae Occludentes) that lie immediately beneath the

brush border region.

1.9 Aims of the Investigation

The few studies which have been published indicate only a
small amount of chromium is absorbed (62). However these studies
give little or no detail as to the precise mechanism or site by
which the chromium cation passes across the intestinal barrier.

Nor is any detailed information published as to which dietary factors
affect chromium transport.

A person exposed to the normal or even industrial level of
chromium is unlikely to ingest toxic quantities of the metal. On

the other hand, as chromium is an essential element, what is more
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important is to identify those conditions which would lead to
relative deficiency in the body burden of chromium. Consequently,
the knowledge of the precise mechanism and route by which the
chromium cation passes across the intestinal membrane is required.
Therefore the primary interest in this study was to measure various
aspects of chromium transport, such as; a) the rate of transport
of chromium to the serosal compartment and its uptake by the
intestinal tissue, b) revealing any possible preferential site or
sites of absorption, c¢) elucidating the mechanism of thetransport of the chromiim
cation, d) identifying factors which influence the passage of
chromium across the gastro-intestinal barrier and understanding
the mechanism of their action, e) to investigate the relative
importance of the gastro-intestinal tract as the first physiological
barrier between the environment and the body.

Experiments aimed to investigate these points were designed
and carried out in vitro, using the everted sac preparation of

Wilson and Wiseman (101) at the normal dietary level of chromium.
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CHAPTER 2

METHOD AND MATERIALS

VIABILITY OF THE EVERTED SAC PREPARATION



2.1 Animals

The animals used throughout these studies were male Wistar
rats weighing between 200 and 230 grams (approximately 55 days old)
(Figure 2.1). The rats were maintained on a Heygate 41B diet
(Table 2.1) and water ad libitum until 24 hours prior to sacrifice

whereupon they were starved of food but not water.

2.2 Physiological Buffer

In an in vitro experiment it is essential to use a solution
that is isotonic to plasma and contains similar quantities of electro-
lytes found in plasma. One of the commonly used solutions is the Krebs-
Henseleit bicarbonate buffer (55), the components of which are as below:-

1) 100 parts of 0.90% sodium chloride NaCl (154 mM)

2) 4 parts of 1.15% potassium chloride KC1(154 mM)
3) 3 parts of 1.22% calcium chloride Ca012(110 mM)
4) 1 part of 2.11% potassium dihydrogen ortophosphate

KH,PO, (154 mM)
5) 1 part of 3.82% magnesium sulphate MgSO,, 7H50 (154 mM)
The solution was buffered to pH 7.4 with;
6) 21 parts of 1.3% sodium bicarbonate NaHCO; (154 mM)
This buffer with the addition of 20 mM glucose was used throughout
these studies and is referred to as Krebs-Henseleit bicarbonate buffer

throughout the text.

2.3 Preparation of Everted Sacs

After sacrifice the abdomen of the rat was opened by a mid-line

incision, and the intestine cut at the point of entry of the bile and

- 15 =



Io'g

GRAMS

AT
A I
AN

1Y
i
UL
ALY
AR

AW

375

350 {

325

300

275 1

250 1

50
25

225 |
200
175
150
125
100
75

DAYS OLD

Increase in weight of Wistar rats.
(Bantin and Kingman Ltd.)

re 2.1

Fi

s e



Crude protein
Crude oil
Crude fibre
Digestible oil
Digestible fibre
Arginine
Lysine
Methionine
Cystine
Tryptophan
Histidine
Leucine
Tyrosine
Isoleucine
Phenylalanine
Threonine
Valine
Glycine
Calcium
Phosphorus
Ca:P

Sodium

Chloride

Table 2.1

17.069

2,732

4.352

2,114

1.723

0.801

0.877

0.309

0.261

0.192

0.326

1.089

0.326

0.710

0.674

0.555

0.837

0.981

1.3

0.72

0.575

0.154

Vitamins:
Byy 14.09 pg/kg
E 19.25 mg/kg
Thiamine 6.201 i
Riboflavin 3.499 &
Niacin 55.1 P
Pantothenic
acid 14.99 B

Choline 1311 4
Biotin 0.904 H
Folic acid 0.838 o
Pyridoxine 5.95 "
Inositol not

less than 220 ¥
A 10,220 I.U/kg
Dq 2,556 "
Iron 65 mg/kg
Manganese 32 -y
Copper T &
Iodine 4,18 "
Cobalt 0,89 "
Zinc 8.29 "

Composition of Heygates Diet 41B.
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pancreatic ducts, and above the duodenal-jejunal flexture. This
section was selected as representative of the distal duodenum ( D).
The rest of the small intestine to the Ileo-Caecal junction was
removed in one piece by severing at the caecum and manually freed
of gut mesentery and fatty material. Both sections were immediately
transferred to the Krebs-Henseleit bicarbonate buffer at 0°C and
gassed continuously with 5% C02/95% 0,. The jejunal-ileal portion
of the small intestine was divided into twelve sections of equal
length (approximately 8.0 cm), and the fifth and eleventh sections
chosen as representative of the mid-jejunum ( J) and distal-ileum

( I) respectively. The three selected sections were then everted

with a glass rod of constant diameter (approximately 2 mm).

2.4 Water Transport Measurements

The everted section was placed in a petri-dish containing
filter paper moistened with the incubation medium (Krebs-Henseleit
bicarbonate buffer), and the section tied with a cotton ligature
and a loop formed to enable the sac to be hung from a torsion
balance. Each section was weighed on a torsion balance (Whites
Instrument Company) to an accuracy of 5 mg (W;). The sac was then
filled using a blunt needle syringe with approximately 0.5 ml of
Krebs-Henseleit bicarbonate buffer at 37°C (serosal solution) and
a second ligature tied to enclose the serosal volume. The sac
was then reweighed on the torsion balance 0?2), and transferred
to a 25 ml conical flask containing 10 mls of Krebs-Henseleit
bicarbonate buffer (mucosal solution) in a water bath thermostated

at 3700. The mucosal solution was continuously gassed with 5%

e



C02/95% 02 and shaken at 60 oscillations per minute, for various
periods of time. After incubation, each sac was placed on a
moist filter paper, and lightly blotted, before reweighing (WS)'
The serosal volume of the sac was collected by cutting the sac
at one end and allowing the serosal contents to drain into a glass
vial. The cut end of the sac was re-blotted, and the empty sac
reweighed (W4). From the four weighings it was possible to calculate:
i) The injected initial serosal volume (W2 - Wl)
ii) The total water movement Wy = Wy)
iii) The uptake of water by the intestinal tissue Wy = Wp)
iv) The increase in serosal volume or transport of
water into the sergsal compartment (W, - Wy) - (w4 - wl)

2.9 Preparation of Cannulated Sacs for Transmural Potential
Difference Measurements

An approximate 8 cm section of rat small intestine was everted
as previously described (Section 2.3) and ligatured to a flared hollow
glass rod. The lower end was tied with another ligature and a small
weight attached to keep the sac vertical during the experiment. Using
a syringe, Krebs-Henseleit bicarbonate buffer was injected into the
sac, and the formation of air bubbles avoided, to ensure a continuous
column of fluid. The filled sac was immersed in 70 ml of Krebs-Henseleit
bicarbonate buffer and continuously gassed with 5% 002/95% O2 (Figure 2.2).
The preparation is similar to that described by Barry et al (6 ).
Electrical contact between serosal and mucosal solution was maintained
with two salt bridges connected to calomel half=cells., The salt bridges
consisted of polythene tubing of constant diameter, filled with 3M KCl-

Agar. The pairs of calomel half-cells were balanced with each other to
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within 0.1 mV. Transmural potential difference readings were
measured by connecting the half-cells to a Pye Unicam digital
voltmeter. Readings were taken at ten minute intervals for an

hour.

2.6 Assessment of the Viability of the Everted Sac Preparation

Throughout these studies an in vitro intestinal preparation
has been used, therefore important physiological parameters such as
blood flow, that affects gut function in the intact animal, are
excluded. As a consequence the source of axygen provided by the
blood vascular system is not present, and the possibility of anoxic
conditions exists. Reduced oxygen supply has heen shown to reduce or
abolish many transport processes in the proximal jejunum, (3 ),
(31), (10). Therefore it is necessaré to demonstrate that the
intestinal tissue is viable after preparation and further that it is
functional during the incubation period, under the artificial conditions
provided (87). There are several different parameters commonly accepted
as demonstrating viabilify, for example, oxygen consumption, transmural
potential difference, glucose transport, potassium loss, histological
criteria, and water transport measurements (39), (58). Therefore to
assess the viability of the everted sacs, transmural potential difference
and water transport was measured for different periods across the three

different regions of the small intestine.

2.6.a Transmural Potential Difference

The ability of the rat small intestine to maintain a transmural
potential difference of several millivolts has been shown by Barry et al

(6 ). They demonstrated that when an ion is transported across a membrane

W OF e



against an electrochemical gradient, a difference in electrical
potential is generated across the membrane due to the change in
chemical potential in the two compartments. It has been
suggested that the potential is the result of uphill sodium
movement, and is related to the transport and metabolism of hexose
sugars (88), (7). It follows that the maintenance of the transmural
potential difference indicates the existence of some other primary
transport system in the epithelium and therefore provides a good
indication of the functional viability of an in vitro preparation.

Using the cannulated everted sac preparation (Section 2.5),
transmural potential difference measurements were determined for
three different regions of the small intestine, and the results are
illustrated in Figure 2.3. The mean figures for transmural potential
difference of 6.18 ¥ 0.3 mv, 8.76 ¥ 0.4 mv, and 7.07 ¥ 0.4 mV over
60 minutes, for duodenum, jejunum, and ileum respectively were
obtained., These mean values are in agreement with the findings of
other investigators (60), (16), (75).

The potential difference across the rat small intestine
was also measured in the presence of 5 x 1079 M Cr3+ (CrClS, 6H20),
the highest concentration of chromium used throughout these studies,
to investigate any possible effect of chromium ions on the viability
of the preparation. The results (illustrated in Figure 2.4)

indicated that the presence of 5 x 1079 M crot

had no significant
affect on the transmural pctential difference across the intestinal
membrane. The mean figure for different sections of the small

intestine are 5.5 ¥ 0.4 mV, 8.5 & 0.4 mV and 6.9 T 0.6 mV for

duodenum, jejunum, and ileum respectively.
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2.6.b Water Transport Criteria

Further investigation to ascertain the viability of the
intestinal preparation was carried out by measuring water transport
into and across the intestinal preparation. One of the features of
a viable in vitro intestinal preparation is the transport of an
isotonic fluid such as Krebs-Henseleit bicarbonate buffer across
the mucosal surface. However the physiological mechanism of fluid
uptake is not as yet fully resolved, but is generally thought tb
occur as a corollary of active transport of solutes at the mucosal
surface. According to the '"standing osmotic gradient" model (21),
(24), a local osmotic gradient is set up within an epithelial
compartment as a result of an active accumulation of solute. Water
is then absorbed, because of the osmotic gradient, and subsequent
increases in hydrostatic pressure become another force for water and
solute movement into the serosal compartment. Transport of water
results in an increase of the serosal volume (serosal transport),
and also an increase in the wet weight of the tissue (tissue uptake).
Fluid uptake by gut tissue has been suggested to be localised to the
epithelial cells which expand longitudinally during absorption (52).
However there seems to be little doubt that the fluid uptake by gut
tissue occurs as a conseqﬁence of an energy dependent transport
process, and it is known to be dependent upon the presence of
metabolic substrates (32), (G1).

Over the different incubation periods of 10, 20, 30, 45, and
60 minutes, water transport measurements were carried out as
previously described in detail in Section 2.4. A linear uptake of

water with tissue was observed (Table 2.2, Figures 2.5, 2.6 and 2.7).
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The values obtained for tissue uptake and serosal transport of

water are comparable with those of other investigators (52), (16), (4).
Therefore the tissue appeared to function as a viable preparation.
Consequently in all subsequent experiments to monitor viability,

water transport was chosen, because it allowed a routine check to

be made at the same time as other measurements.

2.7 Methods of Animal Sacrifice and its Effect on Water Transport

According to Levine et g; (58), the use of anaesthetics may
possibly affect the viability of in vitro tissue preparations and
result in reductions in the tissue fluid uptake (tissue uptake).
Therefore a comparative study of the water movement across everted
sacs prepared from animals sacrificed by three different methods was
undertaken. The preparation, incubation a;d assessment of water

movement was carried out as previously described in Sections 2.3 and 2.4.

2:,7.8 Ether Anaesthetisation

In this method an animal was placed in a glass vacuum
desiccator, which contained a quantity of cotton wool soaked in di-ethyl
ether (A.R.). After a few minutes the animal became unconscious and
was removed from the desiccator. Its abdomen was opened by mid-line

incision, and the intestine removed as previously described.

2.7:b Intraperitoneal Injection of Inactin

To anaesthetise, the animals were injected intraperitoneally
with Inactin (5 - sec butyl - 5 - ethyl 2 - thiobarbituric acid
Promonta). Approximately 100 mg/kg body weight of Inactin was

administered in 0.154 M saline. As soon as the animal lost consciousness
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the intestine was removed as usual.

2.7.c Stunning and Decapitation

After placing the animal on the surface of a laboratory
bench with the minimum possible of disturbance, it was swung
suddenly by the tail and stunned with a single blow against the
bench. The spinal cord was severed by decapitation and the intestine
removed as previously described.

Water movement across the intestine was measured over 30 and
60 minute periods and used to assess the effect of the different
methods of sacrifice on sac viability and preparation reproducibility.
Although there was not a highly significant difference between the
amount of water transported after sacrifice by the three different
methods, there was a drop in water movement when the animals were
anaesthetised with Ether or Inactin, (Table 2.3). The drop in water
movement could be due to both the effects of anaesthetics on the
metabolism of the intestine and also, due to the fact that the
operation takes several minutes, and therefore the tissue has been
exposed to unknown levels of a potentially toxic material. The
anaesthesia with Ether has been noted to have a significant reduction
effect in glycolysis in everted sac preparations (93). Therefore
because water movement is thought to play an important role in the
transport of a number of cations, and because of the practical
advantage, the stunning method of sacrifice was chosen for use through-

out these studies.

2.8 The Use of the Radioisotope 51Cr

The radioisotope 5lCr (as chromic chloride) obtained from

= 37



TIME (Min.)

30 60
ETHER
ANAESTHETISAT ION
DUODENUM 278 ( 44) 607 ( 65)
JEJUNUM 478 ( 62) 709 ( 61)
ILEUM 388 ( 65) 514 ( 33)
INTRAPERITONIAL
INJECTION OF
INACTIN
DUODENUNM 464 ( 50) 672 ( 69)
JEJUNUM 504 ( 78) 848 (151)
ILEUM 521 ( 80) 690 (100)
STUNNING
DUODENUM 702 (191) 849 ( 68)
JEJUNUM 560 ( 49) 1022 (162)
ILEUM 464 ( 78) 723 (154)
Table 2.3 Total wﬁter movement for three different methods

of sacrifice (mg./g. wet weight of tissue) to the
serosal compartment and into the tissue, in the
different regions of the rat small intestine after
30 and 60 minutes incubation at 37°C.

(8.E. is expressed in parenthesis)
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the Radiochemical Centre Amersham, was used as a tracer in all

chromium transport studies. 51

Cr is a gamma emitter, with a half
life of 27.8 days. The amount of radiocactivity in both fluid and
tissue samples can therefore be directly assessed without the use
of scintillants or tissue oxidation techniques.

In a typical experiment 510r was added to the mucosal
solution containing a known amount of non-labelled chromium chloride
(CrCl3, GHQO), After incubation for a fixed time chromium was
estimated in 200 }11 aliquots of serosal and mucosal solution by
counting the 320 Kev gamma emission of Sler in a Nuclear Enterprises
NE 8312 counter for 10 minutes. Radioactivity in the intestinal tissue
was also estimated by placing the entire empty sac in an insert tube
and counting as described above.

Total counts were corrected at 24 hour intervals to account
for isotope decay from the equation:

A = Age” At
where A is the counting rate at time t

Ay 1is the counting rate at time t,

The theoretical decrease in activity, with time was calculated.

ARG Calculation of Results

All the results presented are the mean of at least six
experimental observations and are expressed in terms of mean * 8.E.
of mean. To analyse the results, student's t test was used. The
method of least squares was employed to produce regression lines. All
the statistical calculations were carried out with an Olivetti Programma
101 Computer. Significancy of the results is denoted by either a single

asterisk (*) forp <0.05, or a double asterisk (**) forp <0.001.
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CHAPTER 3

TRANSPORT OF CHROMIUM IONS ACROSS

THE INTESTINAL TRACT



3.1 Introcduction

Although there is a great deal of information published
concerning the metabolism of chromium, very little is known
about the precise mechanism involved in the transport of
chromium across the intestinal epithelium. As a first step
to the understanding of the transport mechanism, the rate of
chromium transport to the serosal spaces and the uptake oif
chromium by the intestinal tissue was determined over the
concentration range 5 x 10‘7 Mto 6§ x 10_5 M. Three sacs were
selected as described in section 2.3 as representative of the
distal duodenum (D ), mid-jejunum (J), and distal Ileum (I),
and used to establish whether there was a preferential site
for chromium absorption.

3.2 Rate of Chromium Uptake by the Intestinal Tissue and its
Subsequent Passage into the Serosal Compartment

The absorption of trinIent chromium chloride (CrClg, 6H20)
was measured over either 10, 20, 30, 45, or 60 minute periods at
37°C in Krebs-Henseleit bicarbonate buffer containing 20 mM
glucose, with an initial mucosal chromium concentration of
either 10-6 M or 10-5 il and 51Cr as a tracer. Chromium transport
to the serosal spaces and the uptake by the tissue were assessed
as described in secticn 2.8.

Only a very small percentage of chromium was transported
into the serosal compartment after 60 minutes incubation

(approximately 0.4%) and the amount of chromium transported into

the serosal compartment was not significantly different for
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different regions of the small intestine (Table 3.1). The
transport of the chromium ion continued in a linear fashion for
60 minutes, across all regions. However the extrapolation of the
best-line fit has an intercept on the y-axis (Figure 3.1) and
indicates a faster initial rate of absorption to the serosal
compartment over approximately the first 10 minutes of incubation.

Over the same time periods, there was a rapid and
comparatively much larger uptake of chromium by the intestinal
tissue; Approximately 38% of initial mucosal chromium was taken
up by the intestinal tissue after 60 minutes incubation in :I.O-6 M
Cr3+ (Table 3.1, Figure 3.2). At both concentrations investigated
the uptake of chromium by the ileal tissue was more than that of
either the duodenum or the jejunum. This difference however, was
not statistically significant (Table 3.1, Table 3.2).

The rate of chromium uptake by the intestin#l tissue was
very much greater over the first 10 minutes of incubation than the
subsequent 50 minutes incubation ﬁeriod. Approximately 50% of the
chromium taken up by the tissue occured during the initial 10 minutes
time period. There is some evidence to suggest that the am&unt of
chromium taken up by the intestinal tissue (approximately 38%) comes
to equilibrium with the remaining "free' chromium in the mucosal
solution (Figure 3.2).

The total amount of water transported across and into the
intestinal tissue continued in an approximately linear fashion over
60 minutes incubation (Tables 3.3, 3.4 and Figures 3.3, 3.4). The
rate of water movement was independent of chromium concentration and

was approximately 500, 1200 and 800 mg/g. initial wet weight of

=g



tissue/hr for the duodenum, jejunum and ileum, respectively.

There was a correlation between water transport and chromium

transport to the serosal compartment, across the jejunum and

ileum (rJ = 0.96, r; = 0.94) (Figure 3.5). There was however
no correlation between water movement into the tissue and

chromium uptake of the tissue.
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Figure 3.3 Total water movement across the different regions
of the small intestine after 30 minutes incubation
at 37°C in the presence of 1076 M cr3+ (CrClz, 6HQ0).
Standard error of mean represented by vertical bars.

- 43 -



_ *(0%H9 ‘€10x0) +gT0 N 5 _OT 30 eouasoxd 9u3l Ut D,LE 3e
Spotaaed UOT3BQNOUT JUSIBIITIP Jo]Jev uolfe Teunfal eyl ur (m) enssyy

Teur31sejut eyj ojuy pue (@) jusmwireduwod [ESOISS OYJ O] JUSWOAOW JIO}Bp P'E oandtg
~— ("utw) owry
09 0 oV og 0z o1
A a 2 A i 1 YI o
+ 008
F 007
T k009
-\
S
K
- 008
100°0 Dd 66°0 = "L
100'0 pd 66'0=4a ‘S 000T

*3/z93em *Su ——

“+— onssT3 JO YSTOAM j9AM TBIITUT

-44_



ng. Cr/g. initial wet weight of tissue
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Figure 3.5 Correlation between the transport of water and chromium

into the serosal compartment after incubation periods
of 10, 20, 30, 45 or 60 minutes at 37°C in 106 M cr3+
(CrClz, 6Hy0).

Standard error of mean appropriately represented by
horizontal and vertical bars.
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S Effect of Different Concentrations of Chromium in the
Mucosal Solution on Tissue Uptake and lovement of
Chromium into the Serosal Compartment

The transport of chromium ions to the serosal space and
their uptake by the intestinal tissue was measured after either
30 or 60 minutes incubation in Krebs-Henseleit bicarbonate buffer
at 37°C over a 100 fold concentration range of mucosal chromium

7 M to S =% 10_5 M) using 51Cr as tracer., Both water

(5 x 10
movement and chromium transport to serosal spaces and their
uptake by the tissue were assessed as described in Section 2.4
and 2.8.

Transport of chromium to the serosal compartment and
chromium uptake by the tissue continued in a linear fashion over

T 4 to 0"

a concentration range of 5 x 10 M (Tables 3.5, 3.6
and Figures 3.8, 3.7, 3.8, 3.9). The percentage of chromium ions
transported to the serosal compartment was independent of mucosal
chromium concentration (Table 3.7, 3.8). There was however a
greater percentage uptake of chromium by the intestinal tissue at
the highest mucosal concentration of chromium investigated

(5 x 1077

M). Transport of water to the serosal compartment was
unaffected by the presence of the highest concentration of
chromium. Similarly water movement into the intestinal tissue

was also largely unaffected (Table 3.9, 3.10).
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~—————— ng. Cr/g. initial wet weight of tissue —— —
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Figure 3.6 Transport of chromium into the serosal compartment

after 30 minutes incubation at 37°C with different
initial mucosal concentrations of chromium.
(®) Duodenum, (W) Jejunum, (A) Ileum
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Figure 3.7

Uptake of chromium by the intestinal tissue

after 30 minutes incubation at 37°C with different
initial mucosal concentrations of chromium.

(®) Duodenum, (M) Jejunum, (A) Ileum
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Figure 3.8 Transport of chromium into the serosal compartment

after 60 minutes incubation at 37°C with different
initial mucosal concentrations of chromium.
(®) Duodenum, (M) Jejunum (A) Ileum
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Figure 3.9 Uptake of chromium by the intestinal tissue after

60 minutes incubation at 37°C with different
initial mucosal concentrations of chromium.
(®) Duodenum, (M) Jejunum, (A) Ileum
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Jeod The Nature of the Chromium Interaction with the
Intestinal Tissue

As was previously mentioned (Section 3.1, and 3.2) there
was a rapid and relatively large uptake of chromium by the
intestinal tissue. Since this uptake may be one of the factors
that influences the transport of chromium into the serosal
compartment it is important to establish whether the interaction
of chromium with the intestinal tissue is permanent or exchangeable
with luminal chromium ions.

A series of experiménts was carried out to determine whether
the bound chromium can be removed easily by various washing
procedures and also to investigate whether the interaction between
chromium and the intestinal tissue is ionic or covalent in nature.
Everted sacs prepared from the duodenum, Jejuhum and ileum, were
incubated as described previously (Section 2.3) at 37°C for
30 minutes in 10 ml of Krebs-Henseleit bicarbonate buffer
containing :l.O_6 M chromium chloride and the 510r as tracer. After
incubation the sacs were transferred to 10 ml. of either Krebs-
Henseleit bicarbonate buffer or Krebs-Henseleit bicarbonate buffer
containing 10-6 M chromium chloride or Krebs-Henseleit bicarbonate

6

buffer and 10 ° M Ethylene Diamine Tetra Acetic acid (E.D.T.A),

for a further 30 minutes incubation period. None of the washing
solutions contained the.radioactive tracer 5lcr.

200 U1 samples were taken from the mucosal media after
either 5, 10, 20, or 30 minutes washing in the non-radioactive

buffer. The loss of 510: from the tissue to the washing media

after each time interval, as well as the remaining chromium
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associated with tissue after 30 minutes washing was assessed by
counting the ¥ radiation of 510r as described previously
(Section 2.8).

When the tissue was washed with Krebs-Henseleit bicarbonate
buffer alone, there was a gradual increase in the amount of chromium
removed from the tissue with time, but the total amount removed was
relatively small. Approximately 1 - 3% chromium was removed after
5 minutes. There appeared to be a greater percentage of chromium
removed after 30 minutes from the duodenum (17%) than either the
jejunum or ileum (5%) (Table 3.11, Figure 3.10).

In the presence of 107%

M Ethylene Diamine Tetra Acetic acid
(E.D.T.A.) there was a rapid removal of chromium from the tissue
over the first 5 minutes of incubation (Figure 3.10) (4.5 - 13.5%,
compared with approximately 1 - 3% in tﬁe presence of Krebs-Henseleit
bicarbonate buffer alone). Littlé more chromium was removed after
this period.

When 10™° M chromium replaced E.D.T.A. in the buffer
incubation media, significantly more chromium (p <,0.02) was removed
from the tissue (Figure 3.10). 11.5 - 26.5% of chromium was removed
over the first 5 minutes and from thereafter the percentage removed
stayed approximately the same. During the initial 5 minutes of
washing chromium was preferentially removed from the duodenum and

Jjejunum rather than the ileum. However the difference was reduced

after longer washing periods.
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Figure 3.10

Percentage of chromium removed from the
intestinal tissue after different periods of
washing, using various washing media.

(IB) Duodenum, ([J) Jejunum, (gg) Ileum
Standard error of mean represented by
vertical bars.
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20 Effect of Mucosal Volume on the Transport of Cr3+ ions

Time based studies suggested that the tissue uptake of cr3+
came to an equilibrium with the mucosal solution after approximately
30 minutes. In the previously reported studies 10 ml of
Krebs-Henseleit bicarbonate buffer was used to incubate each section
of the small intestine (approximately 500 mg in weight). Under
normal physiological conditions the ratio of fluid inside the small
intestine to tissue volume is much smaller. Therefore a series of
experiments were carried out to investigate the effect of reduced
mucosal volumes on tissue uptake of chromium as well as the transport
of chromium across the intestinal barrier.

Mucosal volumes of 10, 5, 4, 3, 2, and 1 mls were used to
incubate everted sacs, and assessments of chromium transport to the
serosal compartment, tissue uptake of chromium, and water transport
measurements were made as described earlier.

There was no significant difference in the amount of chromium
transported to the serosal compartment across different regions of
the intestine as mucosal volume decreased when expressed as ng.Cr/g.
initial wet weight of tissue-(Table 3.12). However if the amount of
chromium is expressed in terms of the percentage of the available
chromium in the initial mucosal volume, it can be seen that there
was an increase in the amount of chromium transported to the serosal
compartment as well as the amount taken up by the intestinal tissue,
as the mucosal volume decreased. The same trend was observed for
all three regions of the small intestine (Table 3.13).

It was not possible to measure the transport of chromium

using smaller volumes than 1 ml. The ratio of mucosal fluid to

B S



tissue, using the smallest experimental volume (1 ml) was still
larger than the normal physiological condition. Therefore the
increase in the percentage of chromium ions transported across
the epithelium or taken up by tissue will be even more under
normal physiological conditions. By extrapolation, the data
suggests that under normal physiological conditions more than
95% of chromium could be bound to the intestinal tissue. The
data also suggests that the amount of chromium appearing in the
serosal compartment will be larger under normal physiological

conditions.
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3.6 The Effect of Altering the Energy Supply
on the Transport of Chromium

If the transport mechanism for chromium across the small
intestine is energy dependent, transport will be inhibited in the
absence or reduction of energy supply. In a series of experiments
the energy supply was altered by incubating everted sacs in either
the absence of oxygen or in a reduced glucose media or at sub-optimum
temperature, and the effect on chromium transport examined.

3.6.a The Effect of Different Concentrations of Glucose
in the Bathing lfedia on the Transport of Cro+

The transport of 107 M chromium across the small intestinal
wall and the uptake of it by the intestinal tissue was measured
after either 30 or 60 minutes incubation in Krebs-Henseleit
bicarbonate bufier containing a range of glucose concentration
O - 20 mM (the usual amount of glucose in the buffer in previous
control experiments was 20 mM).

When the preparations were incubated for up.to 60 minutes
with different glucose concentrations there was no effect on
chromium transport to the serosal compartment for all regions of
the intestine investigated. There was however a significant
decrease (p < 0.001) in the amount of chromium taken up by the tissue
after 60 minutes in the absence of glucose concentration by all
three regions (Table 3.15). The total water transported to the
serosal compartment and that taken up by the tissue was unaffected by
the concentration changes of glucose in the bathing media (Table 3.186).
However there was generally less movement of water in the absence

of glucose.
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3.6.b The Effect of Sub-optimum Temperature on the
Transport of 10-6 M Cr3+

The transport of 10"% M chromium chloride across the small
intestinal wall and also the uptake of it by the intestinal
tissue was measured over a 30 minute incubation pericd in Krebs-
Henseleit bicarbonate buffer at either 27°C or 37°C (as described
in Section 2).

As illustrated in Table-3.17, there was no significant
effect of temperature on the amount of chromium either
transported to the serosal compartment or taken up by the tissue
by all three regions of the small intestine. However there waé a
significant (p (t).OOl) reduction of water movement when a sub-optimum

temperature of 27°C was utilized (Table 3.18).

3.6.c The Effect of Anoxia on the Transport of Crot

The effect of anoxia on the transport of the chromium ion
into the serosal compartment and that taken up by the intestinal
tissue was measured. For the control experiments the bathing
medium was continuously gassed by a mixture of 95% Op and 5% COj
(as described in Section 2.4). TFor the anoxic experiments a
mixture of 95% No and 5% COz was used. All other conditions
were the same as for the control experiments.

There was no difference in the amount of chromium
transported to the serosal compartment after 30 minutes incubation
using either nitrogen or oxygen gassing (Table 3.19). On the
other hand the amount of chromium taken up by the intestinal tissue

was significantly reduced (p ¢ 0.01) in the absence of oxygen by all
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three different regions of the rat small intestine (Table 3.19).
Total water movement was also reduced significantly in the
absence of oxygen in all regions of the small intestine (p <0.05),

(Table 3.20).
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SEROSAL
DUODENUM
JEJUNUM

ILEUM

TISSUE
DUODENUM
JEJUNUM

ILEUM

TOTAL
DUCDENUM
JEJUNUM

ILEUM

Table 3.18

TEMPERATURE OF INCUBATION

3

-98

446

246

472

494

361

374

940

607

7°¢c

(40)
(53)

(29)

(59)
(49)

(25)

(52)
(86)

(37)

27°C

-35 (21)
191 (38)*

39 (20)*

267 (12)*
257 (42)"

168 (25)*

232 (20)"
448 (30)"

238 (28)*

Effect of sub-optimum temperature on
movement of water to the serosal
compartment and into the tissue after 30
minutes incubation expressed as mg. water/g.

initial wet weight of tissue.

(S.E, is expressed in parenthesis)
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SEROSAL
DUODENUM
JEJUNUM

ILEUM

TISSUE
DUODENUM
JEJUNUM

ILEUM

Table 3.19

GASSING MIXTURE

C05/0g COy/Ng
1.7 (0.4) 1.9 (0.4)
1.8 (0.2) 1.6 (0.3)
1.7 (022) 1.5 (0.4)
123 ( 8) 73 ¢ 13"
135 ( 14) g2 ( 100"
180 ( 26) 78 ( 18)"*

Effect of anoxia on the serosal transport
and the tissue uptake of 1076 M Cr3+
(CrClz, 6H,0) after 30 minutes incubation
at 37°C.

(S.E. is expressed in parenthesis)



SEROSAL

DUODENUM
JEJUNUM
ILEUM

TISSUE

DUODENUM
JEJUNUM
ILEUM

TOTAL

DUODENUM
JEJUNUM
ILEUM

Table 3.20

GASSING MIXTURE

C0o/ 09 COg/Ng

63 ( 40) -52 ( 56)
452 ( 86) 99 ( 25)**
266 ( 65) 22 ( 15)**
322 ( 34) 322 (105)
386 ( 54) 490 ( 36)
295 ( 26) 246 ( 26)
385 ( 44) 270 ( 74)
838 (127) 589 ( 42)
561 ( 57) 268 ( 17)**

Effect of anoxia on water movement to
serosal compartment and into the
intestinal tissue after 30 minutes
incubation at 37°C, expressed as

mg. water/g. initial wet weight of tissue.
(S.E. is expressed in parenthesis)
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i | Discussion

The in vitro everted sac preparation has been used to
obtain the kinetic data reported in this chapter. The kinetic
data can be utilized to develop a model which describes the
transport of chromium across the small intestine. However when
interpreting the kinetic data, it is necessary to recognise the
difference between in vitro experimental conditions and the
normal physiological conditions.

Under normal physiological conditions a substance has
only the epithelial barrier to negotiate Sefore passing into
the blood or lymphatic system. On the other hand in the in vitro
everted sac preparation substances absorbed at the mucosal surface
have to pass through submucosal and smooth muscle layers before
reaching the serosal fluid. Another important difference between
physiological conditions and those that exist during in vitro
techniques is that under normal conditions, when substances pass
the epithelia they enter the capillaries and are rapidly carried out
so that no concentration gradient builds up. In in vitro everted
sac preparations relatively large concentrations of absorbed
substances may build up in the small volume of serosal fluid;
consequently the transport process probably proceeds under less
favourable conditions.

The transport of chromium ions into the serosal compart-
ment was very slow, across all regions of the small intestine
investigated. There was no significant difference in the amount

transported across different regions which suggests there is no

R L=



specific site for chromium absorption in the rat intestinal tract.
There was a linear transport of chromium ions to the serosal
compartment. with time within the concentration range 5 x 10“7 M to
5 x 10°° M. This observation together with the fact that the amount
transported to the serosal compartment is dependent upon the initial
concentration of chromium in the bathing medium, and that the alteration
of energy supply had no affect on the transport of chromium to the serosal
compartment, suggests that the transport proceeds by passive diffusion.
There was a reasonable correlation between water transport
and chromium transport to the serosal compartment. The correlatioﬂ
was best across the jejunal-ileal region (r= 0.94).
In contrast to the serosal appearance of chromium, the
uptake of chromium by the intestinal tissue was comparatively
large. The rate of uptake by the tissue was extremely rapid during
the first 10 minutes of incubation. Indeed there appears to be
good evidence for a "plateau” in the tissue uptake of chromium
between 10 and 50 minutes. The 60 minute observation (Figure 3.2)
does not appear to fit the plateau, however inspection of the results
obtained at other mucosal concentrations (Table 3.7 to 3.8) indicates
that the percentage of chromium taken up by the intestinal tissue
after 60 minutes incubation is approximately the same as that after
30 minutes incubation. Irregularity in the plateau effect may be
due to the uptake of water by the intestinal tissue (see Table 3.3
and 3.4 ). It would appear that when the tissue takes up a greater
amount of water than normal, it also takes up more chromium. Whether
chromium uptake is directly related to the extra water movement, or

to a subsequent increase in the number of available surface reaction
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sites is not clear. However this large and rapid uptake of
chromium together with the fact that there is a very poor
correlation between water movement into the tissue and chromium
uptake by the tissue, indicates that the interaction of the
chromium ion with the intestinal tissue is probably a surface
adsorption phenomenum.

Reduction of the mucosal volume increased the amount of
chromium taken up by the intestinal tissue. Under normal physio-
logical conditions the uptake of chromium is probably far greater
than has been reported in these in vitro studies. In the
expeéimental system 10 ml of fluid was used to incubate approximately
0.5 g. of tissue, (a volume to weight ratio of 20). However under
normal physiological conditions the ratio is much smaller as the
luminal volume is approximately 500 ml and intestinal tissue weight
approximately 1650 g. (a ratio of 0.3). An equilibration may occur
between the amount of chromium taken up by the tissue and the amount
of chromium in the mucosal fluid. One may describe an equilibration

constant for the system as

¥ % IOOV- X
Where K = equilibration constant
X = percentage of chromium taken up by the tissue
M = mass of tissue
100 - X = percentage of chromium remaining in the
mucosal fluid
V = volume of mucosal fluid
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3

1£ V represents the ratio of V/M (V in em” and M in g.) then

The equilibration relationship therefdre suggests that as the
volume is reduced and consequently V is reduced, the percentage
of chromium bound to the tissue increases. This in fact is what
was observed experimentally. The following value for K can be
derived by substituting experimental observation values into the

equilibration equation.

- -
KDuodenum 4.399 2 0.30

= +
Ko jumm 5.32 + 0.22

L +
KIleum = 6.67 7 0.90

Using the derived value for K, it was found that the
amount of chromium bound to the tissue under normal physiological
conditions is probably greater than 95%.

The fact that more than 95% of chromium is taken up by the
intestinal tissue is probably the main reason why so very little
chromium is absorbed into the body cavity. Indeed the chromium-
tissue interaction possibly is the most important factor in
controlling the amount of chromium absorbed.

The washing experiments revealed that the exchange of
chromium with all three different washing procedures was slow and
incomplete, which suggests that chromium is tenaciously bound to
the intestinal tissue. The fact that washing the tissue with a

3+

solution containing 10-6 M Cr only removed 27% of the interacted
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chromium, indicates that the interaction is mainly in the form
of covalent bonding.

The reduced incubation temperature did not affect the
amount of chromium taken up by the tissue. On the other hand
there was a significant reduction of intestinal tissue uptake
of chromium in the absence of oxygen or when glucose concentrations
were reduced. As the supply of both glucose and oxygen affect the
production of A.T.P,, these observations indicate that the chromium
ions may be bound to phosphate groups on the intestinal tissue.
Therefore any factors which interfere with the production of
A.T.P., or inhibit A.T.P.ases will subsequently decrease the amount

of chromium bound to the intestinal tissue.
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CHAPTER 4

THE ROUTE OF CHROMIUM TRANSPORT ACROSS

THE INTESTINAL MEMBRANE



4.1 Introduction

Experiments reported in Chapter 3 suggest that chromium
ions are transported across the gastrointestinal tract by passive
diffusion. There are two ways that a cation may cross the
intestinal epithelium;

1) An intracellular or transcellular route whereby the

ion has to cross two cell memhrane;.

2) An extracellular pathway situated at the Zonula Occludens,

(19), (61).

Barry, Diamond and Wright (5 ) have demonstrated that changes
in hydrogen and calcium ion concentration are two of the parameters
that will alter the integrity of the extracellular route. Therefore
experiments were undertaken to find out the possible route chromium
cation utilises to cross the intestinal barrier, and understand the
influence of hydrogen and calcium ion concentration on chromium
transport.

4,2 The Effect of Different Concentrations of Calcium Ions on
the Transport of Chromium across the Small Intestine

Experiments were carried out using everted sacs prepared from
different regions of the small intestine as described in Section 2.3.
The prepared sacs were incubated at 37°C for 30 minutes in 10 ml of
Krebs-Henseleit bicarbonate buffer, containing different
concentrations of Ca2* (0.0 mM, 0.6 mM, 1.2 mM, 2.4 mM and 4.8 mM) and
10'6 M Cr3+ and 510r as tracer. After incubation the amount of

chromium transported to the serosal compartment and taken up by the
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intestinal tissue was assessed as described in Section 2.8.

In the presence of reduced calcium concentrations the
transport of the chromium into the serosal compartment was
increased for all regions of the small intestine. The increase
became statistically significant (p{0.05)compared to the control
value ( [Ca2+] = 2.4 mM), in the total absence of calcium ions
(Table 4.1, Figure 4.1). Water transport was also increased with
reduced calcium ion concentration, although the increase was not
significant (Table 4.2), The amount of chromium taken up by
the intestinal tissue decreased as the calcium ion concentration
decreased (Table 4.1, Figure 4.2). Uptake of water by the
intestinal tissue was not affected by changes in the calcium ion

concentration (Table 4.2).

4.3 The Effect of Different Concentrations of Hydrogen Ions
on the Transport of Chromium across the Small Intestine

ﬁverted sacs from the different regions of the small
intestine were prepared as described previously. The sacs were
incubated for 30 minutes at 37°C in Krebs-Henseleit bicarbonate
buffer, containing 1076 u chromium ions and °lCr as tracer.
The pH of the buffer was adjusted to either 2.4, 3.4, 4.4, 5.4,
6.4, 7.4, 8.4, 9.4, or 10.4, by the addition of either hydrochloric
acid or sodium hydroxide. The transport of chromium ions to the
serosal compartment and the amount taken up by the intestinal tissue

was assessed as described in Chapter 2.

There was a gradual decrease in the amount of chromium
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transported to the serosal compartment as the pH of the mucosal
bathing medium increased from 2.4 to 10.4 (Table 4.3, Figures (4.3),
(4.4) and (4.5). The difference was significant for all

regions of the intestine (p < 0.05) compared to the control value
of pH = 7.4, at extreme acid pH. The amount of chromium taken up
by the intestinal tissue increased as the pH increased from 2.4

to 10.4, and also became statistically significant compared with
control value of pH = 7.4 at pH of 2.4 (p < 0.02) (Table 4.4,
Figures (4.6), (4.7) and (4.8). Water transport to the serosal
spaces was minimal at extreme pH values (Table 4.5). The uptake

of water by the tissue was unaffected by changes in pH (Table 4.6).
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ng. Cr/g. initial wet weight of tissue
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Figure 4.1 The effect of different concentrations of

calcium ions on the transport of 1076 u

C¥*™ [(CxCl3, 6H,0) to the serosal compartment

after 30 minutes incubation at 37°C.

Standard error of mean represented by vertical bars.



ng. Cr/g. initial wet weight of tissue
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Figure 4.2 The effect of different concentrations of calcium

ions on the amount of 1076 M Cr3* (CrCls, 6Hy0)
taken up by the intestinal tissue after 30 minutes
incubation at 37°C,

Standard error of mean represented by vertical bars,
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pH VALUE

2.4
3.4
4.4
5.4
6.4
7.4
8.4
9.4

10.4

Table 4.3

DUODENUM JEJUNUM ILEUM
5.6 (0.6)* 5.4 (0.8)™ 6.7 (0.)*
3.1 (0.4) 2.5 (0.2)* 1.8 (0.2)*
3.6 (0.7) 4.5 (0.6)™ 1.8 (0.2)*
2.1 (0.3) 3.2 (0.5)" 1.8 (0.3)*
2.2 (0.3) 3.5 (0.5)" 2.2 (0.4)*
2.4 (0.8) 1.5,(0,3) 1.0 (0.1
1.1 (0.2) 1.0 (0.2) 0.9 (0.3)
1.9 (0.5) 1.1 (0.3) 1.4 (0.5)
2.0 (0.8) 0.9 (0.0) 0.9 (0.1)

The effect of pH on transport of {::-3+
(CrCl3, 6Hp0) to the serosal compartment,
after 30 minutes incubation at 37°C. The
amount of chromium is expressed as ng. Cr/
g. initial wet weight of tissue.

(S.E. is expressed in parenthesis)
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pH VALUE

2.4

8.4
9.4

10.4

Table 4.4

DUCDENUM

65 ( 5)*

179

100

96

ELL

124

354

442

343

The effect of pH on the amount of Cr

(
(

15)
4)
11)
8)

23)

50)**

39)**

*¥
58)

JEJUNUM

S g
135 (
127 (
114 (
150 (
136 (
383 (
561 (

532 (

5)"
12)

6)

8)
12)

20)

76)*

86)**

*k
67)

ILEUM

59 ( 3)"

181

136

157

212

144

344

613

633

(
(

17)
24)
35)
17)

23)

24)**

51)$*

83)#*

3+

CrClj3,6H90) taken up by the intestinal
tissue, after 30 minutes incubation at
The amount of chromium is

37°C.,

expressed as ng. Cr/g. initial wet
weight of tissue.

(S.E. is expressed in parenthesis)
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pH VALUE

6.4
7.4
8.4
9.4

10.4

Table 4.5

DUODENUM JEJUNUM ILEUM
-178 ( 63)*  -112 ( 20)"* 11 ( 42)**
-44 ( 34) 132 ( 23)" 84 ( 1)
0 ( 26) 256 ( 38) 160 ( 29)°
-47 ( 33) 291 ( 59) 216 ( 21)
-39 ( 23) 453 ( 20) 448 ( 28)"
42 ( 35) 438 ( 96) 284 ( 50)
58 ( 44) 456 ( 66) 165 ( 44)
-22 ( 30) 389 ( 75) 132 ( 43)"
-87 ( 34)" 327 ( 94) 87 ( 23)

The effect of pH on transport of water to
the serosal compartment, after 30 minutes
incubation at 37°C. The amount of water

is expressed as mg. water/g. initial wet

weight of tissue.

(S.E. is expressed in parenthesis)
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pH VALUE

2.4
3.4
4.4
5.4
6.4
7.4
8.4
9.4

10.4

Table 4.6

DUODENUM JEJUNUM ILEUM
478 ( 24) 506 ( 31) 360 ( 46)
441 ( 33) 359 ( 29)™ 285 ( 31)
417 ( 26) 371 ( 69)" 326 ( 40)
458 ( 35) 452 ( 42) 295 ( 15)
453 ( 20) 527 ( 38) 404 ( 31)
445 ( 69) 534 ( 37) 361 ( 45)
361 ( 38) 455 ( 45) 369 ( 60)
383 ( 41) 403 ( 53)* 369 ( 66)
*E

302 ( 41) 340 ( 34) 277 ( 12)

The effect of pH on the movement of water
to the intestinal tissue after 30 minutes
incubation at 37°C. The amount of water

is expressed as mg. water/g. initial wet

weight of tissue.

(S.E. is expressed in parenthesis)
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4.4 Discussion

Some epithelia, such as the urinary bladder display
a high transmural resistance, and their extracellular junctions
are designated as "Tight'. There are other epithelia such as
gall bladder and intestinal epithelia which are relatively ''Leaky
epithelia" because they possess low resistance transepithelial extra-

cellular pathways (84), (@5), (71). These pathways (Zonulae Occludens)

are formed between adjacent cells and are 10 - 16 £ in diameter.
They maintain electroneutrality and are cation selective (84), (71).
In freeze etching studies of some epithelia, Claude and Goodenough
(41) and Staehelin (89) found globular subunits associated with the

Zonulae Occludens, and it was observed that the leakiness of an

epithelia is dependent upon the numbers of globular subunits.

"Leaky epithelia have a less complex network of globular subunits.
The rate that a solute crosses the intestinal epithelium via

an extracellular route is dependent upon the nature of the solute

and the arrangement of Zonulae Occludens and underlying lateral

spaces between cells (36). The pathways or tight junctions are

like channels lined with dipolar groups orientated so that anionic
groups are directed into the channel (5 ). The minimum concentration
of calcium required to maintain attachment between cells is
approximately 0.25 mM (63). Therefore calcium probably plays an

essential role in maintaining the integrity of the Zonulae Occludens

by interaction with anionic groups on adjacent cellular membranes.
The transport of chromium ions across epithelia of the small

intestine was markedly increased in the absence of calcium (Table 4.1).
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It appears that the gradual removal of calcium ions has an
increasing effect on the permeability of the intestinal membrane

to chromium, probably at the site of the Zonulae Occludens. The

data therefore suggests that chromium may be transported across the
epithelial membrane via an extracellular pathway.

Increasing hydrogen ion concentration in the bathing medium
resulted in an increase in the amount of chromium transported to
the serosal compartment (Figure 4.3). Several authors (102), (71)
have predicted that the anionic groups responsible for the cation
selectivity of the extracellular channel have a pKa of approximately
3 - 4. The réduction of negative charges inside the channels at
extreme acid pH therefore permits relatively more cationic movement.
The observation again suggests that chromium may be transported via
an extracellular route.

There was a decrease in the amount of chromium taken up by
the tissue in all regions of the small intestine at extremely high
hydrogen ion concentrations. If chromium is mainly bound to
phosphate groups on the surface of the intestine (see Page 79 ) any
factors affecting the nature of the phosphate groups will affeet the
uptake of chromium by the intestinal tissue. At a pH of 2.4
dihydrogen phosphate groups [H2P04'] are predominantly present
and chromium uptake by the tissue is minimal. As the pH value
approaches neutrality gradually the proportion of hydrogen phosphate
ions [HP042“] increases and more chromium is taken up. Under alkali
conditions, [PO43‘} . groups predominate and the uptake of chromium

ions by the tissue reaches a maximal value (Figures 4.4, 4.6, 4.8).
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These data offer good support for the hypothesis that chromium
is mainly bound to the surface of the intestinal tissue as the

insoluble phosphate species.

- 99 =



CHAPTER 5
THE EFFECT OF SYNTHETIC AND NATURAL CHEILATING
AGENT ON THE ABSORPTION OF

CHROMIUM IONS IN THE INTESTINAL TRACT



5 E Introduction

As described in Chapter 4 the most likely way that chromium
ions can pass across the intestinal barrier is via an extracellular
route, through the spaces between epithelial cells. Absorption of
ionised chromium via an intracellular route, directly through the
lipoidal layers of the intestinal barrier, seems unlikely.

However there could be a possibility of chromium passing directly
through the intestinal barrier if it could form a lipid soluble
complex with a dietary compound or intestinal secreted products.
In this study the effect of a) a synthetic chelating agent,

b) a common dietary constituent, and c¢) a mixture of two bile
salts, on the transport of chromium across the intestinal tract
and its uptake by the intestinal tissue, was investigated.

8.2 The Effect of a Synthetic Chelating Agent (E.D.T.A.) on
the Absorption of Chromium across the Intestinal Tract

To investigate the effect of a synthetic chelating agent
on the absorption of chromium, Ethylene Diamine Tetra Acetic Acid
(E.D.T.A.) was used. E.D.T.A. is a well known and effective
chromium chelating agent; it has six atoms (four oxygen and two
nitrogen) through which it can bond to a metal ion (Figure 5.1).
E.D.T.A, forms very stable metal chelates with practically every
metal in the pericdic table; the ratio Qi metal ions chelated/
chelating molecule is almost invariably 1. The investigation
was carried out using everted sacs prepared as described in

Chapter 2. The sacs were incubated at 37°C for 30 minutes in
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the 10 ml of Krebs-Henseleit bicarbonate buffer containing 10-6 M

Cr3+, 1 pCi of 51Cr and different concentrations of E.D.T.A.

(107 M to 1074

M). The transport of chromium by the intestinal
tissue was measured as described in Section 2.8,

Over the concentration range of E.D.T.A. investigated
there was no significant difference in the amount of chromium ions
absorbed across the intestinal barrier (Table 5.1 and Figure 5.2).
The uptake of chromium ions by the intestinal tissue was less at
higher concentrations of E.D.T.A. This decrease on uptake was
observed in all three different regions of the small intestine

(Table 5.1 and Figure 5.3), but the difference was not highly

significant, No effect of E.D.T.A. on water movement was observed.

5.3 The Effect of Citric Acid on the Absorption
of Chromium across the Intestinal Tract

Everted sacs from different regions of the small intestine
were prepared as described in Chapter 2, and incubated for 30
minutes at 37°C in Krebs-Henseleit bicarbonate buffer containing

4 M, or 1073 M of citric

either 0.0 M, 10°7 M, 107 M, 1075 m, 10~
acid, 107 M of cr3* and 1 JCi of Slcy, The uptake of chromium
by the intestinal tissue and its trangsport to the serosal compart-
ment was measured as described in Section 2.8.

The amount of chromium passing to the serosal compartment
increased as the concentration of citric acid increased (Table 5.2,
Figure 5.4). The difference became statistically significant

(p 0.01) at 10™% M citric acid concentration. Citric acid had a

greater effect across the ileum and jejunum than the duodenum.
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ng. Cr/g. initial wet weight of tissue

Duodenum

100"

2.01 _( ]- ]~ 1— e junun

2.01 ' Ileum

1.0 ' 1 i

0
0 10~7 1076 1075 10~4
Concentration of E.D.T.A.(M) —p=
Figure 5.2 The effect of different concentrations of

E.D.T.A. on transport of 1078 M cr3+ (CrClz, 6H,0)
to the serosal compartment after 30 minutes
incubation at 37°C.

Standard error of mean represented by vertical bars.
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ng. Cr/g. initial wet weight of tissue

Duodenum
2001
= s g =
1001 0
-
*
(0]
Je junum
200
o
i 15 — —p
100 1 L
*
0
Ileum
200/ T T
100
(0]
0 1077 1076 10”5 1074

Figure 5.3

Concentration of E.D.T.A. (M) ———p

The effect of different concentrations of

E.D.T.A. on the amount of 10™° M cr3+ (CrCl;, 6H,0)
taken up by the intestinal tissue after 30 minutes
incubation at 37°cC.

Standard error of mean represented by vertical bars,

=100 =
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ng. Cr/g. initial wet weight of tissue

6.0 Duodenum

6.0 Je junum

*k

6.0 Ileum

* X

Figure 5.4

1077 10~6 1075 1074

Concentration of citric acid (M) ——m

1073

The effect of different concentrations of citric
acid on the transport of 1078 M cr3+ (CrClz, 6H0)
to the serosal compartment after 30 minutes

incubation at 37°cC.

Standard error of mean represented by vertical bars,
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Citric acid also produced a dramatic decrease in the amount of
chromium taken up by the tissue at all three different regions of

the small intestine (Table 5.2 and Figure 5.5). The effect became
statistically significant at a citric acid concentration of ll:!_4 M

(p< 0.01 for duodenum, p< 0.01 for jejunum, and p<{ 0.001 for ileum).
Total water transport was unaffected by increases in the concentration
of citric acid (Table 5.3).

5.4 The Effect of Bile Salts on the Absorption
of Chromium across the Intestinal Tract

Bile is both an excretory medium and a digestive juice
(78). Bile salts facilitate the digestion and the absorption of
fats, and are the principal end product and excretory form of
cholesterol. There are several groups of bile salts, the
proportion of which varies from species to species. In man,
cholic, chenodeoxycholic and decoxycholic acids are the most
important bile acids. Cholic and chendeoxycholic acid are both
primary bilé acids, synthesized de novo by the liver; deoxycholic
acid is secondary acid which is altered by bacteria in the intestine
(Figure 5.6). Bile as it leaves the liver contains 2.3 percent
solid material, half of which is bile salts. Blaxter and Cowie (13),
Klaassen and Shoeman (54) indicated that bile is an important
excretory pathway for a cationic metal (lead). These investigations
suggest that bile, or some of its components may form metal complexes.
In this sfudy a mixture of sodium cholate and sodium
deoxycholate was used to investigate the effect of bile salts on

chromium absorption. Everted sacs prepared from three different
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ng. Cr/g. initial wet weight of tissue

200 Duodenum
100 -r
r;.—.
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Concentration of citric acid (M) ——p=
Figure 5.5 The effect of different concentrations of citric

acid on the amount of 10 6 M Cr®* (CrCly, 6H0)
taken up by the intestinal tissue after 30 minutes
incubation at 37°c,
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regions of the rat small intestine were incubated for 30 mimtes .
at 3700 in Krebs-Henseleit bicarbonate buffer, containing
different concentrations of bile salts from 0.0 ¥ to 10" M.
The sacs were removed after incubation and the amount of chromium
transported to the serosal compartment and also the intestinal
tissue uptake of chromium was measured as described in Secticn 2.8,
The amount of chromium transported to the serosal compart-
ment was approximately the same over the bile salt concentration
range (10_? ¥ to 1072 i) (Table 5.4 and Figure 5.7). There was
also no significant difference in the tissue uptalke of chromium
when the concentration of bile salts was less than 10"3 M
( Table 5.4 and Figure 5.8). However when the everted sac -
preparation was incubated in the_presence of 10-'3 M bile salts
there was a significant decrease (p {D.OS) in the amount of
chromium taken up by the intestinal tissue.

The water transport to the sercsal compartment as well as
the movement of water to the intestinal tissue was unaffected by the
change in bile salt concentration from 107N to 10™% 1, but further
increases in the concentration of bile szlt produced a dramatic
decrease in the water movement both to the sercosal compartment and

into the tissue (Table 5.5).
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Figure 5.7 The effect of bile salts (sodium deoxycholate)

on the transport of 1075 M crdt (CrClz, 6H,0)

into the serosal compartment after 30 minutes
incubation at 37°C.

Standard error of mean represented by vertical bars.
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Figure 5.8 The effect of bile salts (sodium deoxycholate)

on the tissue uptake of 107° M cro+ (CrClg, 6H,0)
after 30 minutes incubation at 37°C.

Standard error of mean represented by vertical bars.
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5.5 Discussion

Three different chemicals known to associate with chromium
ions have been utilized to investigate their effect on the trans-
port of chromium across the rat small intestine. The extent to
which the presence of E.D.T.A. in the mucosal solution influences
chromium transport across the intestinal barrier depends upon at
least two factors, one is the number of chromium-E.D.T.A. complexes
formed, and the other is the ability of the complex itself to pass
across the epithelia. Furthermore E.D.T.A. chromium complexes do
not form neutral species, and as a result although there is a
general reduction in the charge associated with chromium, the over-
all charge of the complex (-1) may still inhibit lipid solubility
and therefore transport via an inter cellular route.

As the concentration of E.D.T.A. was increased in the
mucosal solution, the uptake of chromium by the intestinal tissue
decreased, however although consequently the amount of chromium
available for transport increases there was not a significant
difference in the amount of chromium transported to the serosal
compartment.

The uptake of chromium by the intestinal tissue was
unaffected in the presence of low concentration of bile salts,
(1077 M to 107% M). At the critical micellar concentration of
bile salts (10-3 M) however there was a sudden and relatively

large decrease in the amount of chromium taken up by the intestinal

tissue. High concentrations of deoxycholate are often employed in
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the dissolution of membranes and in the isolation of membrane.
components (17). Coleman et al (18) suggests a model for the
removal of lipid and protein from the surface of the membrane.

They reported that the treatment of plasma membrane preparations,
in isotonic solution, with high concentration of deoxycholate, or
cholate, brought about almost total removal of phospholipids. The
fact that the water movement both to the serosal compartment and
into the intestinal tissue decreased (Table 5.5) in the presence
of 10"3 M and higher concentrations of deoxycholate suggests that
the tissue surface has been stripped off. As the tissue uptake

of chromium was severely reduced, this observation gives good
indirect support for the hypothesis of surface adsorption of
chromium to phosphate-rich lipid components. However despite the
fact that a large decrease in tissue uptake of chromium results

in more chromium being available for transport, there was no
increase in the amount of serosal chromium. Coleman et al (18)
reported that after deoxycholate treatment plasma membrane had

lost its membrane-like appearance and had become granular and
disorganised with only occasional tight junctions remaining. This
evidence may explain the absence of an increase in the serosal
transport of chromium. Further, because of the relatively large
mucosal volume used throughout these studies, any decrease in the
tissue binding of chromium will result in only a very small increase
in the mucosal concentration of chromium. Therefore although
chromium transport to the serosal compartment is dependent upon the
mucosal concentration of chromium, it is unlikely with this in vitro

system that there will be a large increase in the amount of serosal
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chromium.

The presence of citric acid in the mucosal bathing medium
decreased the amount of chromium taken up by the intestinal tissue.
The effect became significant (p~< 0.01) at a citric acid concentrat-
ion of 10-'4 M. The amount of chromium transported to the serosal
compartment was also significantly (p ( 0.01) increased at citric
acid concentration of 1074 M. This may be the result of transport
of the extra chromium available, but this seems unlikely for the
reason stated earlier. It is more likely that the complex formed
is more lipid soluble, and that the general transport properties
of citric acid enhance absorption, possibly via an intracellular
route. However further experimentation with sub-membrane components
is needed in order to clarify the precise route of transport.

Although it is difficult to extrapolate from the in vitro
experimentation to normal physiological conditions, it is probable
that dietary chelating agents in the intestinal lumen do not affect

the transport of chromium unless they are able to neutralize the

overall charges associated with chromium ion.
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A Model to describe the Transport of Chromium
across the Small Intestine

Chromium has been recognised as an essential element both
for animals and man (81), (8 ), (67). 1In 1959 it was found to be
necessary for the maintenance of normal glucose tolerance in rats
(86). A severe degree of chromium deficiency in rats leads to a
syndrome indistinguishable from diabetes mellitus (96). Chromium
has been found in most tissues and appears to be required for the
action of insulin in controlling glucose metabolism. It also occurs

3+ 0

in microsomes and nucleus. It functions in the form of Cr
these organelles to stabilise the D.N.A, double helix (59). Hambidge
(46 ) suggests the possibility that at least some forms of diabetes,
particularly adult-onset, may be associated with chromium deficiency
or some aberration of chromium metabolism. The input of chromium by
the respiratory system in normal environmental conditions but not
industrial, is negligible, because of the very low concentration of
chromium in the air and the insolubility of airborne chromium in the
lungs. The interaction of chromium with the skin has been reported
(79), but there has been no reliable report of chromium absorption
through the skin (26).

Consequently a knowledge of the precise mechanism and route
by which the chromium cation cross the epithelial membrane is
essential, if one is to attempt to understand the factors which
influence chromium absorption. The object of this study was therefore

to determine in some detail the mechanism whereby inorganic chromium

is transported from the mammalian gut lumen to the body interior.



Secondly it was hoped to define the conditions such as dietary

states, and metabblic interactions as well as any disease states
in which the entry of the chromium cation could be decreased or
increased.

The fact that data reported in this study and also the
reports of other investigators (30), (29) suggests very low amounts
of chromium are transported from the gas&ro-intestinal tract into
the body, must be taken into account to develop a model for chromium
transport. The in vitro everted sac preparation has been used
throughout this study. Therefore the differences between in vitro
preparations and the normal physiological conditions have also to
be considered, in attempting to provide information Qbout the
movement of chromium cations across the small intestinal barrier.

It is clear that the in vitro everted sac preparation does
not precisely duplicate the events that take place in vivo. Under
normal physiological conditions any substance that has passed the
epithelial barrier would then enter the blood vascular system or
lymph system and subsequently be distributed throughout the body.
However in an in vitro everted sac preparation, substances absorbed
at the mucosal surface have to pass through submucosal and smooth
muscle layers before entering the serosal compartment. One of the
other major differences that exist between in vitro preparations
and normal physiological conditions is the effect of concentration
gradients for solute movement, that occur especially with the everted
sac preparation because of the small serosal volume (see Page 75).

Kinetic studies demonstrated that unchelated chromium is

transported from the gut lumen to the serosal compartment at a slow
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but similar rate at all sites in the rat small intestine. The

rate of transport varied linearly with the mucosal chromium
concentration across the jejunum and ileum and was related to water
movement. The rate of transport was also independent of energy
supply. Therefore the data suggests that the transport of

chromium across the intestinal barrier is not an active energy
dependent form of transport, but is more likely to be a simple
passive diffusion process.

In the absence of calcium or under very acidic conditions,
the rate of chromium transport to the serosal compartment was
increased. According to Schultz (84), the characteristic
properties of 'leaky epithelia' are due to low resistance
transepithelial extracellular pathways. The pathways which
maintain electroneutrality are cation selective channels of
10-168 (84) (71). Therefore the permeability of the intestinal

membrane is dependent upon the arrangement of the zonulae occludentes

and underlying lateral spaces between cells (36), and also the nature

of the solute. Zonulae occludentes may be thought of as channels

lined with dipolar groups orientated so that their anionic groups
are directed into the channel (5 ). Wright and Diamond (102) and
Malenkov and Melikyants (63 ), reported the requirement of calcium
for the maintenance of adhesion between cells. Calcium may therefore
play an essential role in the maintenance of the integrity of the

zonulae occludentes by interaction with anionic groups on adjacent

cellular membranes. The fact that the absence of calcium increased
chromium transport may therefore suggest an extra cellular transport

of chromium through the epithelial barrier, possibly at the site of



the zonulae occludentes. Wright and Diamond (102) and' Moreno

and Diamond (71), suggested that the anionic groups that are
responsible for the cation selectivity of the extracellular
channels have a pK; of 3-4. Relatively more cationic movement
would be permitted with a reduction in anionic charge within
the channels. Therefore the observation of increased chromium
transport, with increased hydrogen ion concentration may again
support the idea of extracellular transport of chromium across
the epithelial sheet.

When chromium was complexed with citric acid, the rate
of transport was increased, probably due to the increase in
lipid solubility of the complex. This different potential
transport route means that chelated chromium compounds may be more
toxic to epithelial cells than free chromium cations. This
observation is however more important in the industrial situation,
where the level of exposure to chromium is higher.

In contrast to the slow transepithelial movement of
chromium, there was a rapid and large amount of chromium taken up
by the intestinal tissue. The amount of chromium taken up by the
tissue is proportional to the concentration of chromium in the
gut, and is not affected by temperature. The uptake is decreased
in the absence of glucose and under anoxic conditions, and with
high concentrations of bile salts. The absence of glucose, and
anoxic conditions affects the production of A.T.P. and indirectly
affects the production of phosphate groups. It is therefore

possible to suggest that chromium interacts with tissue phosphate

groups present in the glycocalyx and lipid membrane. Bile salts
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at a concentration above their critical micellar concentration,
are known to solubilize phospholipids and phosphoproteins (18).
Therefore the effect of high concentrations of bile salts on
chromium transport is probably due to the fact that the glycocalyx
and perhaps the lipoprotein components of the cell membrane have
been lost, and therefore less chromium is taken up by the tissue
(see Section 5.5).

All the data taken together suggests that chromium is
absorbed onto the surface of intestinal tissue probably in the
form of chromium phosphate. The proportion of chromium in the
system, bound to the tissue, increases as the fluid-tissue ratio
decreases. Therefore under normal physiological conditions
where the ratio of fluid to tissue is about 0.3 (11 ), the amount
of chromium bound to the tissue is approximately 95% (see Page 78).
Consequently the bound chromium is not available for transport into
the body and is probably lost in the faeces, and as a result a
large proportion of the intestinal chromium is not normally
absorbed. This again emphasises the specialised nature of the
surface of the gut mucosa, as it potentially is able to exclude
both non-essential and indeed essential ions. It does not mean
however that chromium cannot be absorbed across other lipid membranes
within the body, as complexation of chromium will promote transport
into cells (e.g. Red Blood Cells), (42).

The binding of chromium to the intestinal tissue appears to
play an important role in the mechanism of absorption. It is clear
that under conditions in which the binding of chromium to the tissue

is reduced, there will be a subsequent increase in the amount of
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chromium available for transport. For example, the natural
process of bile excretion, may in fact help to strip chromium
from the surface of the intestine and subsequently aid absorption.
Therefore one can suggest that certain groups in the population
who have a discontinuous excretion of bile, (due to an interrupted
intake of fat, or for surgical reasons, e.g. cannulation of the
bile duct), may absorb less chromium and may consequently suffer
from a relative body deficiency of chromium. Similarly, people
who have a high carbohydrate intake, would be expected to have a
subsequent increase in the amount of A.T.P. and phosphate groups
in the surface of the mucosa. They would therefore have less
intake of chromium into the body as a result of the higher uptake
of chromium by the intestinal tissue. These are in fact exactly
the groups of people who need chromium to counteract any possible
glucose intolerance.

In general one can summarise the factors that affect the
tissue uptake of chromium and its subsequent absorption as:-

a) When the glycocalyx is diminished,

b) When enzyme activity of A.T.P.ase is reﬁuced,

and c¢) When the supply of A.T.P, is reduced.

Further clarification and refinement of the model proposed
in this study can be obtained with the following experimentation:-

1. In order to confirm that a) the major route of transport
for the chromium cation is via the extracellular spaces, and b) that
the major portion of chromium is absorbed onto the surface of the
epithelial membrane, cell fractionation procedures could be carried

out. Everted sacs could be incubated in chromium solutions and a
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mucosal scrape carried out, in order to confirm that the majority
of the chromium was associated with the brush border region of
the intestinal preparation rather than the muscle layers.
Subsequent separation of the epithelial cells will give an
approximate figure for the amount of chromium that is associated
with the extracellular spaces. Further sub-fractionation of the
cellular component into the cytoplasmic fractions, the organelles
and the debris which will contain the cell membrane including the
glycocalyx will give approximate distribution of the chromium.

2. A better method to determine the overall distribution
of chromium across the ;pithelial sheet would be to use an
autoradiographic technique. This however would not quantify the
amount of chromium in each fraction. The everted sac preparation
would be again incubated for various periods of time with Slep
for subsequent fixation.

3. The effect of dietary factors on the intestinal
absorption of chromium could also be investigated, for example,
the effect of Vitamin D on the absorption of chromium would add
some relevant information concerning the proposed model. Vitamin D
is known to be involved in the transport of calcium ions (100), as
it affects the binding of calcium to calcium binding proteins in
the epithelial cell membrane. As the calcium binding proteins
form a group of compounds which are an alternative site for the
interaction of chromium with the intestinal tissue, one can in fact
investigate the potential interaction of chromium with calcium
binding proteins, or the replacement of calcium by chromium in

calcium binding proteins, by varying the Vitamin D intake in the
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experimental animals. Vitamin D is also thought to affect the

acidity of the surface microclimate (Lucas, M. Private Communication).
Therefore by varying the Vitamin D status of the animal one could also
investigate whether or not the presence or absence of acid micro-
climate affects chromium transport.

4. Interaction of chromium with the phosphate groups can
further be investigated by examining the affect of inhibition of
A.T.P.ase or alkaline phosphatase on the uptake of chromium by
intestinal tissue. This can be achieved by reducing the concentration
of Mg2+, Na+, K+, or Zn2+.

However the model presented in this study suggests a physio-
logical mechanism for chromium transport, and indicates the importance
of chromium-tissue interaction in the movement of chromium across the

intestinal barrier. The model also predicts the conditions which

will affect chromium absorption.
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